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Abstract

In Alzheimer’s disease (AD), deposition of pathological tau and amyloid-B (AB) is thought
to drive synaptic loss and cognitive decline. Major questions in the field center around possible
connections between the two pathologies and what molecular mechanisms can impact tau
pathology progression. We aimed to determine, if different proteins reported to modify tau
pathology could modify tau phosphorylation in vitro and tau spreading in vivo.

Two kinases, Pyk2 (Ptk2b) and Fyn, are part of a signaling cascade activated by AR oligo-
mers binding to the cellular prion protein receptor (PrP¢) and have also been reported to in-
teract with GSK3RB, one of the best characterized tau kinases. We hypothesized that AR might
induce tau phosphorylation through Prp¢-mGIuR5-Fyn-Pyk2-GSK3R signaling. We first studied
the interactions of the three kinases and tau in different in vitro model systems, including HEK-
293T over-expression system and iPSC-derived neurons. In HEK-293T cells, Pyk2 and Fyn
worked in synergy to increase GSK3[ phosphorylation and subsequent tau phosphorylation.
Furthermore, GSK3[8 co-immunoprecipitated with Pyk2, and Fyn kinase inhibition reduced
Fyn’s proximity to tau as well as reduced tau spreading in mouse cortical neuron cultures
seeded with human tau. Thus, initial data supported a role for the three kinases in contributing
to tau hyperphosphorylation and spreading. Contrary to these results, GSK3[8 phosphorylation
remained unchanged in human iPSC-derived neurons upon inhibition of Pyk2 and Fyn kinases.
Surprisingly, tau phosphorylation on some epitopes was even increased upon Pyk2 inhibition.
In addition, iPSC-derived neurons were incubated either short- or long-term with synthetic
ARRo. Upon long-term treatment, neurons showed decreases in synaptic density as expected.
In contrast to expectations, short-term treatment with sARo did not activate Pyk2 and Fyn
kinases and showed no effect on GSK3R, tau or other downstream targets.

To study modulation of tau spreading by different factors, misfolded tau aggregates ex-
tracted from human AD brains were injected into WT and transgenic mice to drive templated
spreading of tau pathology. We assessed the impact of AB co-pathology, of deleting loci known
to modify AD risk (Ptk2b, Grn, and Tmem106b) and of pharmacological intervention with a Fyn
kinase inhibitor on tau spreading after injection of AD tau extracts. The density and spreading
of tau inclusions triggered by human tau seed were unaltered in the hippocampus and cortex
of APPswe/PSEN1AE9 transgenic and App"*/NF knock-in mice. In mice with human tau se-
guence replacing mouse tau, template matching enhanced neuritic tau burden. Human AD
brain tau-enriched preparations contained aggregated AB, and the AB co-injection caused a
redistribution of AB aggregates in mutant AD model mice. The injection-induced AB pheno-
type was spatially distinct from tau accumulation and could be ameliorated by depleting AB
from tau extracts. These data suggest that A and tau pathologies propagate by largely inde-
pendent mechanisms after their initial formation. Altering the activity of the Fyn and Pyk2
kinases involved in AB-oligomer—induced signaling, or deleting expression of the progranulin
and TMEM106B lysosomal proteins, did not alter the somatic tau inclusion burden or spread-
ing. However, mouse aging had a prominent effect to increase the accumulation of neuritic
tau after injection of human AD tau seeds into WT mice.

Overall, these results suggest that observations from over-expression non-neuronal model
studies of Pyk2 and Fyn acting on GSK3R and tau do not translate faithfully into neuronal
model systems. Further, these studies refined our knowledge of factors (in-)capable of mod-
ulating tau spreading and lend evidence to the hypothesis of a more complex role of tau phos-
phorylation regulation by Fyn and Pyk2 in different model systems.



Introduction

Alzheimer’s Disease

A Brief History of AD

What is today classified as Alzheimer’s Disease (AD) was first reported on in 1906 at a
neuroanatomist meeting in Tlbingen by Alois Alzheimer, but his report only garnered little
attention from attending scientists®?. Nevertheless, Alzheimer published his findings on the
pathology and symptoms of patient Auguste D. the following year3. Auguste D. exhibited clin-
ical symptoms we now associate with AD including aphasia, erratic behavior, memory disrup-
tions, paranoia and progressive confusion®4. After her death, she was autopsied and Alz-
heimer examined her brain, describing what are now considered the hallmarks of AD: extra-
cellular amyloid plaques and intracellular neurofibrillary tangles (NFT), accompanied by brain
atrophy, neuronal loss and gliosis (see Figure 1)3. Alzheimer himself did not believe that he
was describing a new disease, but rather an unusual case or sub-type of senile dementia oc-
curring in younger patients. The presence of amyloids in the brain had been described previ-
ously by other scientists>®, but he was the first to identify them as markers for this sub-type
of dementia.

In the same year as Alzheimer’s first publication, another scientist located in Prague, Oskar
Fischer, published a description of neuritic plaques’. These findings were confirmed later on
by Alzheimer in his 1911 paper that also described the case of Johann F.2. Fischer published
several additional papers®!! investigating neuritic plaques and even attempted to define
stages of the disease process by comparing plaque development to clinical progression of
‘presbyophrenic’ dementia®. Even though both scientists were important in describing and
characterizing what would later be called Alzheimer’s Disease, only one of them was honored
by having the disease named after him. This can be traced back to Emil Kraepelin, who pub-
lished a textbook for medical students in which he named this sub-type of dementia after his

former colleague, Alois Alzheimer>1%13,
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Figure 1: Hallmarks of AD.

A) Overview of AD hallmark pathologies. At the macroscopic level Alzheimer’s disease is characterized by brain
atrophy, driven by loss of synapses and neurons. At the microscopic level, the hallmark pathologies of AD, extra-
cellular amyloid-B plaques and intraneuronal neurofibrillary tangles are observed. In addition, there are dys-
trophic neurites and loss of synapses, as well as microgliosis and astrogliosis. Image reprinted from Nature Re-
views Neurology, Issue 14, Pages 399—-415, Congdon, E.E., Sigurdsson, E.M., 2018, E.M. Tau-targeting therapies
for Alzheimer disease, doi: https://doi.org/10.1038/s41582-018-0013-z , ©2018 by Springer Nature, with per-
mission from Springer Nature!*, B) Histopathological example of AD hallmarks. Amyloid-B (AB) plaques (brown;
detected by immunostaining with a polyclonal antibody to AB), and intracellular neurofibrillary tangles (NFTs)
(purple; detected by immunostaining with a monoclonal antibody to tau). Scale bar, 100 um. Image reprinted
from Cold Spring Harbor Perspectives in Medicine, Volume 6, Issue 7, Pages a024398, Walker et al., 2016, The
Prion-Like Properties of Amyloid-b  Assemblies: Implications ~ for  Alzheimer’s Disease,




doi: 10.1101/cshperspect.a024398 , ©2016 by Cold Spring Harbor Laboratory Press, with permission from Cold
Spring Harbor Laboratory Press®®

In the six decades following its first description and discovery, research into Alzheimer’s
Disease remained a niche topic in psychiatry and neurology®®. From the 1970s onwards, the
number of research articles published about AD steadily increased every decade'® and pro-
gress was made to further characterize and link the underlying molecular causes of AD to the
clinical presentation and progression of the disease!’™1°.

Looking at the clinical aspects of AD, there were several shifts in definitions, diagnosis, and
treatment of patients throughout the decades. Until the late 1970s, AD (presenile dementia)
and senile dementia were regarded as separate diseases and not as part of the same disease
spectrum that shares underlying causes®1®. This view shifted due to further investigations into
dementia sub-forms and neuropathological examinations?®?!, In the 1980s, several papers
identified deficits in episodic memory as an early symptom of AD?272°. In the 1990 and early
2000s, the concept of mild cognitive impairment (MCI) was developed, following the realiza-
tion that AD and other dementias are preceded by a phase of progressive cognitive decline
that can span several years?6-33, The term MCI has helped to identify and categorize people in
early dementia stages, but also led to some confusion, as there is no clear delineation between
MCI and early stages of clinical AD and some people never progress from MCI into full blown
demential®3435, During MCI, amyloid-B (AR) plaques and NFT are already deposited through-
out the brain, and neuronal destruction takes place. Current efforts on the clinical side are
focused on developing biomarkers that can accurately predict the onset of MCl and AD*°. This
would be helpful to allow for early, disease-modifying interventions once they become avail-
ablel936,

On the research side, scientists investigated the role of the cholinergic system in cognitive
decline in the 197053738, which lead to the cholinergic hypothesis, stipulating that the dysreg-
ulation of acetylcholine metabolism in the brain contributes significantly to cognitive dysfunc-
tion and progression of AD®3%, This hypothesis carries less weight nowadays, due to the emer-
gence of the amyloid cascade hypothesis, which suggested AR accumulation as the primary
and causative factor in AD*. It was driven by work from Hyman*!, as well as Braak and
Braak*?>* in the 80s and 90s, focusing on the pathological examination of AD cases. This
shifted the focus towards tau and AR pathologies. Furthermore, advances in imaging tech-
niques, helped to visualize changes in brain metabolism***> and plaque deposition*®, leading
to a better understanding of the temporal progression (staging) of AD. The past 30 years have
also seen rapid advances in genetics, strengthening our understanding of familial forms of AD
(FAD)*~>2 and risk genes for sporadic AD (sAD)>>~>’. Another AD research area that has seen
great advances in recent decades are the molecular mechanisms underlying AD. Receptors
that might mediate AR-induced damage and their downstream signaling cascades have been
identified (reviewed in Smith and Strittmatter 2017°8) and the role of microglia, astrocytes and
oligodendrocytes in AD has begun to be investigated. Nevertheless, our understanding of the
molecular underpinnings of AD remains patchy and no holistic model has been reached on
how all the different molecular players interact with one another3°969,

Clinical Symptoms and Course of AD

Currently, Alzheimer’s disease progression is categorized into three main periods: preclin-
ical, prodromal (MCl) and AD dementia'®®!, Research into the molecular causes underlying AD
has shown that protein accumulation of amyloid-f§ and tau can precede the onset of clinical
symptoms by several decades, promoting the idea of AD progression as a continuum (see
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Figure 2)%. The early phase of the disease has been named preclinical (or pre-symptomatic),
since pathological processes have begun, but patients do not yet experience any cognitive
decline®®®?, This disease stage has received increased attention in recent years, as the damage
to the brain is still developing and disrupting the pathological events at this timepoint could
halt disease progression®®. It remains difficult though to identify preclinical AD patients, since
the only available tools currently are CSF biomarkers for AR, tau and phospho-tau, or evalua-
tion through neuroimaging (PET and MRI)**3>62_ Unfortunately, these procedures are either
invasive or costly, having spurred research into blood and plasma biomarkers that would en-
able easy detection of preclinical pathology!®36°°,

The clinical onset of Alzheimer’s Disease is often gradual and early symptoms are easily
overlooked?!®3>83, Furthermore, differentiating AD from other forms of dementia remains dif-
ficult in early stages, since symptoms can overlap®®. During the prodromal disease stages (MCI
due to AD), symptoms are very mild and do not interfere with a person’s everyday life!®26-33,
Over time, most MCl patients progress from MCI to dementia and AD is often diagnosed when
patients already have full-blown dementia, since symptoms become more pronounced?>. De-
mentia is defined as having impairments in multiple domains, leading to a loss of function that
impairs daily life’>. Common symptoms include becoming more forgetful of recent events,
names or conversations, losing track of time or failing to recognize formerly familiar
places'®®4, This can also be accompanied by changes in mental state, specifically apathy or
depression, as well as additional symptoms such as disorientation, confusion and behavioral
changes®. In the late stages of AD, patients frequently experience complications such as dif-
ficulty to communicate (impaired speech), immobility, swallowing disorders and subsequent
malnutrition. These symptoms can increase the risk for acquiring serious acute conditions,
often from respiratory illnesses or circulatory diseases, leading to death®>.
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Figure 2: Alzheimer's Disease progression and biomarkers.

Biomarkers indicate that amyloid-B accumulates first, followed by hyperphosphorylated tau, leading to neuronal
dysfunction. This is followed by changes in brain structure, memory decline and subsequent clinical dysfunction.
Image reprinted from The Lancet Neurology, Volume 12, pages 207-216, Jack CR Jr et al., Tracking pathophysio-
logical processes in Alzheimer’s disease: an updated hypothetical model of dynamic biomarkers,
https://doi.org/10.1016/51474-4422(12)70291-0 , ©2013 by Elsevier, with permission from Elsevier®.




Genetic Risk Factors of AD

There are several genetic mutations known to cause familial AD and many more genetic
loci that increase risk for sporadic AD have been identified in large genome wide association
studies (GWAS) (see Figure 3). Disease symptoms in fAD usually occur around 40-60 years of
age, leading to fAD often being categorized as early-onset AD (EOAD). In contrast, most spo-
radic AD cases have a later onset (late-onset AD, LOAD) at 65+ years of age. Only 5-10% of AD
cases are caused by rare, monogenetic mutations that are inherited with an autosomal dom-
inant pattern (fAD), while the remaining 90-95% of AD cases are considered sporadic, with
unknown, complex, and likely multifactorial causes. Moreover, it has been suggested through
twin studies, that 58-79% of the risk for developing LOAD can be attributed to genetics®®.

Rare mutations in the amyloid precursor protein (APP) or the presenilin 1 and 2 genes
(PSEN1 and PSEN2) are the cause of autosomal dominant AD>%%7-74, Notably, all three genes
are implicated in AR production and to date, there are 73 APP’>, 348 PSEN17® and 87 PSEN277
known mutations in these genes. Not all mutations are disease causative, but at least 32 APP,
179 PSEN1 and 14 PSEN2 mutations result in EOAD, while only one APP mutation (lcelandic
mutation, A673T) and none of the PSEN1 or PSEN2 mutations are classified as neuro-protec-
tive’®. In APP, some mutations have been used to generate AD mouse models and thus be-
come more well known, including the Swedish (KM670/671NL)’°, Florida (1716V)&, London
(V7171)*%, Iberian (1716F)”3, and Arctic (E693G)3182 mutations. The Swedish mutation is adja-
cent to the B-site APP cleaving enzyme 1 (BACE1) cleavage site, even though most disease-
causing mutations cluster around the y-secretase cleavage site in APP. In the PSEN loci, disease
causing mutations are clustered in the nine amino acid transmembrane domain of the pro-
teins, leading to an increase of AR, over ARso production (see ‘Generating Amyloid-8 from
APP’ for more information on APP processing)’®.

In contrast, mutations in MAPT, the gene giving rise to protein tau, are not disease-causing
for AD, but can be causative for other tauopathies including frontotemporal dementia (FTD),
progressive supranuclear palsy (PSP) and Pick’s disease. The lack of disease causing MAPT mu-
tations in AD is often cited as a reason for the validity of the amyloid cascade hypothesis,
suggesting that AR pathology rather than tau pathology is causative for the disease.

Apart from mutations causing EOAD, the best characterized risk gene for LOAD is the gene
encoding apolipoprotein E (APOE)>*>*. APOE exists in three variants (¢2, €3 and £4) and en-
codes three different proteins (ApoE2, ApoE3 and ApoE4). Physiologically, ApoEs are the pre-
dominant apolipoprotein in high density lipoprotein complexes (HDL), where they are thought
to facilitate AR clearance from the brain. They play a role in binding AR, with sequence differ-
ences at only two amino acids resulting in altered binding affinities for AB. ApoE2 binds AR
best, followed by ApoE3 still displaying tight binding of AR, while ApoE4 shows markedly lower
binding®. This results in the APOE ¢ 2 allele being neuroprotective for AD and APOE ¢4 allele
increasing AD risk. Conversely, a recent study associated ApoE3 with increased hyperphos-
phorylated tau deposition upon seeding of K18 tau in a PS19 mouse model®*. People who are
heterozygous for the APOE £4 allele have a threefold higher risk of developing AD, and homo-
zygous carriers even have a 15-fold increased AD risk®. An estimated 10-20% in different pop-
ulations across the globe carry at least one APOE ¢ 4 allele®®, making it one of the most im-
portant risk factors for AD.

There are too many genetic risk factors of LOAD to go into detail on all of them, but some
additional risk factors that are considered to have more impact than others include sortilin-
related receptor 1 (SORL1), A Disintegrin and metalloproteinase domain-containing protein 10
(ADAM10) and Triggering receptor expressed on myeloid cells 2 (TREMZ2). SORL1 encodes the

5



protein SorL1 which has been implicated in regulating APP localization inside cells, with re-
duced SorlL1 expression leading to increased APP proteolysis and thus increased AR genera-
tion>>. ADAM10 is the most important a-secretase that cleaves APP at the cell surface in the
non-amyloidogenic pathway. Thus, its disruption can shift APP processing towards the amy-
loidogenic processing pathway, resulting in increased AR levels®®>’. Furthermore, ADAM10
also sheds TREM2 from microglia®’. In microglia, TREM2 regulates phagocytosis and removal
of apoptotic cells. Reduced TREM2 surface expression can impair these functions, likely lead-
ing to impaired clearance of debris (e.g. AR aggerates) and prolonged neuroinflammation®”-88,
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Figure 3: Genetic Risk Factors associated with Alzheimer's Disease.

Loci implicated by genome wide association studies (GWAS) are underlined, while AD causing genes are written
in bold text. The X-axis indicates mutation or variant frequency, and the Y-axis indicates bidirectional risk. Some
AD genes have both harmful and protective mutations or variants. For most loci implicated by GWAS, the genes
and functional variants that are driving the association remain unknown. GWAS loci depicted in this figure are
derived from Kunkle et al. 2019°7. Image modified from Molecular Neurodegeneration, Vol. 17, Issue 1, Todd E.
Golde, Alzheimer’s disease — the journey of a healthy brain into organ failure, pages1-19,
doi: https://doi.org/10.1186/s13024-022-00523-1 , ©2022 Springer Nature, with permission from Springer Na-
ture®3.

Non-Genetic Risk Factors of AD

In addition to genetic risk factors, there are many other non-genetic risk factors thought
to influence AD risk (reviewed in Reitz et al. 2011, Rochoy et al. 2019 and Golde 2022)3:5>89,
They include advanced age, sex®>°%2, cerebrovascular disease®>°4, obesity and type 2 diabe-
tes®®, high blood pressure®, sleep apnea®®, smoking, traumatic brain injury®”°8, other mental
disorders such as depression and stress, diet, physical and intellectual activity>>29°°,

The most common forms of cerebrovascular disease are ischemic and hemorrhagic
strokes. Risk factors for cerebrovascular disease include hypertension, smoking and diabetes,
which are also known risk factors for AD. Strokes are thought to increase AD risk through sev-
eral mechanisms: they can directly damage brain regions and thus memory function, they can
lead to increased AR deposition®®, and inflammatory responses and the resulting
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hypoperfusion of tissue can lead to aberrant cyclin-dependent kinase 5 (CDKS5) signaling, in-
creasing tau hyperphosphorylation and dysregulating synaptic plasticity>>°4.

Furthermore, hypertension in middle age has also been reported to increases the risk of
AD by negatively impacting the integrity of the neuro-vascular unit and thus the integrity of
the blood-brain barrier (BBB)>>#%%3, The connection between traumatic brain injury (TBI) and
AD remains controversial, but recent meta-analyses pooling results from 17 studies reported
a higher incidence of AD in TBI patients®8. The suspected cause for the increase in AD upon TBI
is once more disruption of neurovascular unit integrity.

Obesity and diabetes®>1% in middle life have also been reported to increase dementia risk,
most likely through downstream effects of dysregulated insulin-signaling®. Interestingly, be-
ing underweight in middle age also seems to increase risk of dementia, and inversely, in the
prodromal phase of AD, cognitive impairments can cause patients to lose weight too>.

Up to 50% of AD patients experience depressive symptoms after AD onset, but longitudinal
studies have also found an increased risk of dementia in patients that had depressive symp-
toms before AD onset>>®%. Furthermore, stress might also increase AD risk by accelerating AR
and tau pathologies through dysfunction of the hypothalamic pituitary axis'>1°2,

In contrast, lifestyle factors that potentially decrease AD risk include physical activity®® and
a Mediterranean diet!2, The underlying reasons for the protective effects are not well estab-
lished and likely complex. Another protective factor might be higher levels of educational at-
tainment or engaging in cognitively stimulating activities'>%. This is hypothesized to build up
a “brain structure and cognitive reserve” allowing people to retain cognitive function longer
even though the brain is damaged by AD pathologies!®. The impact of smoking on AD risk
remains controversial, with more studies associating smoking with increased AD risk®, and
fewer finding none or even a protective impact®>®. The protective effects of smoking might
stem from an increase in nicotinic acetylcholine receptors in the brain of smoker’s that coun-
ter cholinergic deficits in AD. Conversely, the negative effects of smoking are likely mediated
through increased oxidative stress, neuroinflammation and cerebrovascular damage®®.

Disease Prevalence and Costs

For a long time, there was little interest in researching the molecular causes of AD, but as
public health improved and led to longer lifespans, the number of elderly people worldwide
also increased. For example, the number of people above age 65 in the US was around 13
million in 1950, but is currently 58 million and will rise to 88 million by 2050914, In people
age 60 and older, 60-80% of dementia cases are classified as AD, and currently, more than 1
in 9 people above the age of 65 in the US have AD >>%>, The World Health Organization now
classifies AD as the 7t leading cause of death worldwide®.

As people get older, the percentage of dementia patients rises steadily with 5.3% of people
age 65-74, 13.8% of people age 75-84, and 34.6% of people age 85 and older suffering from
AD in the US®>%>, This amounts to an estimated 6.2 million people suffering from AD in the US
in 2022 and this number is projected to increase to 13.8 million people by 2050%. Worldwide,
the number of AD cases is projected to increase from around 50 million in 2015 to 152 million
cases by 20501, It is also important to note, that the prevalence of AD is higher in women
(2/3 of patients are female)®>1%7, The reasons for the sex difference remain controversial, with
theories ranging from women'’s lifespan being longer on average®®, to hormonal differences®?,
or differences in education levels in the current above age 65 population®-%°.



From the time of diagnosis, the average patient lives for another 4-8 years, which results
in significant medical costs associated with AD, since unassisted living becomes impossible in
later stages of the disease®. Current AD cases in the US, lead to an estimated yearly cost of
$355 billion in traditional (institutional) care and treatment, as well as an additional $257 bil-
lion in unpaid care delivered by family members and volunteers®®. Estimates vary, but due to
the aging population, the cost of care is expected to balloon in coming years. In 2050, an esti-
mated $1.1 trillion will be spent in traditional care in the US® (or $2 trillion worldwide%®). This
will put significant strain on healthcare systems, especially in developed countries like Ger-
many, Japan or the US where the ratio of elderly to young people is rapidly shifting in favor of
the elderly04,

Treatment of AD

Until the early 2000s, little funding was directed towards investigating causes or treatment
of AD and other dementias. This rapidly shifted when government and public interest rose due
to increasing case numbers. For example, funding of dementia research has increased more
than 7-fold in the last 10 years from $448 million to $3.4 billion annually in the US08:109,

Still, scientific progress in understanding the causes of AD proves difficult to translate into
disease-modifying therapies. In the late 1990s and early 2000s, cholinesterase inhibitors
(donepezil, galantamine and rivastigmine) and N-methyl D-aspartate (NMDA) receptor antag-
onists (memantine) became widely available to treat AD, but they are unable to stop disease
progression and only provide symptomatic benefit. Cholinesterase inhibitors block the degra-
dation of acetylcholine, leading to higher amounts being available in the brain. This does not
stop cholinergic neurons from dying as AD progresses and eventually the medication becomes
ineffective as the number of cholinergic cells diminishes!, In contrast, memantine prevents
NMDA glutamate receptor over-activation to alleviate AD memory symptoms!?°. Once more,
this does not prevent neurons from dying and thus does not halt disease progression.

There have been (and still are) a plethora of clinical trials going on for drugs aiming to
modify AD progression (reviewed in Vaz et al. 2020)!!. Most of them target AR or tau produc-
tion, aggregation or removal, but except for one, these trials have remained unsuccessful'l?,
In 2021, the first potentially disease-modifying drug (aducanumab) was approved in the US
for early-stage AD patients (including MCI) by the FDA. Aducanumab is a monoclonal antibody
targeting specific forms of AR to be removed from the brain!'2, As accumulation of amyloid-R
is one of the pathological events thought to initiate or contribute to neuron destruction and
memory decling, it is hypothesized that removal of AR could slow down further cognitive de-
cline, but is likely unable to reverse existing damage!!’. Currently, the approval of the drug
remains controversial in the scientific community, due to its clinical trials!>1* demonstrating
low or no efficacy and patients suffering from potentially severe side effects, including amy-
loid-related imaging abnormalities (ARIA, indicative of brain swelling and/or bleeding) and al-
lergic reactions!*>!1®, Furthermore, the per patient costs associated with aducanumab are
quite high, because of the price of the drug itself!12 and the cost and risks associated with the
necessary diagnostic tests (e.g. positron electron tomography (PET) imaging or cerebrospinal
fluid (CSF) collection). As of today, there are no therapies available that can reverse disease
progression, making further research into the molecular mechanisms underlying AD of vital
importance.



Molecular Pathologies in AD

Amyloid-3

Generating Amyloid-f8 from APP

One of the hallmark pathologies in AD is the accumulation of amyloid- (AB) in extracellu-
lar plaques. AR is generated through cleavage of the amyloid precursor protein (APP), which
belongs to the family of amyloid precursor like proteins (APLP). It is the only family member
that can produce an amyloidogenic fragment, since it is the only protein containing an AR
region. In humans, eight APP isoforms exist through alternative splicing, and the 695 amino
acid isoform is the most common in the CNS’®. Furthermore, APP is both produced and me-
tabolized rapidly in neurons!'’. APP has large extracellular domains as well as a single-pass
transmembrane domain. The function of APP is not entirely known yet, but it has been impli-
cated in neuronal migration during brain development!!®, as well as synaptic pruning and neu-
ritic outgrowth®12%, Furthermore, when wild type (wt) APP is overexpressed in adult mice,
cell growth and survival are enhanced, leading to enlarged neurons!?!. Conversely, when sev-
eral members of the APLP family are knocked out in mice, brain development is disrupted,
and mice die shortly after birth. This phenomenon is not observed when only one APLP family
member is knocked out, suggesting that the family members have overlapping functions?0:122,

APP is first processed in the endoplasmic reticulum (ER) and Golgi apparatus, and then
transported to synaptic terminals via fast axonal transport (see Figure 4)!23. Depending on the
pathway, further processing then occurs either at the cell surface (non-amyloidogenic path-
way) or in endosomal compartments (amyloidogenic pathway)!?*. During non-amyloidogenic
processing, a-secretase (a membrane-bound endoprotease) cleaves APP into secreted APPa
(sAPPa) and the carboxyterminal fragment 83 (CTF83 or CTFal). Since a.-secretase cleaves APP
within the AR sequence, there is no opportunity for AR fragments to be generated’®. After-
wards, y-secretase cleaves CTF83 at the cell surface to generate two more fragments: the APP
intracellular domain (AICD) and P3. All these fragments can be degraded by the cell and are
not prone to aggregate.
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Figure 4: APP trafficking and processing to generate AR.

A) Schematic of APP and AR trafficking inside the cell. APP (purple) is transported from the ER and Golgi down
the axon (1) or into a cell body endosomal compartment (2). If inserted at the cell membrane, some APP is
cleaved through the non-amyloidogenic pathway by a-secretase (6) generating the sAPPa fragment, which dif-
fuses away (green). Some APP that reached the cell surface is re-internalized into endosomes (3), where AB can
be generated through amyloidogenic processing (blue). Following proteolysis, the endosome recycles to the cell
surface (4), releasing AB (blue) and sAPPB. Transport from the endosomes to the Golgi prior to APP cleavage can
also occur, mediated by retromers (5). Image reprinted from Annual Review of Neuroscience, Volume 34, Pages
185-204, Richard J. O’Brien and Philip C. Wong, Amyloid Precursor Protein Processing and Alzheimer’s Disease,
doi: 10.1146/annurev-neuro-061010-113613 , ©2011 Annual Reviews, with permission from Annual Reviews’2.
B) Schematic of the non-amyloidogenic and amyloidogenic pathways as described in the text. Image reprinted
from Medicinal Research Reviews, Volume 37, Issue 5, Pages 1186-1225, Bachurin et al. 2017, Drugs in Clinical
Trials for Alzheimer's Disease: The Major Trends, doi: 10.1002/med.21434 , ©2017 Wiley Periodicals Inc., with
permission from Wiley'%,

Instead of being processed on the cell surface, APP can also get trafficked directly, or get
re-internalized from the cell membrane, via clathrin-coated vesicles to be transported to en-
dosomes’®. At the endosome, amyloidogenic processing of APP can take place. First, APP is
cleaved by Beta-site APP cleaving enzyme 1 (BACE1), a transmembrane aspartic protease,
which generates secreted APPR (sAPPR) and the carboxyterminal fragment 99 (CTF99 or
CTFR). Second, y-secretase cleaves CTF99 into AR and AICD. Afterwards, AR is secreted into
the extracellular space where the brain tries to clear it’®126. AR fragments are between 39-43
amino acids long, with AR4o and AR, being generated most often. In familiar AD patients, an
increased ratio of ABa; over ARao has been reported, suggesting that AR, is more prone to
aggregate and is thus more toxic'?”128, It is important to note, that y-secretase is a multipro-
tein complex consisting of presenilin 1 and 2 (PSEN1 and PSEN2), a type | transmembrane
glycoprotein nicastrin (Nct), and two multipass transmembrane proteins, Anterior pharynx
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defective 1 (Aph-1) and Presenilin enhancer 2 (Pen-2)*?°. Mutations causing autosomal domi-
nant forms of AD are all located in either APP, PSEN1 or PSEN2 genes, leading to an increased
production of ARs2, and subsequently shifting the ratio of A4 to AR4.. Pharmacologically in-
terfering with processing of APP through BACE1 or y-secretase has so far proven unsuccessful,
because other transmembrane proteins, like neuregulin and notch, are also cleaved by these
proteins and impairing their processing leads to unwanted side effects?3°,

Amyloid-f3: Types of Deposits and Spreading

AR monomers do not have a defined secondary structure (random structure), but once
they aggregate into AR oligomers (ARR0o) their structure becomes more stable and can be in-
vestigated through x-ray diffraction!3%132 solid-state!33134 and solution NMR!%, electron mi-
croscopy (EM)*3* and cryo-EM*3®, In recent years, it has been reported, that different ARo con-
formations!®’, and subsequent fibril species with varying toxicity and propensity to aggregate,
exist in patients!’138139 Nevertheless, not all ARo species aggregate further to form protofi-
brils, with the ones that continue to form fibrils being denoted as “on-pathway” and the ones
that do not continue denoted as “off-pathway”. Furthermore, the term oligomer is ill defined
and encompasses a multitude of 3-15 nm diameter large aggregates, including AR glob-
ulomers, amylospheroids and AR-derived diffusible ligands!”3>. If ABo remain on-pathway to
form protofibrils, they are likely to aggregate further into fibrils and later on plaques. Of note,
it has been suggested that AR4; filaments (fibrils) from LOAD (sAD) patients have a different
structure than filaments from fAD cases3¢. There are common characteristics though that all
amyloid fibrils share, mainly parallel, anti-parallel or mixed B-sheets and that several protofil-
aments interact to form a mature amyloid fibril'’.

Fibrils can aggregate further to ultimately form focal plaques, diffuse plaques, or vascular
deposits (cerebral amyloid angiopathy, CAA). Three stages have been suggested by Braak and
Braak in 199740, to describe AR plaque deposition throughout the course of AD. Plaques ap-
pear first in the basal and temporal lobes (stage A), then extend into the association neocor-
tices and hippocampus (stage B) and lastly reach the primary cortex, cerebellum and subcor-
tical nuclei (stage C)**4%, Often, AR deposits are concentrated in certain cell layers (e.g. outer
and inner pyramidal cell layer in the hippocampus CA1), while other layers (usually heavily
myelinated ones) display less plaques?®. Diffuse AR deposits appear first during AD disease
progression and start out in the neuropil'*°. Focal AR deposits arise later, replacing many dif-
fuse plaques and are characterized by a spherical, dense core of tightly packed AR fibrils and
a periphery of more loosely packed AR filaments!*l. They can be stained with the amyloid-
detecting dyes thioflavin S and Congo Red, and are often surrounded by dystrophic neurites
and/or tau deposits4!. Diffuse AR plaques, as well as the looser filaments surrounding dense-
core plaques consist mostly of AR4,, while focal plaque cores and vascular AR deposits consist
of both AR4p and AB42142.

In recent years, several groups have injected AR that is part of human brain extracts into
APP transgenic mice brains to induce AR deposition and plaque formation*37149, A few months
after the injection of this material, AR deposits emerged directly proportional to the amount
of injected AR. Neither WT mice injected with AB-containing brain extracts nor APP transgenic
mice injected with Control brain extracts or AD brain extracts immunodepleted of AR showed
AR deposition upon injection. This suggests that both a template and “freely available” APP/AR
are necessary for plague formation®>149,
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Furthermore, vascular AR deposits are found in more than 80% of AD patients, but also
30-40% of elderly people without AD display CAAs%3. The original of vascular AR is likely neu-
ronal and thought to enter the vasculature through impaired perivascular clearance!*°. Two
types of CAA are distinguished depending on the localization of CAA deposits: type | deposits
are often localized in cortical capillaries, while type || CAA aggregates are deposited in arteries,
arterioles, veins and venules®3.

The amount of soluble AB oligomers (ARo) correlates best with the severity of AD symp-
toms and disease progression'*1>2 while plaque load does not**3. Although controversial, this
lead to the hypothesis that soluble, oligomeric AR, not deposited plaques, are the AR species
causing most neuronal damage and synaptic loss?*#%>, Thus, AB plagues might serve a neuro-
protective function by sequestering ABo'*®1>7, even though they also induce neuroinflamma-
tion1>8,

Amyloid-fs Oligomer Binding Partners and Suggested Mechanisms of Toxicity

Functionally. the physiological role of AR has been suggested to include synaptic vesicle
release’’, as well as synapse physiology and scaling®?. In contrast, the mechanisms of AR to
cause toxicity resulting in neuronal loss in AD remain under debate. It has been proposed that
AR can interact with different cell surface receptors®® leading to caspase signaling resulting in
apoptosis’® or activate signaling cascades leading to (hyper-) phosphorylation, mislocalization
and cleavage of tau®®l. Furthermore, AR is also thought to promote the generation of reactive
oxygen species (ROS) and free radicals, resulting in peroxidized lipids, oxidized proteins and
DNA damage due to oxidative stress!®2. Increased ROS likely also promote chronic inflamma-
tion and prolonged microglial activation observed in AD patient brains that can result in syn-
aptic loss®2 . Other proposed mechanisms of toxicity include mitochondrial dysfunction trig-
gered by AR accumulation®37165 as well as modulating NMDA receptor trafficking leading to
dysregulated intracellular calcium homeostasis®?.

More specifically, the receptors that have been reported to bind ARo include low-affinity
nerve growth factor receptor (p75"™), receptor for advanced glycation endproducts (RAGE),
nicotinic acetylcholine receptor a7 (nAchRa7), sortilin, Nogo-66 receptor 1 (NgR1), ephrin
type-B receptor (EphB2), ephrin type-A receptor (EphA4), Fcy receptor IIb (FcyRllb), leukocyte
immunoglobulin-like receptor subfamily B2 (LilrB2), insulin receptor (IR), EGFR and cellular
prion protein receptor PrP¢ (reviewed in Smith and Strittmatter, 20178, see Figure 5, A). It is
of note, that out of these receptors only PrP¢, NgR1 and LilrB2 were shown to bind synapto-
toxic ARo, with PrP¢ showing the strongest binding affinity®®. This would make involvement
of these receptors in the pathogenesis of AD more likely.

One of the first receptors where AR binding triggered cellular apoptosis was the cell-sur-
face transmembrane protein p75N™®. It contains an intracellular death domain which can in-
duce apoptosis through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-k-
B) signaling, as well as an extracellular nerve growth factor (NGF) binding domain®®1¢7_ In 1989
scientists found that cholinergic neurons in the nucleus basalis, a region susceptible to degen-
eration in AD, express threefold higher levels of p75N™R 168169 A decade later, AR and p75N™®
were shown to interact through co-immoprecipitation experiments in cell lines and rat neu-
ronst®7170 The binding affinity of p75N™ to monomeric AR was determined to be in the low
nanomolar range (13nM) and slightly higher for aggregated AR (23 nM)7°,

Another receptor that was detected early on to bind AR was RAGE in 199672, It is a trans-
membrane receptor expressed in endothelial cells and neurons with extracellular Ig-like C-
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and V-type domains that can bind glycosylated proteins'’?173 and (on neurons) can bind neu-
rite growth-promoting protein p30/amphoterin and thus modulate neuronal plasticity!’4.
RAGE had been speculated to mediate AR binding, due to its expression in both endothelial
cells and neurons and AR binding experiments had shown similar binding affinities for both
cell types’:. Du Yan et al. showed that RAGE was responsible for AR binding to endothelial
cells and that AR binding could be disrupted by blocking the binding site on RAGE’%. Later on,
it was discovered that RAGE also mediates the transport of AR across the BBB and that AR
accumulation was slowed down in RAGE KO animals or when soluble RAGE (sRAGE) was ad-
ministered peripherally!’>. While slowed AR deposition upon RAGE KO was confirmed in a
separate study, memory deficits could not be rescued through RAGE KO in mice overexpress-
ing human APP with Swedish and Arctic mutations!’®. Conversely, crossing human APP (hAPP)
mice with mice overexpressing RAGE resulted in earlier onset and more severe AD pathology,
including increased nuclear translocation of NF-k-B, gliosis, synapse loss, memory deficits, in-
creased activation of p38, ERK1/2, and cAMP response element-binding protein (CREB)7.
Clinical trials for drugs targeting RAGE-AR interaction have been undertaken but discontinued
due to interim results showing limited efficacy®®.

++

nAchRa7 consists of five a7 subunits forming a ligand-gated ion channel with high Ca
permeability that can be activated through acetylcholine binding?”’. The loss of cholinergic
neurons was noted early on in AD and led researchers to investigate cholinergic signaling. At
the turn of the millennia the ability of nAchRa7 to bind ARs2 monomers in the range of femto-
to picomolar concentrations was shown!’8, Furthermore, rat hippocampal slices incubated
with AR4; showed a nAchRa.7-specific response of increased phospho-ERK2 (MAPK signaling)
and cells seemed desensitized to nicotine treatment after a two hour pre-treatment with
AR42'7%. In the same study, increased nAchRa7 receptor density in Tg2576 transgenic AD-
model mice was shown to negatively correlated with memory test performance.

NgR1 had been hypothesized to be involved in AD pathogenesis due to its role in regulating
neurite sprouting, a process thought to contribute to the formation of dystrophic neurites
surrounding AR plaques®®. In 2006, NgR1 was discovered to physically interact with AR and to
bind AR monomers and oligomers with an affinity of around 60 nM*8°, The same paper showed
that intracerebroventricular infusion of a soluble ectodomain of NgR1 (NgR(310)ecto-Fc) into
APP/PS1 could decrease dystrophic neurites, concentrations of AR in the brain as well as AR
plaque burden. A follow up study focused on administering the NgR1 ectodomain peripherally
in APP/PS1 mice obtained similar results in lowering total AR burden, plaque load and number
of dystrophic neurites through increased AR clearance, as well as attenuating animal’s learning
deficits in radial-arm water maze!®..

Obesity and type |l diabetes are known risk factors of AD and insulin resistance and de-
creased glucose metabolism can be early symptoms in AD. In 2002, neuronal IR was shown to
bind both AR and ARa4, with an affinity of 20 uM and to inhibit autophosphorylation of IR82,
The relevance of this binding remains controversial though, since the inhibitory constants for
AR were reported as 8 uM (for AR4o) and 25 uM (for AB4,)'82, and a separate group found AR
binding to IR dependent on NMDA receptor activity 183, Furthermore, when staining IR ex-
pressing cells exposed to AR with immunocytochemistry not all cells showed AR binding, sug-
gesting that the binding of AR to IR might be dependent on the formation of an unknown
receptor complex>®183,

Chronologically, ABo binding to PrP® was identified next'84, but further information on this
receptor and downstream signaling cascade will be provided in the next section as it is of im-
portance for this thesis. The following four receptors discussed below were discovered more
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recently and evidence of their interaction with ARo is often based on evidence from a few
publications or from a single lab. Further validation and evaluation of their relevance for dis-
ease processes in AD is needed, but they deserve to be mentioned as potentially important
receptors mediating ABo-induced damage.

The evidence for ARo binding to EGFR is scant and based on a singular 2012 study'®. In
this study, co-overexpression of AR, and EGFR lead to synergistic learning and memory im-
pairments that could be rescued when mice were treated with an EGFR inhibitor. Further-
more, in an over-expression model A4, could be co-immunoprecipitated with EGFR from
COS-7 cells.

Ephrin receptors type-A and type-B were discovered to interact with AR in 2014 and 2011
respectively!8®187 AR was shown to directly bind the fibronectin repeats of EphB2 in the pres-
ence of NMDA receptors. Furthermore, EphB2 expression was decreased in primary neurons
exposed to Ao and delivering EphB2 through a lentiviral vector to the hippocampus hAPP
transgenic mice improved their memory and cognition®®18¢ There are two ephrin type-A re-
ceptors implicated in AD: EphAl has been identified by several GWAS as a risk modifying locus
for AD®%, and EphA4 was shown to bind AR in a cell-free pull-down assay®’. Furthermore,
ligand-bound EphA4 leads to dendritic spine retraction through CDK5 signaling and blocking
EphA4 activity in hippocampal slice cultures treated with AR returned synaptic activity to nor-
mal levelst®’.

FcyRllb is a transmembrane receptor primarily found on the surface of B cells preventing
autoimmune responses upon binding of antigen-bound IgG complexes, but is also expressed
on non-immune cells in the nervous system with unknown function®®. In 2013, ARo was shown
to interact with the ectodomain of Fcyllb with a dissociation constant of 56 nM (monomer
equivalents) and Fcyllb and ARo could be co-immunoprecipitated from human AD brain ly-
sates, cell lysates and from recombinant proteins!®, Knocking out Fcyllb rescued dendritic
spine loss and cell death in primary hippocampal neurons, as well as ER stress marker upreg-
ulation. Furthermore, incubation with ARo triggered Fcyllb-dependent c-Jun N-terminal kinase
(JNK) signaling®®. In transgenic mouse models of AD, loss of Fcyllb prevented LTP depression
and rescued learning and memory deficits. Furthermore, a recent study suggested that PrPC,
LilrB2 and Fcyllb are able to recognize a common, end-specific structural motif on AR fibrils*#°,

LilrB2 and its murine ortholog PirB are also primarily implicated in autoimmune responses.
The transmembrane receptor LilrB2 is expressed on antigen presenting cells and recognizes
major histocompatibility complex (MHC) class 1 molecules. In addition, PirB had been shown
to be expressed in neurons and to bind myelin inhibitor proteins to regulate synaptic plastic-
ity8. In the same year as Fcyllb, LilrB2 and ARo were shown to interact in co-immunoprecipi-
tation and immunocytochemistry expeirments!®, The dissociation constant of ARo binding to
LilrB2 expressed in HEK293 cells was determined to be 250 nM (monomer equivalents), while
AR monomer binding was minimal'®®191 Furthermore, through domain deletion experiments
and crystallography the ABo binding site on LilrB2 was determined?®2. Functionally, PirB2 de-
letion in AD transgenic mice restored LTP in the striatum radiatum in ARo treated slices and
abolished cofilin activation normally observed in AD transgenic mice!®. Mechanistically, co-
filin activation is mediated by protein phosphatase 2A (PP2A) and calcineurin, which are two
phosphatases also implicated in ARo-dependent dendritic spine loss, as well as tau hyperphos-
phorylation. This makes LilrB2-AlRo interaction an interesting target for further studies.

Sortilin is a member of the vacuolar protein sorting 10 (VPS10) domain receptors and can
bind pro-BDNF, pro-NGF and extracellular progranulin, the latter accumulates in FTLD®. Also
in 2013, sortilin was shown to bind AR4o (unknown if monomeric or oligomerized) with a Kp of
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800 nM (monomer equivalents) with and without the presence of ApoE. Mechanistically, the
interaction was not further characterized, but seems to play a role in AR clearance from the

extracellular space through neuronal uptake
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Figure 5: Receptors binding ABo and signaling cascade downstream of ARBo-PrPC binding.

A) Suggested binding receptors of AR monomers and oligomers. Known receptor domains (see legend above
image for receptor domain symbols) and reported AR binding sites are indicated with arrows (specific site) or
brackets (unclear binding site). See text for further receptor information. Abbreviations in legend: Sterile a motif
(SAM), vacuolar protein sorting 10 (VPS10), immunoreceptor (ITIM). Figure reprinted from Cold Spring Harbor
Perspectives in Medicine, Volume 7, Issue 5, Article a024075, 2017, Levi M. Smith and Stephen M. Strittmatter,
Binding Sites for Amyloid-8 Oligomers and Synaptic Toxicity, doi: 10.1101/cshperspect.a024075 ©2017 by Cold
Spring Harbor Laboratory Press. B) Schematic overview of proposed signaling cascade downstream of ARo
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binding to PrPC in mouse primary neurons. Briefly, AR oligomerizes and binds to PrpC (located at postsynaptic
densities (PSD)) that associates with metabotropic glutamate receptor 5 (mGIuR5). Intracellularly, mGIuR5 re-
cruits guanine nucleotide-binding protein subunit alpha-11 (Gag/11), Homerlb/c (both not shown in picture),
proline-rich tyrosine kinase 2 (Pyk2), Src kinase Fyn as well as eucaryotic elongation factor 2 kinase (eEF2K). Fyn
is able influence NMDA receptor trafficking, and thus dendritic spine stability, through phosphorylation of N-
methyl D- aspartate receptor (NMDA-R) subunits (NR2A and NR2B) and is reported to influence tau phosphory-
lation as well as protein translation. Tau in turn is responsible for recruiting Fyn to dendritic spines. In addition
to calcium influx through NMDA-R, the activation of the heterotrimeric G protein Gag/11 and following signaling
cascade causes a rise in intracellular calcium concentration. This rise in intracellular calcium and/or phosphory-
lation via Fyn activate Pyk2, which in turn is hypothesized to phosphorylate GSK3B. Furthermore, GSK3 is also
reported to be directly phosphorylated by Fyn. Dashed grey arrows between kinases Fyn, Pyk2 and GSK3R indi-
cate putative connections that have not been well validated. See “The ABo-PrP*-mGIuR5 sighaling cascade” for
further details. Figure adapted from Nygaard et al. 2014,

The ABo-PrP-mGluR5 signaling cascade

One of the most investigated signaling cascades initiated by ARo lies downstream of the
glycosyl phosphatidylinositol (GPI)-anchored cellular prion protein receptor (PrP®) (see Figure
5B, reviewed in Brody and Strittmatter 2017%°° and Salazar and Strittmatter 2016%). This re-
ceptor is enriched in post synaptic densities (PSD) and was identified as a target of ABo binding
(Kg of 0.4 nM) in a genome wide expression screen in 2009 testing more than 225,000 cDNA
clones!® 196197 |n this study, two independent clones of mouse PrP¢ (mPrP¢) were transfected
into Cos-7 cells and shown to have ABo binding affinities nearly identical to the ones observed
in primary hippocampal mouse neurons. Furthermore, PrP¢ was found to bind ARo with >21
selectivity compared to monomeric AR and the binding region for ARo on PrP¢ was determined
to encompass amino acids 95-1108*. Immunocytochemistry for ABo bound to PrP¢ KO mouse
neurons compared to WT neurons revealed that ARo binding was decreased by 50%, suggest-
ing that PrP¢ deletion has a large effect on ARo binding, but that additional receptors must
also be present on the cell surface to mediate binding. Furthermore, other publications con-

firmed ABo-PrP¢ binding through surface plasmon resonance (SPR) and co-immunoprecipita-
tion198.199

At post-synaptic densities, PrP¢ associates with the group | metabotropic glutamate recep-
tor 5 (mGIuR5) upon ARo binding, initiating aberrant signaling?°®-2%3, mGIuR5 activates the cy-
toplasmic Src family tyrosine kinase Fyn!%%204 and activated Fyn can phosphorylate N-methyl
D-aspartate receptor (NMDA-R) subunits NR2A and NR2B, modulating their trafficking and
thus dendritic spine stability’®°. Fyn is also able to phosphorylate the late onset AD (LOAD)
associated risk factor proline-rich tyrosine kinase 2 (PTK2B, Pyk2)?%, that has been shown to
activate glycogen synthase kinase 3B (GSK3B)%%. In addition to influencing spine stability, Fyn
can influence the hyperphosphorylation of tau?°42%7 and in return tau is responsible for re-
cruiting Fyn to dendritic spines!®l. Interestingly, PrP¢ has also been shown to bind mGIuR5
independently of ARo with no disruption to mGIuRS5 regular signaling?®®.

Through its interaction with mGIuRS5, PrP¢ also associates with guanine nucleotide-binding
protein subunit alpha-11 (Gag/11), Pyk2, calcium/calmodulin-dependent protein kinase Il
(CamKIl) and Homer1b/c (CamKIl and Homerlb/c not shown in Figure 5)2%°. mGIluR5s associa-
tion with the heterotrimeric G protein Gag/11 leads to the activation of phospholipase C (PLC),

consecutive signaling through inositol 1,4,5-triphosphate (IP3), followed by the release of cal-
cium from endoplasmic reticulum (ER) stores and the activation of protein kinase C (PKC)?%,
Rising intracellular calcium concentrations, as well as other kinases can also cause the activa-
tion of Pyk22%, Knocking out, pharmacologically inhibiting, or interfering with the binding of
any central member of this cascade to the next (PrP%, mGIuR5 or Fyn), results in a rescue of
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synapse loss and long-term potentiation (LTP) suppression in acute brain slices, as well asin a
rescue of behavior and memory deficits in transgenic APPSye/PS1AE9 mice?9%210-212 More

information on Fyn and Pyk2 and their potential connection to GSK3R and tau will be provided
in the respective sections of this thesis.

Another downstream component of the ARo-PrP®-mGIuR5 signaling cascade are eukary-
otic elongation factor 2 kinase (eEF2K) and its substrate eEF2200.201.213.214 oFF2K associates
with mGIuR5 and phosphorylates (activated) eEF2 at threonine 56 (T56) upon mGIluR5 activa-
tion. This ultimately leads to suppression of protein translation and might mediate synaptic
deficits?’3. In APP transgenic mice, eEF2 phosphorylation was observed to be in-
creased?00:201,.211.213 "\yhjle deletion of PrP® was shown to rescue aberrant eEF2 activation?*4.

There is a growing body of evidence for the physiological relevance of ARo-PrP¢ interac-
tion. Upon ARo treatment, there is PrPc-dependent inhibition of LTP in hippocampal slices and
alive mice upon ARo**215-217 |n addition, mice injected with antibodies or inhibitors blocking
the ARo binding site on PrP¢ show decreased synapse loss and memory impairment?8-220 gnd
when APP transgenic mice are crossed with PrP/- mice, their hippocampal synapse loss and
behavioral deficits are rescued?!%2!4, Lastly, ARo-induced synapse loss in cultured cells is re-
duced upon PrP¢ KO?2, In contrast, some groups have reported none or limited effect of PrP¢
on synaptotoxicity®8222223 More specifically, in some mice strains early behavioral deficits
occur independent of Prp¢ 198:222-224 and certain forms of fibrillar AR can inhibit LTP independ-
ent of PrP¢ in hippocampal slice cultures??. The biological importance of fibrillar AR (not) bind-
ing to receptors remains under debate, since ABo are thought to predominantly mediate and
correlate well with cognitive decline in patients!>#226,

Amyloid Cascade Hypothesis

One hypothesis that has shaped the field of AD research significantly in the past 30 years
is the amyloid cascade hypothesis??’. Several observations led to the emergence of this hy-
pothesis in the early nineties, which proposed AR accumulation to be the main causative event
in AD*0 | The first observation supporting this hypothesis was that all familial AD cases carry
mutations in the APP gene or genes encoding APP processing proteins. Furthermore, EOAD
follows the same trajectory, with the same pathologies and symptoms, as LOAD, except for an
earlier age of onset>?®7-74 The second line of evidence were CSF biomarker measurements in
AD patients, where the concentration of AR4; was reduced long before p-tau concentrations
increased, indicating an earlier timepoint for AR accumulation compared to tau deposition3®.
A third body of evidence are the results of many animal studies conducted with transgenic
mice (e.g. overexpressing APP with familial AD mutations or containing presenilin mutations).
These transgenic mice develop age-dependent AD-like phenotypes, including senile plaques,
synapse loss and impaired memory and cognition?28-231,

In contrast to the above listed evidence, there are also critical voices challenging the am-
yloid cascade hypothesis and leading to its continued reevaluation. The main point of criticism
is that plaque deposition and clinical disease progression seem to be decoupled from one an-
other. More specifically, significant AR plaque load has been observed in the brains of non-
symptomatic individuals>>2?32, and the measure that correlates best with patients’ cognitive
impairment and clinical symptom duration is p-tau, not AR deposition?33. Furthermore, clinical
trials, that have focused on developing treatments (mainly antibodies) against AR pathology,
have mostly failed to improve patient outcome, even though some of them led to reduced AR
plaque burden!!l,
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One response to these critical arguments is that these facts do not intrinsically contradict
the amyloid cascade hypothesis, but rather complement it. This would be the case, if the hy-
pothesis about the long pre-clinical phase of AD is correct and that AR accumulation triggers
disease-relevant processes long before the A8 accumulation itself becomes noticeable in pa-
tients. That way, further downstream effects that are induced by AR would correlate better
with clinical symptom onset than AR deposition itself (see Figure 2) and any treatment of AR
plagues at clinical disease stages occurs too late, as the disease-causing effects of AR accumu-
lation have already been initiated decades earlier.

Nevertheless, the criticisms of the amyloid cascade hypothesis are valid in pointing out
that AD research for a long time focused only on AR and failed to address other aspects of the
disease, including tau pathology, neuroinflammation and glial involvement. This is now chang-
ing, and more resources are spent on investigating these aspects of the disease and how AR is
connected to them?3. Central questions that remain to be answered include, if and how AR
and tau deposition impact one another, why the pre-clinical phase of AD is so long and what
factors impact it most, how different species of AR elicit different degrees of toxicity and how
important the role of the brain’s immune system and vasculature is during the course of the
disease (reviewed in Golde 2022%3).

Kinases of interest: Pyk2, Fyn and GSK3(%

Pyk2

Pyk2 (PTK2B, FAK2), also referred to as related adhesion focal tyrosine kinase (RAFTK), cell
adhesion kinase beta (CAKPB) or calcium-dependent protein tyrosine kinase (CADTK), is a non-
receptor protein tyrosine kinase that is highly expressed in the mature brain. The only other
known member of this family is focal adhesion kinase (FAK), which shares around 45% se-
guence homology with Pyk2 (up to 60% in the catalytic domain). FAK is higher expressed than
Pyk2 in the developing brain, while Pyk2 is stronger expressed in the mature brain?*. Pyk2
structure was first investigated in rats but quickly determined to be highly conserved between
rats and humans?3>, The 115.7 kDa protein Pyk2 consists of 1009 amino acids, with a 418
amino acid N-terminal, a 330 amino acid C-terminal noncatalytic domain containing a focal
adhesion targeting (FAT) domain, as well as a catalytic kinase domain spanning from amino
acids 418-680209234-236_ Both FAK and Pyk2 have a conserved sequence (ESNIYAEI) allowing
other proteins to bind to them through their SH2-domain. Conversely, Pyk2 and FAK them-
selves lack transmembrane domains, as well as SH2 and SH3 domains®°.

In addition, there are two more splice variants of Pyk2 called Pyk2 splice form (Pyk2s) and
Pyk2-related non-kinase (PRNK). Pyk2s lacks 42 amino acid of full-length Pyk2 in the C-terminal
domain and PRNK consists of only the C-terminal domain of Pyk223¢. These splice variants are
expressed at a lower level than full-length Pyk2 in the brain but might contribute to the func-
tional diversity of Pyk2 interactions. In the brain, full-length Pyk2 is expressed strongest in the
hippocampus, olfactory bulb, and cerebral cortex. PRNK and Pyk2s are only able to bind sub-
strates that bind in a SH3-dependent manner, e.g. paxillin, but not Graf or p130FAK. Pyk2 as
well as its splice variants are all able to localize at focal adhesions, since the FAT domain is
located at the C-terminus and present in all three variants?3.

Pyk2 can be activated through increases in intracellular calcium concentration leading to
autophosphorylation?3’ or through interactions with other kinases (e.g. Fyn or protein kinase
C (PKC))?%%240 |eading to phosphorylation at tyrosine 402 (Y402). Conversely, Pyk2 is also able
to synergistically co-activate Fyn?11238240 Fynctionally, Pyk2 has been implicated in multiple
cellular processes (reviewed by de Pins 2021%*! and Kumar 20222%?), including modulating
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synaptic stability>*>, modulating mitochondrial calcium homeostasis***, participating in several
cell signaling cascades (e.g. mitogen activated protein kinase (Ras/MAPK), Wnt/B-catenin)?%,
T- and B-cell signaling?3824524¢ apoptotic cell death?*’, as well as cell migration and survival®*é,
cancer biology and most recently in AD20>211,243,249,

In 2013, Pyk2 was identified as a late-onset AD risk allele in a GWAS study?®. There is
evidence, that Pyk2 is a downstream member of the PrP-mGIuR5-Fyn signaling cascade, be-
cause inhibiting Fyn kinase activity pharmacologically causes a reduction in the levels of phos-
phorylated Pyk2 (p-Pyk2)?!!, and Pyk2 interaction with Fyn had previously been reported in T-
cell antigen receptor signaling?®®. Additionally, when comparing the p-Pyk2 levels in wild type
and APPswe/PS1AE9 (APP/PS1) mouse brains, p-Pyk2 levels are significantly increased in

transgenic AD mice?!. In return, deleting Pyk2 in AD transgenic mice reduced spatial memory
deficits in these mice2*°. In acute brain slices from WT or Pyk27- mice, LTP deficits induced by
ARo were rescued through Pyk2 deletion?*. Furthermore, when WT brain slices were treated
with both ABo and the Pyk2-selective, ATP-competitive small molecule inhibitor PF-719 (N-
cyclopropyl-4-(4-((1R,2R)-2-(dimethylamino)cyclopentylamino)-5-(trifluoromethyl)-pyrim-
idin-2-ylamino)benzamide dihydrochloride)®°, LTP impairments were also ameliorated?*. In
addition, synapse loss in APP/PS1 mice was shown to be dependent on the presence of
Pyk2249. Furthermore, Pyk2 interaction with the RhoGAP protein GTPase regulator associated
with focal adhesion kinase-1 (Grafl) is necessary to convey ARBo-induced synapse loss in pri-
mary mouse neurons by modulating dendritic spine loss and F-actin dependent spine motility
via RhoA GTPase?*3,

In contrast, Pyk2 has been reported to play a different role in studies with 5XFAD mice
(carrying the mutations APPSwe, 1716V (Florida), V7171 (London) and PSEN1 M146L, L286V?>1).
When 5XFAD mice were crossed with Ptk2b-/- mice, plaque burden decreased but behavioral
deficits and other histological phenotypes remained unchanged®>2. Conversely, Pyk2 phos-
phorylation levels were lower in 5XFAD mice to begin with and overexpression of Pyk2 rescued
this decrease, improved synapse density and mouse performance in behavioral tasks?>2. This
line of inquiry is further supported by evidence that Pyk2 overexpression protected hippocam-
pal neurons from AR1.4; toxicity in microfluidic cultures?>3. In addition, decreases in Pyk2 phos-
phorylation could be due to its role as a substrate for striatal-enriched protein tyrosine phos-
phatase (STEP), which is over-activated in AD and leads to dephosphorylation and decreased
surface expression of NMDAR?>4-257,

The reasons for these differential outcomes in various mouse models remain elusive, but
one potential explanation might lie in the dysregulation of tyrosine phosphorylation having
divergent effects in different model systems?#1.

Another way Pyk2 might impact AD pathology is its function in microglia?'. PTK2B variants
associated with increased AD risk have been shown to lead to higher Pyk2 expression in mon-
ocytes and macrophages?°®2°°, Treating microglia in vitro with AR leads to downstream acti-
vation of PKC and Pyk2, resulting in the secretion of neurotoxic factors (e.g. TYROBP)?>8:260,
Furthermore, Pyk2/ERK signaling can be activated by Transient receptor potential melastatin
2 (TRPM2), a ROS-sensitive calcium channel, expressed in various brain tissues and lead to
microglial activation and tumor necrosis factor a. (TNFo.) production?61262, The relevance of
Pyk2 function in microglia and macrophages for AD has not been thoroughly investigated yet
but might be relevant to elucidate a potential role of Pyk2 in inflammation.

Pyk2 has also been connected to tau pathology in AD with studies reporting a Drosophila
Melanogaster homolog of Pyk2 to modulate tau-dependent neurodegeneration?®3. Further-
more, Pyk2 has been suggested to bind tau directly?°”-26* and in histological examinations of
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AD patients and pR5 mouse brains Pyk2 co-localized with hyperphosphorylated tau?6326>, |ts
capability to phosphorylate Fyn and potentially GSK3R2% in the context of AD have suggested
Pyk2 as a potential link for connecting AR and tau pathologies.

Fyn

FYN is located on chromosome 6g21 and encodes three splice variants of the Src family
non-receptor tyrosine kinase (SFK) protein Fyn%6%2%8 Fyn is 59 kDa large and the three
isoforms are denoted as Fyn-B, Fyn-T and Fyn-D72%6:26%_ Fyn-B is highly expressed in the brain,
but also found throughout the body, while Fyn-T is mainly expressed in cells of hematopoietic
origin and Fyn-D7 is found in peripheral blood mononuclear cells?662%%, The other eight mem-
bers of the SFK family are Src, Lck, Lyn, Yes, Fgr, Hck, Blk and Yrk, with Fyn and the first four
proteins in the list being highly expressed in the CNS2¢6:267.270 SFK family members share a
common domain structure, with a Src homology 4 (SH4) domain, followed by an SH3 and SH2
domain, a kinase domain (SH1) containing the activation site (Y420 on human Fyn), and lastly
a short C-terminal tail with an autoinhibition phosphorylation site (Y531 on human
Fyn)267:268271 phosphorylation on Y531 promotes protein-internal interactions between the
SH2 and SH3 domains, preventing kinase activity of Fyn. In contrast, phosphorylation of Y420
induces conformational changes exposing the catalytic site, increasing Fyn activity. Physiolog-
ically, Fyn is involved in a variety of cellular processes, including T-cell function and humoral
immune response?’?7275, cellular proliferation and metastasis?’®2”7, platelet function?’%27°,
bone physiology?®® and central nervous system myelination?2?,

For a review of Fyn’s role in AD, see reviews by Nygaard 2018?82 and Guglietti et al. 2021?71,
Before Fyn’s importance in AD became apparent, Fyn was shown to be necessary for regulat-
ing LTP through NMDA receptor subunit (NR2A and NR2B) trafficking and to associate with
postsynaptic density protein 95 (PSD-95)%837286_|n vitro, Fyn’s role in ABo-mediated neurotox-
icity was first noted in 1998%%7 and in vivo, AD transgenic mice overexpressing Fyn showed
accelerated synapse loss and memory impairments that were rescued by Fyn deletion?8828
In addition, histopathological staining of AD patient brains demonstrated an overlap of in-
creased Fyn and hyperphosphorylated tau deposition®®. This led to the hypothesis that in ad-
dition to regulating LTP through spine stability, Fyn might also contribute to tau hyperphos-
phorylation?07.29%.292 |n turn, tau is responsible for recruiting Fyn to dendritic spinest61:204.293,
Thus, for a long time Fyn was known to be important for AD pathogenesis, but the signaling
cascade components connecting Ao with Fyn remained unknown.

As described in the chapter “The ABo-PrPC-mGluR5 signaling cascade”, Fyn was connected
to ARo-dependent signaling in 2012 through its interaction with mGIuR5, which in turn asso-
ciates with PrP¢ upon sARo binding!®9-2922%4 Upon mGIuRS5 activation, Fyn is phosphorylated
at Y420 and synergistically co-activates Pyk2'%. In turn, removing PrP¢ or mGIuR5 from the
signaling cascade will abolish the ARo-dependent increases in Fyn phosphorylation200201, |n-
terestingly, chronic ABo exposure in vivo (e.g. in J9 transgenic mice) and in vitro does not seem
to lead to chronically elevated p-Fyn levels, while other kinases (e.g. Pyk2 and eEF2) remain
activated for longer time spans upon ARo exposure?%921! The de-activation of Fyn is thought
to occur through STEP, since STEP activity is inversely correlated with Fyn phosphorylation in
cultured mouse cortical neurons, but the mechanisms underlying the differential treatment
of Pyk2 and Fyn by STEP remain unclear!®92%,

When Fyn activation is pharmacologically inhibited (e.g. through the small molecule inhib-
itor saracatinib (AZD0530))?1129>2% pyk2 activation and synapse loss through ARo-dependent
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signaling are diminished in AD transgenic mice and in vitro'92892%7 This makes Fyn an inter-
esting target for pharmacological interventions for AD and there are several drugs currently
undergoing clinical trials for their efficacy in AD either targeting Fyn directly (saracatinib) or
more generally inhibiting tyrosine kinases (e.g. masitinib, bosutinib, ponatinib and da-
satinib)?11,282

Many of these tyrosine kinase inhibitors are already being used or tested as cancer treat-
ment drugs, since tyrosine kinases are often implicated in cancer metabolism?22, The high con-
servation of SFK family kinases and their expression in many different tissues leads to chal-
lenges in designing Fyn-specific inhibitors that do not show excessive off-target effects. Most
currently available Fyn inhibitors bind to its catalytic site as competitive ATP inhibitors and
thus, also act on other SFK family kinases?22.

Masitinib inhibits c-kit, lyn and Fyn, as well as PDGF and FGF receptors?°® and chronic treat-
ment with masitinib in APP/PS1 mice was reported to restore spatial learning and synaptic
density in the hippocampus in a preclinical study?®. A Phase Il clinical trial is ongoing
(NCT01872598) and reported meeting its primary goal with their 4.5 mg/kg treatment cohort
in 20203, Another two cancer drugs are bosutinib and ponatinib which both bind Fyn with
low nanomolar IC50 (0.36 nM-1.8 nM) but are fairly unspecific and thus likely unsuitable as
Fyn-specific drugs3°13%, In contrast, dasatinib is more specific, inhibiting only a subset of SFK
kinases, Fyn, Lck and Src, with low nanomolar IC50 (0.2-0.5 nM)?%>3% |n pre-clinical studies
dasatinib was shown to improve memory function in transgenic AD mice and to modulate
microglial activation3%®. Unfortunately, a clinical study suggested dasatinib to have immuno-
suppressive effects3%. Currently, there are ongoing Clinical Phase | and Il studies for dasatinib
combined with quercetin in the context of AD (NCT04685590, NCT04063124 and
NCT04785300).

Saracatinib (AZD0530) is an orally bioavailable inhibitor originally developed for cancer
treatment and inhibits Fyn (IC50 of 8-10 nM), Src (IC50 2.7 nM), Yes (IC50 4nM), Lyn (IC50
5nM) and Abl (IC50 30-156 nM)?#2, It has been investigated in pre-clinical as well as in two
Clinical Phase | and Il studies for its efficacy and potential off-target effects for cancer and AD
treatment (NCT01864655, ). In pre-clinical studies, 50% chronic inhibition of Fyn in mice brains
was achieved through an oral dosing paradigm of 5 mg/kg/day (10 nM) and resulted in rescue
of spatial memory impairments and synaptic loss in APP/PS1 and 3XTg-AD mice after 4-6
weeks of treatment that was sustained even after a washout period of 1-4 weeks?11:397:308 The
Kaufman et al. study also reported reduced microgliosis after the AZD0530 treatment?!*. Con-
versely, one known side-effect of saracatinib is reduced osteoclast activity in rodents and hu-
mans, but bone density changes were not measured?’9280309 |n human Clinical Phase | trial
(NCT01864655), 100-125 mg/day oral saracatinib were reported as sufficient to yield brain
saracatinib concentrations >10 nM and showed only mild to moderate side effects over the
course of a one month treatment paradigm?®2:3%9, Unfortunately, a Clinical Phase lla study
(NCT02167256) showed no effects in its primary or secondary outcome measures of reduction
in relative CMRgl, measured by 18F-fluorodeoxyglucose (18F-FDG) PET in regions of interest
and changes in cognition, function, and other biomarkers31°, This calls into question Saracat-
inib’s usefulness as a drug for already symptomatic patients, but it remains to be investigated
if it could be used in pre-clinical stages of AD.
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GSK3[3

Glycogen synthase kinases (GSKs) are a family of serine-threonine protein kinases with
three members, GSK1, GSK2 and GSK33!17313, There are two paralogs of GSK3, the larger
GSK3a with a molecular weight of 51 kDa and the smaller GSK3R with 47 kDa3!4. The two
paralogs share around 98% amino acid identity, but in addition to several shared targets they
also still have independent binding partners and functions3!®. For example, GSK3o. knockout
mice are viable but have shortened lifespans and brain structure abnormalities3!®, while
GSK3R knockout mice die in utero3!’. Structurally, GSK3R consists of a polar, disordered N-
terminus, followed by its protein kinase domain and a disordered C-terminus. Its activity can
be regulated by phosphorylation at certain serine (S), threonine (T) and tyrosine (Y) residues.
The two main regulatory points are phosphorylation at S9 (through Wnt/B-catenin signaling,
PI3K-Akt, protein kinase A (PKA) and protein kinase C (PKC)) which will result in diminished
GSK3B activity, while phosphorylation at tyrosine 216 (Y216) (including by Pyk22%, Fyn ki-
nase3!® or by autophosphorylation3'9) leads to increased activation. However, the exact mech-
anism of GSK3B phosphorylation at Y216 still remains to be investigated. It is important to
mention that GSK3R is one of few constitutively active kinases and Y216 phosphorylation is
most often used to restore previously inhibited protein activity3?°. The regulation through S9
is better understood with phosphorylation at S9 leading to GSK3R N-terminal domain to act
as a pseudo-substrate, competing with pre-phosphorylated substrates and thus inhibiting its
activity3?!. Many substrates of GSK3RB need to be pre-phosphorylated by another kinase before
GSK3R can act on them (most common sequence pattern is S/T-X-X-X-S/T(P) with GSK3R acting
on the latter S/T)32132%5_ This is facilitated by a primed substrate binding domain adjacent to
the kinase domain on GSK3R. In addition, GSK3R is also able to phosphorylate non-primed
substrates (e.g. tau), but it’s activity is further enhanced when these substrates are primed.

GSK3R is one of the best studied kinases phosphorylating tau at multiple residues2®, but
it is also implicated in numerous other cellular processes, including glycogen metabolism3!1~
313 'microtubule stabilization, neurite outgrowth and retraction3?’, hippocampal neurogene-
sis328329  cancer formation33°, synaptic plasticity and memory33332 and neuroinflamma-
tion333. GSK3R is often considered a hub for signal integration, due to the multitude of signal-
ing cascades modulating its activity and its more than 100 likely substrates334335, Conversely,
how GSK3[8 achieves substrate specificity is an important question and current research sug-
gest it depends on post-translational modification status of GSK3R8, its subcellular localization,
substrate priming, as well as association to multi-protein complexes3?°. See Beurel et al.
201532 for a detailed review on GSK3R regulation.

In AD, elevated levels of oligomeric AB seem to cause heightened activation of GSK3f and
tau hyperphosphorylation in vivo and in vitro33®337, In return, reduced GSK3R activity through
inhibition with lithium leads to decreased AR production338-349, |ikely through its interaction
with PS1 and BACE1 during the APP cleavage process34342, In support of this hypothesis, PS1
phosphorylation by GSK3RB increases PS1 activity leading to heightened AR production3*3. Fur-
thermore, BACE1 activity and expression is dependent on GSK3R activity in vitro3*434>, Other
mechanisms impacting AR and tau pathologies are clearance mechanisms including autoph-
agy3*. Autophagy can be inhibited through mTOR-GSK3R signaling, and insulin degrading en-
zyme (IDE), an important protein for AR degradation3¥, is negatively correlated with GSK3R
levels suggesting more ways how GSK3R can contribute to AD pathologies3*33%°, For a detailed
review of GSK3R in AD see Lauretti et al. 20203,

With regards to its interaction with tau, GSK3[ has long been known to phosphorylate tau
at several residues (potential phosphorylation sites include T181, $199, S202, T205, T212,
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S214, T217, T231, S396, S404, S409, S413, S422, S198/5199/5202, S396/5404) in vivo and in
vitro®>17353, |In addition, activated GSK3p co-localizes with NTFs in the brain of AD patients®*
and GSK3R expression levels in the CNS are known to increase with age3>°. Activation of GSK3R
by AR exposure was shown to increase tau phosphorylation. This suggests that GSK3B could
be a key link between AR and tau pathologies, but the exact molecular mechanisms underlying
this connection remain under debate3>¢-3°8, One suggested connecting pathway is Wnt signal-
ing, which in its normal state inhibits GSK3R but is disrupted by AR3>®,

Mechanistically, there is evidence, that Pyk2 and GSK3B can interact with one another,
either indirectly through a protein complex or through directly interaction at several domains,
since kinase-dead Pyk2 still co-immunoprecipitates with GSK3B2%6327, Moreover, previous
studies in AD mouse models have reported elevated levels of GSK3B and Pyk2 in vivo, as well
as GSK3B-mediated phosphorylation of tau in AD mice?26°3%6:3%8,

Inhibiting GSK3 as a therapeutic approach to AD remains difficult due to lack efficacy or
low tolerability of the inhibitors®?, Lithium, one of the best studied GSK inhibitors, is not well
tolerated in the elderly3®!, has a small therapeutic window and off-target effects on other ki-
nases leading frequently to unwanted side effects or difficulties identifying which cellular pro-
cess is responsible for observed changes3®2. Other specific GSK3R inhibitors (e.g. AZD1080 and
AZD2858) showed promise in animal models but did not pass toxicological or Phase Il Clinical
trials®®°, For an overview of other GSK3R inhibitors being tested in the context of AD see
D’mello 202130 and Lauretti et al. 20203*°.

Tau

Structure and Function

The second molecular hallmark of AD is the intracellular deposition of hyperphosphory-
lated protein tau. In recent years, research into tau pathology has increased due to its promise
as a CSF biomarker for AD and the fact that tau deposition correlates better with neuronal loss
and memory deficits in patients with AD than AB plaque load3633%4,

There are six tau isoforms present in the adult human brain that are generated through
alternative splicing of exons 2, 3 and 10 of the MAPT gene that is located on chromosome 17
(see Figure 6 A). The six isoforms are between 45 - 65 kDa large and differ in the number of N-
terminal inserts (ON, 1N or 2N) and microtubule- (MT-) binding domains (3R or 4R)3%>3%¢_ Many
of the 85 potential phosphorylation sites on tau are located in or close to the MT-binding do-
main3®’, making 4R tau more prone to aggregate, but to also bind microtubules better in its
native form38, Structurally, the MT-binding domains of monomeric tau form R-sheets, while
the N- and C-termini of the protein are disordered3®. In healthy brains, the ratio of 3R:4R tau
isoforms is 1:1, but in some tauopathies (e.g. FTD or progressive supranuclear palsy (PSP)) the
ratio is altered, favoring the 4R isoforms37°.

Functionally, tau is mainly implicated in regulating axonal transport by promoting micro-
tubule assembly and stability3’1372 and interacting with proteins at PSDs (e.g. recruiting Fyn),
giving it a potential role in cell signaling events'®12%7_ |n addition, tau has also been suggested
to regulate transcription in the nucleus both directly and indirectly3’3. Studies have identified
dephosphorylated tau in the nucleus of neuroblastoma cells, where it localized with chromo-
some scaffolds and nuclear organization centers. Furthermore, the MT-binding domain of tau
seems capable of binding DNA as well as RNA37%374 Moreover, tau was also reported to regu-
late the transcription of PRNP via JNK/c-jun-AP-1 signaling, resulting in increased levels of PrP¢
upon increases in tau levels®’3, It is also of note, that tau knockout is not lethal in mice
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models3’>, but depending on the genetic background of the mice, it can lead to delayed neu-
ronal maturation37®,

A
Isoform Length
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IN3R 381 aa
2N3R 410 aa
ON4R 383 aa
1N4R 412 aa
2N4R 441 aa
Domains |¢ NTD
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Figure 6: Tau isoforms and spreading in AD.

A) Isoforms of tau present in the human brain. Tau can contain ON, 1N or 2N terminal domains (spliced from
exons 2 and 3) and either 3R or 4R microtubule-binding domains (spliced from exon 10). NTD: N-terminal domain,
PRD: proline-rich domain, MTBD: microtubule-binding domain, CTD: C-terminal domain. B) Tau spreadingin AD
displayed according to Braak stages. Tau pathology starts in the trans-entorhinal cortex, spreading via the ento-
rhinal cortex and hippocampus (stage | and Il) into the EC-adjacent neocortical regions (stages IlI-V). In stage V-
VI, tau inclusions spread further into all areas of the neocortex. For more detailed description of tau spreading
see the section “Tau Seeding and Spreading in AD”. Figure B reprinted from Advances in Experimental Medicine
and Biology, Volume 1184, Pages 305-325, 2019, Simon Dujardin and Bradley T. Hyman, Tau Prion-Like Propaga-
tion: State of the Art and Current Challenges, doi: 10.1007/978-981-32-9358-8 23, ©2019 by Springer Nature,
reprinted with permission from Springer Nature.

Tau Hyperphosphorylation and Accumulation in Disease

Hyperphosphorylated tau forms deposits in a variety of neurodegenerative diseases, in-
cluding the ‘primary’ tauopathies frontotemporal lobar dementia (FTLD), progressive supra-
nuclear palsy (PSP), corticobasal degeneration (CBD), chronic traumatic encephalopathy (CTE),
primary age-related tauopathy (PART) and Pick’s disease. These diseases are classified as pri-
mary tauopathies because tau accumulation is considered the causative event in these dis-
eases. On the other hand, AD is classified as a secondary tauopathy, since AR likely is the dis-
ease initiating protein in AD. Furthermore, there are no known tau mutations that are disease
causative for AD, while other tauopathies like FTLD can occur due to mutations in the MAPT
gene (reviewed in Kovacs 2015377 and Leveille et al. 2021378). It is important to note, that the
various tauopathies exhibit different tau phosphorylation patterns, types of inclusions, and
inclusion cell type specificity (neurons, astrocytes, or oligodendrocytes), allowing them to be
distinguished histochemically3’”. In AD, both 3R and 4R tau get hyperphosphorylated and after
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forming oligomers, aggregate further and are deposited intracellularly in neurons as neurofi-
brillary tangles (NFTs), neuritic plaques (NPs), and neuropil threads (NTs)377:379-382,

Tau conformation and function can be regulated by post-translational modifications such
as phosphorylation, N- and O- glycosylation, acetylation, SUMOylation, ubiquitination, oxida-
tion?*2, as well as through cleavage by caspase-3, and -6, and calpain-1370383384 Egpecially O-
GlcNAcylation (modification of S/T residues by O-linked N-acetylglucosamine)3®>38¢, trunca-
tion®’, and phosphorylation have emerged as relevant mechanisms for tau aggregation. O-
GlcNAcylation of tau is known to occur at six sites and can have two, sometimes overlapping,
purposes: (de-)priming tau for phosphorylation by kinases and partaking in reciprocal regula-
tion of tau phosphorylation38>386:388 |n AD patients, it has been observed that O-GIcNAcylation
is decreased, and this decrease inversely correlates with an increase of tau hyperphosphory-
lation38. Furthermore, O-GlcNAcylation might connect AD and diabetes since O-GlcNAcyla-
tion is a sensor of intracellular glucose metabolism. O-GlcNAcylation is also decreased in dia-
betes patients and thus might elevate the risk of tau hyperphosphorylation37:38 Tau trunca-
tion by caspases generates tau fragments, containing the MT-binding repeats that are then
more prone to aggregate and form PHFs3®’. These fragments and their aggregates have been
observed in AD brain extracts as well as in transgenic rats overexpressing truncated human
tau3®3,

Nevertheless, most research into tau aggregation has focused on (de-)phosphorylation
mechanisms of tau, with the hypothesis that an imbalance of kinase and phosphatase activity
on tau leads to its hyperphosphorylation. There is evidence that tau hyperphosphorylation
precedes tau aggregation, which would support the notion of phosphorylation being involved
in tau conformational changes and ultimately aggregation3>*. 85 putative phosphorylation
sites, mostly flanking the MT-binding domain, have been identified on tau, with around 45 of
them being implicated in AD3’°, Soluble, healthy tau is only phosphorylated at few residues,
while aggregated, fibrillar tau in the brain of AD patients shows phosphorylation at four times
the number of residues (for review see Noble et al. 2013%7° and Igbal et al. 20163%7). Im-
portantly, phosphorylation of tau (e.g. at S214 and T231) decreases its binding affinity for tu-
bulin and thus inhibits its normal function3%3%, In return, tau that is not associated with mi-
crotubules is a better substrate for kinases, than tau that is bound to microtubules3?2. Further-
more, phosphorylation of tau at certain N-terminal residues seems to decrease its plasma
membrane association, potentially disrupting signaling cascades (e.g. mislocalizing Fyn)370:393-
395, Treating tau transgenic mice with kinase inhibitors results in reduced numbers of tau ag-
gregates3%3%7 while overexpressing tau kinases3%4% or inhibiting tau phosphatase PP2A
leads to increased tau phosphorylation®®,

In general, there are three different types of kinases that can phosphorylate tau: proline-
directed serine/threonine kinases, non-proline directed serine/threonine kinases and tyrosine
kinases. Proline-directed serine/threonine kinases require a proline residue to follow the ser-
ine/threonine that the kinase will act on, while the non-proline directed kinases do not. The
first group includes GSK3[R326:397.402  CDK5398:399,403 gnd AMPKA04495 while the second group
contains kinases like casein kinase 1 (CK1)*°%¢, PKA%07408 dual-specificity tyrosine-phosphory-
lation regulated kinase 1A (DYRK-1A)%%410 gnd microtubule affinity-regulating kinases
(MARKs)*11412 The last group entails Fyn294207 Ap|413 Syk414 and potentially Pyk2263-26>, Some
kinases (e.g. GSK3R) require or prefer tau to be already phosphorylated (primed) at some res-
idues before acting on it. Furthermore, all kinases listed above have been purified together
with NFT from AD patient brains and it is thought that different combinations of these kinases
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act in concert to lead to tau hyperphosphorylation and deposition in AD3®’, For a review of tau
phosphorylation see Noble et al. 2013370,

Other important players in regulating tau phosphorylation are phosphatases (protein
phosphatases-1, -2A and -5), with PP2A being the most important one3’°. In the 1990s, PP2A
was shown to be downregulated in the brains of AD patients*!® and to act on hyperphosphor-
ylated tau in AD*®, Furthermore, PP2A does not only act on tau, but also regulates the activi-
ties of multiple tau kinases (e.g. GSK3R, CaMKII, PKA and CDK5)3¢7417 PP2A activity can be
downregulated through phosphorylation at Y307 by Src kinase and through the I1°P?* and |,°P%A
proteins, whose expression is upregulated in AD patient brains3®’. Furthermore, cleavage
products of 1°P?A, that get generated if acidosis conditions are present in the brain due to
ischemic stroke, CTE or hyperglycemia, can also inhibit PP2A activity, providing a potential
connection of these conditions to tau hyperphosphorylation3®’. In support of this hypothesis,
the activated state of the enzyme necessary for cleaving 1,°°?A is increased in AD patients, and
the 1,°P2A cleavage products co-localize with hyperphosphorylated tau*'®41%, Another interest-
ing facet of PP2A regulation is that PP2A can associate with mGIuR5 but dissociates from it
upon mGIuR5 activation. Once dissociated, it is more prone to be phosphorylated at Y307 and
thus to become inactivated, leading to increased tau phosphorylation levels*2°.

There is ongoing debate if soluble tau or the insoluble neurofibrillary tangles (NTFs) are
the key mediator of tau-induced neurodegeneration, but increasing evidence shows that sol-
uble, hyperphosphorylated tau might correlate best with synapse loss and behavioral deficits
in mice3>%421, Furthermore, hyperphosphorylated tau oligomers have been identified in AD
patient synapses post-mortem, suggesting that they mislocalize there*?2. One apparent con-
sequence of tau hyperphosphorylation is that tau ceases its normal function as a microtubule
assembly and stability protein, but in addition, hyperphosphorylated tau has also been shown
to have synaptotoxic effects3’%423, The exact mechanisms by which tau aggregates cause syn-
aptic toxicity are still under investigation, but one theory is that the lack of normal tau function
and the accumulation of oligomeric, hyperphosphorylated tau in dendrites and synapses leads
to impaired trafficking and/or anchoring of NMDA and AMPA receptors*?342¢_ This would dis-
rupt synaptic function and as well as the cells calcium homeostasis.

Tau Seeding and Spreading in AD

In AD, tau oligomerizes before it aggregates further and gets deposited as NFT, NP and
NTs. The structure of tau oligomers has so far remained elusive, but in addition to post-trans-
lational modifications favoring tau conformational changes, disulfide-bonds and/or electro-
static interactions have been theorized to play a role in the formation of tau oligomers*?’. It is
also known that tau can undergo liquid-liquid-phase separation, but whether this process con-
tributes to tau aggregation or not remains controversial*?®, Furthermore, it has been shown
that tau forms distinct oligomers in different tauopathies, that can then act as templates
(‘seeds’) corrupting healthy tau to misfold and to cause distinct spreading patterns*?°-43¢ The
differences of these seeds/strains are likely due to differences in the folding and isoform com-
position of their oligomers/NFTs*”. This mode of transmission has been dubbed ‘prion-like’
and tau seeds have also been called ‘prionoids’, even though this terminology remains con-
troversial*®3.

In contrast to oligomers, the structure of NFTs has been determined through NMR, EM
and cryo-EM studies for several different tauopathies**’. The dense core of NFTs is comprised
of the MT-binding domains (repeat regions of 3R and 4R tau for AD*3®), which are aligned in
B-sheets. In contrast, the remainder of the protein remains unstructured and forms a fuzzy
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coat around the dense core??7428439-441 1n AD, 3R and 4R domains fold to form a ‘C’-shaped
filament, that then aligns back-to-back with another C-shaped filament to form a tau fibril**’.

On a macroscopic level, the spreading pattern of tau deposits in AD post-mortem brains
was first characterized extensively and classified into stages by Braak and Braak in the 1990s
and early 2000s#%43442_|n AD, tau inclusions are predominantly neuronal and inclusions first
appear in the trans-entorhinal cortex (stage I) from which they progress along anatomical con-
nections throughout the brain (see Figure 6 B) 43442443 They spread via the entorhinal cortex
to the hippocampus (stage Il). Next, EC-adjacent neocortical regions like, the occipito-tem-
poral gyrus and the lingual gyrus are affected (stage lll). In stage IV, pathology in the hippo-
campus worsens and large portions of the insular cortex as well as the medial temporal gyrus
contain significant numbers of inclusions. At this stage, patients often have dementia symp-
toms, while in previous stages they are often in pre-clinical stages of AD. In stage V, tau inclu-
sions appear in the superior temporal gyrus and start to be present in the premotor and first
order sensory association areas of the neocortex. In the final stage VI, tau deposits are present
in the first order sensory association areas and the occipital neocortex. In addition, pathology
in previously affected areas like the superior temporal gyrus becomes more pronounced**2.

Due to the progression of tau pathologies in AD brains, spreading of tau aggregates is hy-
pothesized to occur along neuronal connections. There are two main mechanisms necessary
for this cell-to-cell transfer: tau secretion and uptake®33444-448 For the secretion process, sev-
eral mechanisms are likely to occur, since the majority of tau is found free in the extracellular
space (not associated with any vesicles), but it has also been identified in microvesicles (ecto-
somes, 100 nm — 1 pum diameter) and exosomes (30-100 nm diameter) purified from mice
overexpressing tau and from patient CSF#33436:449-452 The mechanism of how free extracellular
tau is generated remains unclear, but type | unconventional protein secretion mechanism as
well as chaperone-mediated translocation through membranes have been suggested®>34%4,
Moreover, secreted tau appears to be dephosphorylated and is often truncated at the car-
boxy-terminus*>~48, In support of the hypothesis that secretion occurs at synapses, neuronal
activity leads to increases of extracellular tau®#®457459, For vesicle-associated tau, ectosomes
are large vesicles that are directly budding from the plasma membrane, while intraluminal
vesicles, the exosome-precursors, are generated inside the cell lumen. At endosomes, mem-
brane invaginations lead to the formation of multivesicular bodies (MVBs), with intraluminal
vesicles trapping intracellular matter. Then, these intraluminal vesicles are released as exo-
somes when MVBs fuse with the plasma membrane*33. Most mechanistic studies of tau secre-
tion to date have been conducted in vitro and thus, the relevance of these different mecha-
nisms in vivo is yet to be determined?33,

Tau uptake has been studied both in vitro**®460-4%4 'in primary neurons, as well as human
iPSC-derived neurons and astrocytes, and in vivo*24%5, Both clathrin-mediated and clathrin-
independent mechanisms (e.g. micropinocytosis) have been reported as potential uptake
mechanisms for tau. Furthermore, heparan sulfate proteoglycans (HSPGs) and other receptors
(e.g. LRP1) have been suggested to facilitate receptor-mediated uptake of free tau*®46°, An-
other way tau might enter the cell could be through the membrane rupture of endocytic ves-
icles*’°*72_ Upon rupture, autophagy pathways get activated and try to remove the released
debris. In support of this uptake mechanism, inhibiting autophagy results in increase tau ag-
gregation in recipient cells*’t. Furthermore, loss of function of BIN1, a LOAD risk factor and a
protein involved in endocytosis, also leads to increased tau uptake and aggregation®’°. Lastly,
uptake of tau into astrocytes seems to be reduce tau propagation, but to also negatively affect
synaptic activity of nearby neurons?63464,
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To better model tau spreading and to further understand its underlying mechanisms, re-
cent work has aimed to develop better in vivo rodent models (for review see Robert et al.
2021%73). Previous ‘traditional’ tau mice models often relied on overexpressing human tau
with MAPT mutations found in familiar FTLD patients (P301S or P301L, A152T or K280del),
which has caveats due to side effects of the overexpression and because these mutations are
not found in AD. Furthermore, expression of human tau in these models was most often pan-
neuronal and not brain region specific, making any spreading studies difficult. One approach
to better model tau spreading, was to generate a transgenic mouse model with mutant human
tau expression localized to the EC and locus coeruleus®’#47®_ |t recapitulated tau spreading
along anatomically connected regions characterized by Braak and colleagues, but still had the
caveat of expressing only misfolded tau that forms seeds specific to FTLD, not AD. Another
model system to study tau spreading that was developed in recent years was to inject AAV-
based tau expression systems into wt mice*%477-47%  Advantages of this system include that
tau expression can be targeted through the location of injection as well as choice of promoter
and that a fluorescent marker can be included in the expression cassette, easily visualizing
transduced neurons vs tau spreading. Furthermore, it eliminates the need for time-consuming
crossbreeding to generate transgenic mice. Conversely, since these models still locally over-
express tau with FTLD-mutations, this main drawback remains®’3.

In addition, there are recently developed tau spreading model systems that utilize inject-
ing patient-derived tau seeds from various tauopathies into either wt mice or rats?31:444,480-484
or different strains of transgenic (e.g. humanized tau (hTau) or APP transgene) mice?#30432,485
490 This technique was pioneered by Virginia Lee’s lab, and the first paper injecting seeds de-
rived from human AD brain post-mortem tissue found that tau spread from the site of injec-
tion to anatomically connected regions***. These findings have now been replicated and ex-
panded on in several studies, looking at different tau seeds from various tauopathies*’3-476,
Most significantly, the cell type specificity that certain tauopathies display in humans seems
to be conserved when their tau seeds are injected into wt mice (e.g. PSP seeds will induce
astroglial tau inclusions)*®*. Furthermore, studies comparing tau injections in wt and trans-
genic mice expressing non-aggregation prone humanized tau (e.g. hTau** or 6hTau*3° models)
confirmed that templating of human brain-derived tau seeds onto human tau works better
than templating onto tau from a different species (mouse tau)*39486487 \When combining both
AR and tau pathologies by injecting APP mouse models (e.g. 5xFAD, APP/PS1 or APP knock-in
mice), AR plaques in some of these mouse models seemed to create a micro-environment
close to the plaques facilitating increased dystrophic neurite and NP tau formation, but NFT
numbers seemed unaffected?*8>487,491,

Of note, none of the tau seed injected or local expression tau mice models show cognitive
deficits. Likely this is because tau pathology is not severe enough without the overexpression
of tau or presence of additional AR pathology*’®. In addition, a recent study found that the
amount and rate of tau spreading from hippocampal and EC neurons overexpressing tau, to
neurons with normal tau levels was dependent on the genetic background of the mice*®2. This
raises interesting questions about the inherent variability of tau spreading in different mice
models and in patients and what other, currently unidentified genetic factors could impact
tau spreading.

Autophagy: A Clearance Mechanisms for Misfolded Proteins

One cellular mechanism proposed to modify AR and tau pathologies is autophagy, which
is dysregulated in several neurodegenerative diseases3*¢493494 Autophagy is a cellular degra-
dation pathway that engulfs cytoplasmic proteins, organelles, or other aggregates to deliver
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them to lysosomes for degradation and nutrient recycling. Autophagy is especially important
in neurons, since they are post-mitotic and are unable to dilute toxic substance build-up
through cell division?®>. In AD, autophagy/lysosomal degradation is thought to remove hyper-
phosphorylated tau, APP, as well as A8 and its aggregates from neurons. Conversely, inhibiting
lysosomal function increases intracellular tau and AR aggregation*934%, There are three types
of autophagy: macroautophagy, chaperone-mediated autophagy (CMA) and microautophagy.
The first two have been reported to potentially play a role in AD, with macroautophagy being
the most relevant form. For a review of autophagy in AD see Li et al. 20173*¢ and Menzies et
al. 2015%4,

Macroautophagy consists of three main stages: autophagosome biogenesis (subdivided
into phagophore membrane isolation, elongation and engulfment of cellular content), autoph-
agosome maturation and fusion with lysosomes3*¢. The main regulator of autophagy activity
is the mammalian target of rapamycin complex 1 (mTORC1). mTORC1 serves as a sensor for
nutrient levels in the cell and is activated in nutrient-rich conditions. Upon its activation it
negatively regulates autophagy initiation. In contrast to inhibition by mTORC1, other stimuli
like presence of reactive oxygen species (ROS), hypoxia, subcellular organelle damage and
protein aggregation can induce macroautophagy3°.

In AD, it is unclear if macroautophagy malfunction is a symptom or cause of AD. There is
evidence that genetic mutations of PSEN1 in familiar AD and ApoE4 allele status in sporadic
AD can negatively impact macroautophagy. One physiological function of PSEN1, independent
of y-secretase, is to regulate lysosomal acidification through v-ATPase distribution. When
PSEN1 is mutated in fAD, lysosomal acidification is reduced, and this can lead to decreased
levels of autophagy. In addition, increased activation of GSK3[ has also been shown to disrupt
lysosome acidification®®”. In sporadic AD, ApoeE4 expression has been shown to cause autoph-
agy malfunction through increased levels of AR42 in lysosomes. This is then thought to cause
lysosomal leakage, ultimately resulting in neuronal apoptosis3*®. In addition, tau hyperphos-
phorylation decreases its physiological role of stabilizing microtubules, which in turn might
impair retrograde trafficking of autophagosomes, thus impairing autophagy further.

The second autophagy type implicated in AD is CMA. In contrast to macroautophagy, it
targets mostly soluble, cytoplasmic proteins that selectively get translocated into lysosomes
one after another. Heat shock cognate protein of 70kd (hsc70) is the cytosolic chaperone that
recognizes target proteins at a conserved sequence (most often KFERQ), prompts their un-
folding and delivers them to the lysosome. At the lysosome, lysosomal-associated membrane
protein 2A (LAMP-2A) will form a channel in the lysosomal membrane to allow target protein
translocation into the lysosome with the help of lysosome-resident hsc70. Both APP and tau
have the KFERQ motif and are thus substrates for CMA. When this motif is disrupted through
mutations or deletions, their degradation by CMA is impaired. APP will not be delivered to the
lysosome and instead is increasingly cleaved, generating more AR fragments. Tau on the other
hand, is normally cleaved upon degradation and the C-terminal fragment is degraded through
macroautophagy or CMA. If the cleavage occurs at the wrong position, the C-terminal frag-
ment is still recognized and moved to the lysosome, but translocation fails, resulting in trun-
cated tau accumulating at lysosomal membranes3#. This can once more disrupt the lysosomal
membrane, leading to lysosomal leakage and ultimately apoptosis.

Two lysosomal proteins of interest for this thesis are progranulin (PGRN) and transmem-
brane protein 106B (TMEM106B). Both are implicated in several neurodegenerative disorders
including FTLD-TDP (FTLD with transcription factor TAR DNA binding protein 43 (TDP-43) ac-
cumulation) and AD*%®%1 |n humans, complete loss of progranulin causes the lysosomal
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storage disorder neuronal ceroid lipofuscinosis (NCL)*%?, while a heterozygous mutation in
GRN, the gene encoding PGRN, leads to PGRN haploinsufficiency, causing FTLD-TDP>%. Fur-
thermore, a reduction of PGRN levels was recently associated with increased total tau levels
in human CSF and increased tau phosphorylation in mice®%4>%_ Importantly, lysosome enzyme
dysregulation and accumulation of lipofuscin are present in PGRN-deficient mice, making
them an interesting model system to investigate PGRN deficiency in the context of neuro-
degenerative diseases®®’%, The role of PGRN deficiency in AD is not fully understood yet.
Having the T-allele of the rs5848 single-nucleotide polymorphism (SNP) results in decreased
serum PGRN levels and thus has been associated with increased AD risk>1°>13, In mouse model
studies of PGRN in the context of AD, results were contradictory with some studies reporting
attenuated AD phenotypes when PGRN levels are increased>'4°1> and others reporting PGRN
deficiency to improve AR deposition?9°04516,

Several physiological and pathological functions have been described for PGRN, including
its role as a growth factor involved in wound healing, inflammation and tumorigenesis®®°. Its
connection to lysosomal health remains under investigation, but it is known that PGRN is lo-
calized at lysosomes through its interaction with sortilin or with the soluble lysosomal protein
prosaposin (PSAP). Reduction in PGRN was shown to lead to reduced lysosomal PSAP levels,
offering one potential explanation of how PGRN deficiency disrupts lysosomal homeostasis**°.
Another hypothesis for PGRNs involvement in lysosomal homeostasis is its role as a lipid me-
tabolism regulator, since lipidomic and transcriptomic data from GRN deletion mice showed
altered lipid metabolism**°.

Reduction or loss of the second protein of interest, TMEM106B, has been reported to
cause multiple lysosomal abnormalities, including impaired acidification and dysregulated of
lysosomal trafficking in mouse neurons >%7°17-20_ Fyrthermore, three recent papers identified
three different folds of TMEM106B inclusions in aged human brains via cryo-EM>?17523 They
surveyed frontal cortex tissue from patients with sporadic and inherited tauopathy, AB-amy-
loidosis, synucleinopathies and TDP-43 proteinopathies, as well as from three neurologically
healthy individuals with no or only few amyloid deposits. Interestingly, the type of TMEM106B
deposit was not specific to specific diseases.

Functionally, TMEM106B is a transmembrane protein localized to lysosomal membranes
in neurons, glia and endothelial cells. It is known to interact with subunits of the vacuolar
ATPase and loss of TMEM106B likely increases lysosomal acidification®07>19520_ |n addition,
TMEM106B is also implicated in the axonal transport of lysosomes, with TMEM106B reduction
causing decreased lysosomal numbers and a the same time increasing axonal transport of ly-
sosomes°1751% A third function of TMEM106B is its role as a regulator of myelination, with
TMEM1068B deficiency leading to downregulation of genes implicated in the myelination pro-
cess, loss of OLIG2-positive cells in the corpus callosum of mice and reduced levels of myelin
sheath membrane proteins®24-526,

TMEM10B was first identified as a risk factor of FTLD-TDP in a GWAS study in 2010, with
the minor alleles of three SNPs decreasing disease risk>?’. Importantly, TMEM106B alleles
seem to have most impact on modifying disease risk caused by GRN or C9orf72 mutations,
leading to TDP-43 accumulation. Nevertheless, TDP-43 inclusions also occur in other neuro-
degenerative diseases, including Lewy body dementia (LBD), hippocampal sclerosis (HpScl)
and AD, suggesting that TMEM106B might modify their disease risk as well**8. From 2012 on-
wards, multiple studies found a neuroprotective effect of the minor allele TMEM106B variants
for AD and HpScl patients with TDP-43 inclusions**®°28, This makes TMEM106B an interesting
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target for further study in AD, since its impact on lysosomal dysfunction in AD and potential
downstream effects remain poorly understood.

Aims of This Project

Tau aggregation and spreading are likely distinct but connected processes. Furthermore,
several mechanisms connecting A8 and tau pathologies exist in AD. Gaining a better under-
standing how these mechanisms influence one another and how their disruption could be
beneficial for the treatment of AD, was a driving force behind this thesis. More specifically,
my project aimed to investigate a potential connection of AR pathology to tau aggregation
and spreading by a) characterizing the interactions of Pyk2, Fyn and GSK3R between one an-
other and their impact on tau aggregation in vitro and in different cellular models and b) in-
vestigating the impact of AB, Pyk2 and Fyn, lysosomal proteins TMEM106B and PGRN, as well
as age on tau spreading in mice.

For tau aggregation, existing research suggests that the imbalance of kinase and phospha-
tase activity is a major contributor to tau hyperphosphorylation, with Pyk2, Fyn and GSK31 all
reported to phosphorylate and/or co-localize with tau. In AD, Pyk2 and Fyn are both part of a
signaling cascade induced by AR oligomers binding to PrP¢, which then interacts with mGIuR5,
and subsequently activates Fyn and Pyk2. Separately, Pyk2 and Fyn have both been reported
to phosphorylate GSK3R in vitro, and GSK3R is one of the best characterized tau kinases in AD.
Given this existing evidence, | wanted to understand, if these three kinases can act in concert
to facilitate tau hyperphosphorylation and aggregation in different model systems, specifically
downstream of the above mentioned ARo-induced signaling cascade.

To achieve this, | first studied Pyk2 and Fyn interaction with GSK3( in in vitro kinase assays
and HEK293T overexpression model. Then, | characterized the effects of Pyk2 and Fyn inhibi-
tion on tau phosphorylation in mouse neurons and iPSC derived neurons, as well as tried to
determine if synthetic ABo can induce activation of Pyk2 and Fyn in iPSC-derived neurons.

It remains unclear, to what extent cell-autonomous intracellular tau aggregation and
trans-neuronal spreading are dependent on one another in AD. Furthermore, the balance of
de novo versus templated misfolding of tauin AD is also ill defined and there is ongoing debate
regarding which aspects of cell biology in AD might alter the pattern and magnitude of tau
spreading. Especially tau aggregation associated mechanisms, had not been studied yet in this
context. To expand on our understanding of what mechanisms might contribute to tau spread-
ing, | investigated what impact mouse age, AR pathology, disrupting Pyk2 and Fyn kinases or
perturbed lysosomal function had on tau spreading.

| studied tau spreading by injecting mice with human tau. First, | validated my model sys-
tem by analyzing my extracted seeding material and injecting WT (C57BL/6J) mice with tau
extracts from four different brains (three AD and one Control brain). Then, | monitored if AR
aggregation would exacerbate tau spreading, as there is conflicting evidence if A8 aggregation
can enhance tau accumulation and spreading at various disease stages®948>529-533 To achieve
this, | injected APPswe/PSEN1AE9 as well as hTau x AppN“*/N“F knock-in mice with human tau
extracts. Next, | explored the effects of reducing Fyn and Pyk2 activity on tau spreading, by
injecting WT mice treated long-term with the Fyn inhibitor AZD0530 or by injecting Ptk2b”-
mice. Lastly, | wanted to investigate if perturbing lysosomal regulation or advanced age would
have an impact on tau spreading. Thus, | injected Grn”- and aged Tmem106b-/- mice tau ex-
tracts to observe potential effects on tau spreading.
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Materials and Methods

The Materials and Methods sub-sections titled: Animals, Chronic Oral Dose Preparation of
AZDO0530, Tau Extraction, Atomic Force Microscopy, In Vitro Tau Seeding in Mouse Primary
Neurons, Stereotactic Surgery on Mice, Mouse Brain Tissue Collection and Processing, Im-
munohistochemistry, Quantification of Tau Inclusions, Imaging and Quantification of Fluores-
cent Staining, SDS-Page and Western Blotting, Immunoprecipitation of AR from Tau Samples
and Statistical Analysis, were adopted with minor changes from my first author paper (Nies et
al. 2021487),

Plasmid DNA Constructs

Tau and Pyk2 sequences were subcloned into an AAV-CAG-GFP vector (#28014, Addgene,
Watertown MA; USA). GSK3p and Fyn sequences were subcloned into a pcDNA3.0 (previously
sold by Invitrogen, Waltham, MA, USA) vector which also served as a negative transfection
control.

Cell Culture

HEK-293T cell culture

Human embryonic kidney-293T cells (HEK-293T, #CRL-3216, ATCC, Manassas, VA, USA)
cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, #11965-092, Gibco/Invi-
trogen, Waltham, MA, USA) supplemented with 10% fetal bovine serum (#16000044, Gibco).
Cells were maintained at 37°C and 5% CO, and passaged with 0.25% Trypsin/EDTA (#25200-
056, Gibco)when reaching 80 - 95% confluency.

Human iPSC line information and maintenance

Two cell lines with distinct differentiation protocols were used in this work. The first cell
line (from now on called “Gibco” line) was a commercially available episomal human iPSCs line
(#A18945, Gibco) and differentiated using a previously described and validated dual SMAD
inhibition protocol (Sousa et al. 2017°3%). The second cell line (from now on called “i3N” line)
was a kind gift from Martin Kampmann at UCSF and was differentiated through dox-inducible
NGN2 expression as described in Tian et al. 2019°%. This cell line was generated from the
WTC11 line through insertion of doxycycline-inducible mouse NGN2 at the AAVS1 locus and
additional insertion of a pC13N-dCas9-BFP-KRAB cassette at the CLYBL intragenic safe harbor
locus®%.

Human induced pluripotent stem cells (iPSCs) were cultured on vitronectin-coated
(5 pg/mL working concentration, #A14700, Gibco) 6-well plates (#3516, Costar/Corning, Bed-
ford, MA, USA) in Essential 8 Flex Medium (#A2858501, Gibco). When ~80% confluent, cells
were passaged in clumps using Gentle Dissociation Medium (#07174, StemCell Technologies,
Vancouver, BC, Canada) or dissociated into single cells and plated for neuronal induction.

Differentiation into cortical neurons
Gibco cell line

Gibco iPSCs were differentiated as described in Sousa et al. 2017°34, Briefly, iPSC were
washed once in PBS and dissociated using Accutase (#07920, StemCell Technologies). Once
lifted, they were diluted 1:5 in phosphate buffered saline (PBS) and centrifuged at 250 x g for
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5 minutes at RT. Single cells were plated at a density of 2 x 10° cells per well on a vitronectin-
coated 12-well plate (#665180, Greiner Bio-one, Monroe, NC, USA) in Essential E8 Flex me-
dium with 2 uM thiazovivin (#72252, StemCell Technologies) to improve cell-survival. One day
after plating (at ~75-90% confluence), Essential 8 Flex Medium was replaced with neural in-
duction medium [a 1:1 mixture of DMEM/F12 (#11330-033, Gibco) and Neurobasal-A Medium
(#10888-022, Gibco) containing 1x N-2 supplement (#17502-048, Gibco), 1x B-27 supplement
(#17504-044, Gibco), 20 pg/ml insulin (#10516, Sigma-Aldrich, Darmstadt Germany), 1 mM L-
glutamine (#25030-081, Gibco), 100 uM MEM Non-Essential Amino Acids (#11140-050,
Gibco), 0.1 mM B-mercaptoethanol (#21985, Gibco), 100 nM LDN-193189 (#19396, Cayman
Chemical, Ann Arbor, Ml, USA), 10 uM SB-431542 (#13031, Cayman Chemical) and 2 uM XAV-
939 (#3748, Tocris Bioscience, Minneapolis, MN, USA)] and replaced daily for 12 days. On day
12, cells were dissociated using Accutase and seeded in neural induction medium with 2 uM
thiazovivin at a density of 4 x 10* cells/well onto 24-well pre-coated poly-D-lysine plates
(#354414, Costar/Corning) that had been additionally coated with 5 pug/ml mouse laminin
(#23017-015, Invitrogen) overnight. Neural induction medium was replaced 2 - 3 days after
seeding with terminal neural differentiation medium (now called “TD-medium”, Neurobasal-
A Medium containing 1x N-2 supplement, 1x B-27 supplement, 1 mM L-glutamine and
30 ng/ml BDNF (#PHC7074, Gibco). Cells were maintained in TD-medium for at least 90 days
(up to 120 days) and replated once more time at 45-60 DIV as described above to promote
cell health. 3/4 of TD-medium was replenished twice weekly and to prevent detachment, the
medium was supplemented with 2.5 pg/ml laminin once weekly.

i3N cell line

i3N iPSC were differentiated according to the protocol in Tian et al. 2019°3°. Briefly, iPSCs
were washed once in PBS and dissociated using Accutase. Once lifted, they were diluted 1:5
in PBS and centrifuged at 250 x g for 5 minutes at RT. Supernatant was removed and pelleted
cells were resuspended in Essential EB medium containing 2 uM thiazovivin to improve cell
survival. iPSCs were then plated at 7 x 10° cells per matrigel-coated (#356234, Corning) well
of a 6-well plate.

The next day, all Essential E8 medium was removed and replaced with Pre-Differentiation
Medium (Knockout DMEM/F12 (#12660-012, Gibco) containing 1x MEM Non-Essential Amino
Acids (#11140-050, Gibco), 1x N2 supplement, 10 ng/mL NT-3 (#450-03, PeproTech, Rocky
Hill, NJ, USA), 10 ng/mL BDNF (#450-02, PeproTech), 1 mg/mL mouse laminin, 10 nM Y-27632
dihydrochloride ROCK inhibitor (#125410, Tocris Bioscience) or 2 nM thiazovivin), and
2 mg/mL doxycycline hydrochloride (#D3447-500MG, Sigma-Aldrich) to induce expression of
NGN2. Medium was fully exchanged daily for three days.

On the third day, now called Day 0, pre-differentiated cells were dissociated and centri-
fuged as above. Supernatant was aspirated and pelleted cells were resuspended in Pre-Differ-
entiation Medium and plated at 0.5 or 1 x 10° cells/well onto a Poly-D-lysine pre-coated 24-
well plate (#353047, Falcon/Corning), pre-coated Poly-D-lysine/laminin 12 mm round glass co-
verslips (#354087, Corning), or at 1.5 x 10* cells/well for Poly-D-lysine pre-coated 96-well
plates (#165305, ThermoFisher, Waltham, MA, USA).

The next day, all Pre-Differentiation medium was removed and Classic Neuronal Medium
with doxycycline (1:1 mixture of DMEM/F12 (#11320-033, Gibco) and Neurobasal-A (#10888-
022, Gibco) containing 1x MEM Non-Essential Amino Acids, 0.5x GlutaMAX Supplement
(#35050-061, Gibco), 0.5x N2 Supplement, 0.5x B27 Supplement (#17504-044, Gibco),
10 ng/mL NT-3, 10 ng/mL BDNF, 1 mg/mL mouse laminin, and optionally 2 mg/mL doxycycline
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hydrochloride) was added. On Day 7, half of the medium was removed and an equal volume
of fresh Classic Neuronal Medium without doxycycline was added. On Day 14, half of the me-
dium was removed and twice that volume of fresh medium without doxycycline was added.
On Day 21, one-third of the medium was removed and twice that volume of fresh medium
without doxycycline was added. On Day 28 and each week after, two-thirds of the medium
was removed and an equal volume of fresh medium without doxycycline was added.

Phosphorylation Assays in HEK293T cells overexpressing kinases and tau

HEK293T cells were seeded at 7 x 10* cells/well in a 12-well plate and cultured until they
reached ~90% confluency. Cells were transfected with appropriate DNA constructs (0.5 ug
DNA/well in a 12-well plate, see ‘Plasmid DNA constructs’ for plasmid information) using
Lipofectamine 3000 reagent (#.3000001, Invitrogen). After 24 hours, cells were washed once
with PBS and harvested in 200 pL lysis buffer [1% Triton X-100 containing 50 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1 x cOmplete™ Mini protease inhibitor cocktail (#11836170001, Roche,
Basel, Switzerland) and 1 x PhosSTOP™ (#4906845001, Roche)]. Lysates were centrifuged at
14,000 x g for 10 min at 4°C and supernatants were boiled in Laemmli sample buffer
(#1610747, Bio-Rad, Hercules, CA, USA) for 10 min at 95°C. SDS-PAGE and Western blotting
were performed as described in the corresponding sections. Primary antibodies (anti-Pyk2
(#3480, Cell Signaling Technology (CST, Danvers, MA, USA)), anti-pPyk2 Y402 (#3291, CST),
anti-GSK3B (#9315, CST), anti-pGSK3B Y216/pGSK3a Y279 (#ab68476, Abcam, Cambridge,
UK), anti-Fyn (#4023, CST), anti-pSrc Family Y216 (#6943, CST), anti-Tau (HT7) (#MN21000,
ThermoFisher Scientific), anti-pTau S202/T205 (AT8) (#MN1020, ThermoFisher Scientific),
anti-pTau S396/5404 (PHF-1) (Peter Davies Personal Request, RRID:AB_2315150) and B-Actin
(#8457, CST)) were used at 1:1000 dilution in blocking buffer (#MB- 070-010F, Blocking Buffer
for Fluorescent WB, Rockland, Bedford, PA, USA).

Co-immunoprecipitation of Pyk2 and GSK3[3

HEK293T cells were seeded at 1.2 x 10° cells/dish in 60 mm dishes and grown until 50-70%
confluent. Then, cells were transfected with 1 ug DNA GFP-Pyk2 plasmid, 0.5 pug DNA GSK3R
plasmid or equivalent amount of empty vector using Lipofectamine 3000. 24h after transfec-
tion, cells were washed once with PBS and then each dish was lysed in 600 pL lysis buffer
[150 mM NaCl, 50 mM Tris, 1% Triton-X-100, 1 mM EDTA]. The lysates were centrifuged for 5
minutes at 16,260 x g and 550 uL/sample were incubated for 2 h at 4°C with 20 uL GFPtrap_A
beads (#gta-20, chromotek, Planegg-Martinsried, Germany). Afterwards, beads were washed
5 times in 500 pl lysis buffer and then eluted in 25 uL of 4 x Laemmli buffer + 10% 3-mercap-
toethanol. SDS-PAGE and Western blotting was performed as described in the corresponding
sections, with 2.5% input loaded compared to eluate. Primary antibodies buffer (rabbit anti-
GFP (#ab290, Abcam), and rabbit anti-GSK3R (27C10) (#9315, CST)) were used at 1:1000 dilu-
tion in Rockland blocking buffer.

In vitro Kinase Assay

Recombinant Fyn (#ab84696, Abcam), GSK3b (#ab63193, Abcam) and Pyk2 (#ab42622,
Abcam) were combined with either Pyk2 or Fyn kinase at their physiological concentration
(25 nM Fyn or 40 nM Pyk2, determined and from mouse hippocampus and cortex) and various
concentrations (0, 1, 5, 10, 50, 100, 500 and 1000 nM) of GSK3R being added in 50 pL kinase
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buffer (#9082S, CST) and 200 uM ATP (#PV3227, Invitrogen). The reactions were stopped after
30 minutes by adding 1x Laemmli buffer + 5% 3-mercaptoethanol to samples and boiling them
at 95°C for 5 minutes. SDS-PAGE and Western blotting was performed as described in the cor-
responding sections, with 2.5% input loaded compared to eluate. Primary antibodies: mouse
anti-Pyk2 (#3480, CST), rabbit anti-pPyk2 Y402 (#3291, CST), mouse anti-GSK3b (11B9) (#sc-
81462, Santa Cruz Biotechnology), rabbit anti-pGSK3[alpha + beta] (#ab68476, Abcam), rabbit
anti-Fyn (#4023, CST), rabbit anti-pSrc Family Y216 (#6943, CST)were used at 1:1000 dilution
in Rockland blocking buffer.

HEK-293 Proximity Ligation Assay (PLA)

PLA assay was conducted as described previously>*®. HEK-293T cells were plated at 40,000
cells/well onto 8-well chamber slides (#154941, Nunc/Thermo Scientific). Transient transfec-
tion with plasmids expressing human tau (#RC213312, Origene, Rockville, MD, USA) and Fyn
(#RC224691, Origene) was conducted using Lipofectamine 2000. Three hours later, 2 uM
AZDO0530 in DMSO or DMSO (vehicle) was added to the treatment or control wells. After 24 h
of treatment, cells were fixed in 4% paraformaldehyde in PBS at room temperature for 30 min
and then washed three times in PBS for 5 min and stored until PLA was performed. Duolink In
Situ Detection Reagents Green (#DU092014, Sigma) were used for the PLA as described®3’
with modifications. Cells were fixed on 8-well chamber slides and permeabilized/blocked with
10% normal donkey serum, 0.2% Triton X-100 in PBS for 30 min at room temperature. Wells
were then incubated with primary antibodies (anti-Tau (#A0024, DAKO, 1:4000 dilution) and
Fyn15 (#sc-434, Santa Cruz, 1:500 dilution) in 1% normal donkey serum in PBS overnight at
4°C. The next day, after removing wells, the slides were washed 3x for 5 min in PBS and then
incubated for 1 h at 37 °C in 8 uL Duolink In Situ PLA Prole Anti-Rabbit PLUS (#DU092002,
Sigma) and 8 pL Duolink In Situ PLA Probe Anti-Mouse MINUS (#DU092004, Sigma) in 24 uL
1% normal donkey serum in PBS per sample. Slides were then washed two times for 5 min
with 1x Wash Buffer A (#DU082049, Sigma) at room temperature. For the ligation step, slides
were incubated for 1 h at 37°Cin 8 puL 5x Ligation buffer and 1 pL of Ligase in 32 pL high purity
water. Then, slides were washed two times for 5 min in 1x Wash Buffer A at room tempera-
ture. For the amplification step, the slides were incubated for 100 min at 37°Cin 8 pL 5x Am-
plification buffer and 0.5 pL polymerase in 31.5 plL high purity water per sample. The slides
were then washed two times for 10 min in 1x Wash Buffer B (#DU082049, Sigma) and for
1 min in 0.01x Wash Buffer B and then 5 min in PBS at room temperature. For tau and Fyn
visualization, slides were incubated for 1 h at room temperature in the secondary antibodies
(donkey anti-rabbit conjugated with Alexa Fluor-568 and donkey anti-mouse conjugated with
Alexa Fluor-647 (1:500 dilution, Thermo-Fisher)) with 1% normal donkey serum in PBS. Then,
slides were washed four times for 5 min in PBS. Coverslips were mounted on the slides with
Vectashield (Vector Laboratories) antifade mounting medium with DAPI and stored at 4°C un-
til imaging.

APOE allele genotyping

To determine the APOE allele composition of i3N and Gibco cell lines, cells were genotyped
according to a previously published protocol by Zhong et al. 2016°%%. Briefly, DNA was ex-
tracted from iPSC according to manufacturer’s instructions (# QE09050, Lucigen, QuickEx-
tract™ DNA Extraction Solution). Genotyping was performed by quantitative Real Time PCR
(BioRad CFX96 + C1000 Touch Thermocycler), combining 1 x TagMan® Genotyping Master Mix
(#4371353, ThermoFisher), 0.5 uM of each APOE primer and APOE probe, 0.1 uM of each ACTB
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primer and ACTB probe and 40 ng of genomic DNA per reaction (see Table 1 for primer and
probe sequences). Initial activation of the polymerase occurred for 10 min at 95 °C, followed
by 40 cycles of [denaturation at 95 °C for 15 sec, annealing/extension at 64 °C for 1 min]. The
fluorescence signals were collected during the annealing/extension step.

Table 1: Probes and primers for APOE genotyping

Name Sequence 5’ -3’

APOE Probe 6FAM-CAGCTCCTCGGTGCTCTGGC-QSY
ACTB Probe VIC-TGCTGTCTGGCGGCACCACCATGTACC-QSY
APOE2-f GCGGACATGGAGGACGTGT

APOE2-r CCTGGTACACTGCCAGGCA

APOE3-f CGGACATGGAGGACGTGT

APOE3-r CTGGTACACTGCCAGGCG

APOE4-f CGGACATGGAGGACGTGC

APOE4-r CTGGTACACTGCCAGGCG

ACTB-f GACGTGGACATCCGCAAAGAC

ACTB-r CAGGTCAGCTCAGGCAGGAA

Validation of iPSC-derived neurons

For SDS-PAGE and Western Blotting, neurons were grown at 1 x 10° cells/well in 24-well
plates and harvested (at DIV 28 or 46 for i3N, and at DIV50 or DIV65 for Gibco neurons) on ice
in 100 pl/well lysis buffer [RIPA with 1% SDS, 1 x cOmplete™ Mini protease inhibitor cocktail
and 1 x PhosSTOP™]. Samples from adjacent wells were pooled (pooled sample volume, 200 -
300 ul from 2-3 wells), briefly vortexed and centrifuged at 100,000 x g for 30 min at 4°C. SDS-
soluble supernatants were boiled in 1x Laemmli sample buffer with 5% B-mercaptoethanol
and 1% SDS at 95°C for 5 minutes. SDS-PAGE and Western Blotting was performed as de-
scribed in the section about Western Blotting with the following primary antibodies at 1:1000
dilution: mouse anti-R-actin (8H10D10) (#3700S, CST), rabbit anti-B-tubulin (#2146B, CST),
mouse anti-PrP¢ (#SAF32, #189720, Cayman Chemical), rabbit anti-mGIuR5 (D6E7B) (#920,
CST), rabbit anti-NR2B (#4207S, CST), rabbit anti-SV2A (#ab32942, Abcam), rabbit anti-Fyn
(#4023, CST) , rabbit anti-pSRC Y416 (D49G4) (#6943, CST), rabbit anti-eEF2 (#2332S, CST),
rabbit anti-peEF2 T56 (#2331S, CST), mouse anti-GSK3b (11B9) (#sc-81462, Santa Cruz Bio-
technology), rabbit anti-pGSK3[alpha + beta] (#ab68476, Abcam), mouse anti-Pyk2 (5E2)
(#3480S, CST), rabbit anti-pPyk2 Y402 (#3291S, CST), rabbit anti-SAPK/JNK (#9252S, CST),
mouse anti-pSAPK/JNK T183/Y185 (#9255S, CST), rabbit anti-PSD95 (#ab18258, Abcam), rab-
bit anti-MAP2 (#4542S, CST) and rabbit anti-NR2B (#4207S, CST).

Forimmunohistochemistry, cells were fixed in 4% PFA for 20 minutes at 37°C, then washed
three times with 300 pL/well PBS and blocked/permeabilized for 30 minutes at RT in PBS con-
taining 1% BSA and 0.1% Triton-X-100. Afterwards, cells were incubated overnight at 4°C in
blocking buffer with primary antibodies: mouse anti-synaptophysin (#ab8049, Abcam, 1:250
dilution), rabbit anti-PSD95 (#ab18258, Abcam, 1:500 dilution), chicken anti-MAP2 (#ab5392,
Abcam, 1:500 dilution). The next day, cells were washed three times for 10 minutes in PBS and
incubated overnight at 4°C with secondary antibodies (AlexaFluor 488 goat anti-rabbit,
AlexaFluor 568 goat anti-chicken, AlexaFluor 647 goat anti-mouse, all diluted 1:500, and DAPI
at 1:5000) in blocking buffer. Afterwards, coverslips were washed three times in 300 uL PBS
for 10 minutes each and mounted using ProLong Glass Antifade Mountant (#P36984,
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Invitrogen). Coverslips were imaged as described in ‘Imaging and Quantification of Fluorescent
Staining’.

Pharmacological Inhibition of Pyk2 and Fyn in iPSC-derived neurons

For the four day inhibitor incubation experiments, cells were grown at a density of 1 x 10°
or 2 x 10° cells/well in 24-well plates and 1 h prior to treatment, 3/4 of medium was replaced
with fresh TD medium. For treatment, cells were treated with DMSO vehicle, 1 uM AZD0530,
1 uM PF-719 or 1 uM of both inhibitors diluted in TD medium. For each treatment condition,
volumes of DMSO vehicle and DMSO-solubilized drugs were kept constant. Neurons were
treated for 4 days at 37°C and afterwards immediately harvested on ice in 100 ul/well lysis
buffer [1 x RIPA (diluted in ddH,O from 10x stock, #20-188, Millipore) with 1% SDS, 1 x
cOmplete™ Mini protease inhibitor cocktail and 1 x PhosSTOP™]. Samples were briefly vor-
texed and centrifuged at 100,000 x g for 30 min at 4°C. SDS-soluble supernatants were boiled
in 1x Laemmli sample buffer with 10% B-mercaptoethanol at 95°C for 5 minutes before per-
forming SDS-PAGE and Western Blotting as described in the appropriate sections. Primary an-
tibodies used at 1:1000 dilution in blocking buffer for Western Blotting were: mouse anti-Pyk2
(#3480, CST), rabbit anti-pPyk2 Y402 (#3291, CST), anti-GSK3B (#9315, CST), anti-pGSK3p
Y216/pGSK3a Y279 (#ab68476, Abcam), anti-Fyn (#4023, CST) and anti-pSrc Family Y216
(#6943, CST), mouse anti-Tau (#MN1000, Invitrogen), mouse anti-pTau AT8 (#MN1020, Invi-
trogen), mouse anti-pTau PHF1 (Peter Davies personal request, RRID: AB_2315150), mouse
anti-pTau AT180 (#MN1040, Invitrogen) and mouse anti-pTau Y18 (#MM-0194-P, Medimabs).

For the 2 hour inhibitor incubation, the experiment was performed as above, but cells
were treated with either DMSO vehicle or varying concentrations (0.5 uM, 1 uM or 2 uM) of
PF-719 and two wells were pooled to have a larger sample volume.

Synthetic Amyloid-f oligomer preparation

Synthetic amyloid-Ri.4> peptide was obtained as lyophilized powder from the Keck Large
Scale Peptide Synthesis Facility (Yale University). Preparation of synthetic AR oligomers was
performed as described previously'®* with minor modifications. Briefly, dried AR peptide was
reconstituted in anhydrous DMSO and then diluted in Ham-F12 medium (specially formulated
Ham-F-12 medium without glycine, glutamine, L-glutamic acid, L-glutamine, and phenol red,
Invitrogen) to a final concentration of 100mM. After 16 h incubation at 22°C, the preparation
was centrifuged at 21,000 x g for 15min, and the supernatant was concentrated, and buffer
exchanged to PBS in an Amicon Ultra 0.5 mL Centrifugal Filter 3K (#UFC500396, Millipore). For
the buffer exchange, samples were collected in the filter through centrifugation at 14,000 x g
for 15 minutes, then buffer exchanged twice in 500 pL PBS (centrifugation at 14,000 x g for 15
minutes for each exchange). For elution, the filter was inverted and placed in a fresh collection
tube and centrifuged at 1,000 x g for 2 minutes. Protein concentration was assessed by meas-
uring absorption at 280 nm with a Nanodrop® Spectrophotometer (#N-1000, ThermoFisher
Scientific) and dividing the absorption by the extinction coefficient of sARo
(E280 = 1490/(M*cm)). The concentration of ARo in all experiments is expressed in monomer
equivalents, with 1 uM total AR1.s> peptide corresponding to around 10 nM oligomeric spe-
cies®,
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Treatment of iPSC-derived neurons with synthetic AR-oligomers

For short-term (30 minute) treatment, i3N neurons were grown in 24-well plates at a den-
sity of 1 x 10° cells/well. One hour prior to treatment, 3/4 of medium was replaced with fresh
TD medium. For treatment, medium was replaced with 600 pL of Classic Neuronal medium
containing vehicle or synthetic AR-oligomers (sARo) at 0.5 uM, 1 uM or 2 uM concentration.
Cells were incubated for 30 minutes at 37°C, then lysed in 100 pL lysis buffer/well [1 x RIPA
(diluted in ddH,0 from 10x stock, #20-188, Millipore) with 1% SDS, 1 x cOmplete™ Mini pro-
tease inhibitor cocktail and 1 x PhosSTOP™] on ice and centrifuged at 100,000 x g for 30 min
at 4°C. SDS-soluble supernatants were boiled in 1x Laemmli sample buffer with 5% B-mercap-
toethanol at 95°C for 5 minutes before performing SDS-PAGE and Western Blotting as de-
scribed in the appropriate sections. Primary antibodies used at 1:1000 dilution in blocking
buffer for Western Blotting were: mouse anti-Pyk2 (#3480, CST), rabbit anti-pPyk2 Y402
(#3291, CST), anti-GSK3B (#9315, CST), anti-pGSK3B Y216/pGSK3a Y279 (#ab68476, Abcam),
anti-Fyn (#4023, CST) and anti-pSrc Family Y216 (#6943, CST), rabbit anti-SAPK/JNK (#9252S,
CST), mouse anti-pSAPK/JNK T183/Y185 (#9255S, CST), rabbit anti-eEF2 (#2332S, CST), rabbit
anti-peEF2 T56 (#2331S, CST), mouse anti-B-actin (8H10D10) (#3700S, CST) and rabbit anti-R-
tubulin (#2146B, CST).

For long-term (7 day) treatment, Gibco neurons were grown on Poly-D-Lysine- and lam-
inin-coated glass coverslips (#354087, Corning) at a density of 0.5 x 10° cells/coverslip. Cells
were treated with 800 pL/well of vehicle or sARo at 0.1 uM, 0.3 uM or 1 uM concentration in
TD medium containing penicillin/streptomycin (#15140122, Gibco) at 1:100 dilution and re-
turned to the incubator. After 3 days, 600 uL of the medium was replaced with new vehicle or
sARo containing medium. After 7days of treatment, cells were washed once in 500 pL PBS/well
, then fixed with 4% PFA for 20 minutes at 37°C, washed three times for 5 minutes in 300 uL
PBS and blocked with 250 pL/well blocking buffer [PBS containing 10% normal donkey serum
and 0.2% Triton X-100] for 30 minutes. Neurons were incubated overnight at 4°C with primary
antibodies (chicken anti-MAP2 (#ab5392, abcam, 1:5000 dilution), rabbit anti-PSD-95
(#ab18258, abcam, 1:500 dilution)) in PBS containing 1% normal donkey serum and 0.2% Tri-
ton X-100. The next day, samples were washed three times with 300 pL PBS for 10 minutes
each and then incubated overnight at 4°C in secondary antibodies (donkey anti-rabbit Alexa
Fluor 488 and goat anti-chicken Alexa Fluor 568 (both from Invitrogen, 1:500 dilution) and
DAPI (1:5000 dilution)) diluted in PBS containing 1% normal horse serum and 0.2% Triton X-
100. Afterwards, coverslips were washed three times in 300 uL PBS for 10 minutes each and
mounted using ProLong Glass Antifade Mountant (#P36984, Invitrogen).

Tau Extraction

Pre-existing de-identified human autopsy brains were accessed for these studies under
conditions considered exempt from Human Subjects regulations after review of Yale’s Institu-
tional Review Board. Fresh frozen brain had been stored at -80°C, see Table 2 for post-mortem
information on the brains. Tau was extracted based on a previously published protocol*** with
some modifications as described in Nies et al. 2021487,

Table 2: Post-mortem information of patients whose tissue was used for Tau extraction.

Table re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau seeds
is enhanced by aging and template matching with limited impact of amyloid-f,
doi: https://doi.org/10.1016/j.jbc.2021.101159, Figure S1-A, © 2021 Elsevier, with permission from Elsevier un-
der the CC-BY license.
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Internal Patient Post mortem NIA Classification

Name Age Interval [h] or Braak Stage
Control Brain 47 25 0 F
Brain A 87 36 A2, B3, C2 M
Brain B 87 23 A2, B3, C2 M
Brain J 64 6 6 M

Briefly, 11-12 grams of cortical grey matter were dounce homogenized in 30 mL lysis
buffer [10 mM Tris-HCI, 1 mM EDTA, 0.1% sarkosyl, 10% sucrose, freshly added 2 mM DTT,
phosSTOP (Roche) and protease inhibitors (Roche)]. During the extraction, lysates were kept
on ice. Homogenates were centrifuged at 12,000 rpm at 4 °C for 12 min (Ti 45 rotor, Beckman
Coulter, Brea, CA, USA). The supernatant was pooled, and the pellets were re-extracted and
centrifuged twice more as above. The pooled supernatant was centrifuged twice more at
12,000 rpm at 4 °C for 12 min (Ti 45 rotor, Beckman Coulter) to remove debris. Then, the
sarkosyl concentration was increased to 1% and samples were nutated for 1 h at room tem-
perature (RT). The samples were centrifuged at 300,000 x g for 1 h at 4°C (57,000 rpm, Ti 70
rotor, Beckman Coulter). The resulting pellet was washed with PBS supplemented with phosS-
TOP and protease inhibitors twice and then resuspended in PBS supplemented with phosSTOP
and protease inhibitors. After sonication at 15% amplitude for 20 s with 0.5 s ON/ 0.5 s OFF
pattern, the lysate was centrifuged at 100,000 x g for 30 min at 4 °C. The supernatant was
discarded, and the pellet washed twice in PBS supplemented with phosSTOP and protease
inhibitors. The pellet was once more resuspended in PBS supplemented with phosSTOP and
protease inhibitors and sonicated at 30% amplitude for 60 s with 0.5 s ON/0.5 s OFF pattern.
This was followed by a 100,000 x g spin for 30 min at 4 °C. The resulting supernatant contained
the soluble tau and was aliquoted and stored at — 80°C until further analysis or experimental
use. Tau extract concentration was determined by comparing tau extracts diluted to 10%, 5%
or 2.5% in 1x Laemmli sample buffer to the same dilution curve of recombinant 2N4R tau
(#842501, Biolegend) via Western blotting. Primary antibodies (anti-Tau (HT7) (#MN1000,
ThermoFisher Scientific) and anti-Tau pThr231 (AT180) (#MN1040, Invitrogen)) were used at
1:100 dilution in Rockland blocking buffer. Total protein concentration in tau extracts was as-
sessed by measuring absorption at 280 nm on a Nanodrop® Spectrophotometer (#N-1000,
ThermoFisher Scientific).

Atomic Force Microscopy

Samples were prepared by splitting Mica discs (#50, 9.9mm diameter, Ted Pella Inc, PELCO
Mica Discs, Redding, CA, USA) with a fresh razor and sticking them to a glass coverslip with a
double-sided sticky tab (#16084-6, 6mm OD, Ted Pella Inc, PELCO Tabs). Tau extracts were
diluted to a tau concentration of 5 ng/uL and mica discs were covered with 10 pL of tau extract
for 2 minutes. Afterwards, the discs were washed twice with 100 uL ddH20 and stored pro-
tected from light at RT until imaging. Samples were scanned at a Dimension FastScan with
ScanAsyst™ AFM (Bruker, Billerica, MA, USA) with a Fastscan-B (Bruker) cantilever in
ScanAsyst air mode. Scans were 5 um x 5 um in size, with a scan rate of 3.38Hz and 1024
samples/line. After acquisition, images were processed with Research NanoScope software
(Bruker) by flattening images and adjusting the z-scale from -10 to 20 nm. Tau fibril length was
manually analyzed by measuring the distance between two points in Gwyddion (GPL, free
software). For each tau extract 2-3 images were analyzed with 50-200 fibrils measured per
image.
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In Vitro Tau Seeding in Mouse Primary Neurons

Primary mouse neuronal culture and tau seeding were conducted as described previ-
ously#87:507.536_ pregnant mice were euthanized with CO, and hippocampal and cortical tissues
(2:1 ratio) were harvested from E17 embryos on ice cold Hibernate E media (#HibernateE,
BrainBits, Springfield, IL, USA), digested in 0.05% Trypsin and 1 mg/mL DNase (#DN25, Sigma-
Aldrich) in HBSS for 10 min at 37°C. After incubation, neurons were triturated manually into
neuronal medium [Neurobasal-A media (Gibco) supplemented with 1x B27, 1 mM sodium py-
ruvate, 1x GlutaMAX, 100 U/mL penicillin-streptomycin (#15140122, Gibco)] and incubated at
37°C. Dissociated neurons were spun at 250 x g at 4°C for 6 minutes, then resuspended and
plated at 50,000 - 75,000 cells/well onto PDL-coated 96-well plates (#354461, Corning) in neu-
ronal medium.

On DIV 7, tau extracts (0.25% (v/v), around 150 ng of tau/well) from human AD brains were
seeded into wells. For studies investigating the effect of AZD0530 on tau spreading, 0.5 or
1 uM AZDO0530 dissolved in high purity water was also added to the medium. At DIV21, neu-
rons were fixed with ice cold methanol for 30 min on ice and blocked with 10% normal donkey
serum and 0.2% Triton X-100 in PBS for 30 min. Afterwards, neurons were incubated with
primary antibodies (anti-MAP2 (#4542, CST, 1:150 dilution) and mouse tau (T49) (#MABN827,
Millipore Sigma, 1:500 dilution) diluted in 1% normal donkey serum and 0.2% Triton X-100 in
PBS overnight at 4°C. The samples were washed three times with PBS and incubated in sec-
ondary antibodies (Alexa Fluor donkey anti-mouse or anti-rabbit, Invitrogen, 1:500 dilution)
and 0.5 pug/mL DAPI diluted in 1% normal donkey serum and 0.2% Triton X-100 in PBS for 1 h.

Animals

As described in Nies et al. 202147, all experiments with mice bred at Yale’s animal facility
used littermate control mice (C57BL/6J background) with no preference for male or female
mice. See Table 3 for details on mice used for each injected cohort. All animals were cared for
by Yale’s Animal Resource Center until the time of injection (at around 12 weeks of age unless
indicated otherwise) and returned there until they were perfused, and tissue was collected.
All protocols were approved by Yale’s Institutional Animal Care and Use Committee (IACUC).
The animals were housed in groups of 2 — 4 animals per cage with ad libitum access to food
and water. The housing light has a scheduled light period from 7 am to 7 pm and a dark period
for the remaining 12 h.

C57BL/6J mice (RRID: IMSR_JAX: 000664) for cohorts injected with Brain A, B, AB, D, Brain
Dconc Or treated with Vehicle or AZD0530 were purchased from Jackson Laboratories (JAX, Bar
Harbor, ME, USA) and arrived at 8-9 weeks of age. APPswe/PSEN1AE9 mice on a C57BL/6)
background had been purchased from JAX (RRID: MMRRC_034832-JAX, Jankowsky et al.
2004'?7) and maintained in our institution’s animal facility. Ptk2b™~ mice (RRID: MGl:3584536,
Okigaki et al., 2003°°) on the C57BL6J background after 10 backcrosses were generously pro-
vided by Dr. David Schlaepfer (UCSD) and maintained in our institution’s animal care facility.
Tmem106b~~ mice on the C57BL/6N background were generated previously by a lacZ gene
trap strategy®®’. The Tmem106b~/~ gene trap line is a hypomorph and expresses 5-10% resid-
ual full-length TMEM106B protein®2%526, Grn™/~ mice on a C57BL/6J background (RBRC02370,
Kayasuga et al., 2007°%°) were obtained from RIKEN BioResource Center and bred at Yale’s
animal facility. AppN“"WT heterozygous KI mice were imported from the RIKEN Institute. In
these mice, one allele of the APP gene contains three point mutations to humanize the AB
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sequence and also the Swedish (KM670/671NL) and Iberian (I716F) mutations®*'. The mice
were backcrossed for more than 10 generations to C57BL/6J strain and then expanded to gen-
erate homozygous App"“*/N-F mice (NLF) and AppW™WT wild type (WT) controls. Subsequently,
these homozygous mice were crossed with B6.Cg-Mapt<tm1.1(MAPT)Tcs> (from now on
called hTau) KI mice (RBRC09995, Saito et al. 2019%°*) obtained from RIKEN BioResource Cen-
ter to generate hTau-App"“*/NF mice (DKI).

Stereotactic Surgery on Mice
Mice were injected as previously described***48’, For detailed information on animal num-
bers in injected mouse cohorts, see Table 3.

Briefly, mice received 0.05 mg/kg buprenorphine (Buprenex® Injection, 0.03 mg/mL,
Reckitt Benckiser Healthcare Ltd., Hull, UK, diluted 1:10 in sterile PBS before use) 30 minutes
before undergoing surgery. They were anesthetized by placing them in an isoflurane (Cov-
etrus, Portland, ME, USA) and oxygen filled chamber and kept in anesthesia with 2-3% isoflu-
orane mixed with oxygen (Quantiflex Low Flow V.M.C., Matrix Medical Inc, Minneapolis, MN;
USA). Animals were immobilized in a stereotaxic frame (David Kopf Instruments, Tujunga, CA,
USA) and their skull was shaved, followed by disinfecting the incision site three times with 70%
ethanol and iodine. An incision of approx. 1 cm length was made on the animals’ skull. Human
tau extracts were aseptically injected using a Hamilton syringe (#901, Hamilton, Reno, NV,
USA) with a 33G needle, 45° tip (#7803-05, Hamilton), controlled by a Micro4TM Microsyringe
Pump Controller (World Precision Instruments, Sarasota, FL, USA) at a rate of 0.25 ul/minute
under stereotactic guidance at two locations. The first location was in the hippocampus, the
other in the overlying cortex (from bregma: anterior-posterior —2.5 mm; medial-lateral 2 mm;
dorso-ventral —2.4 mm (for hippocampus) and dorso-ventral -1.4 mm (for cortex)). Each loca-
tion received 2.5 pl of human tau. The hippocampus was injected first and after each injection
there was a waiting period of three minutes to allow the injected solution to permeate into
the tissue. After injections were completed, animals were closed with 2-3 surgical sutures
(#J310, Synthetic Absorbable Vicryl Suture, Ethicon, Raritan, NJ, USA) and monitored until they
regained responsiveness.

For post-operative pain management, animals received 0.05 mg/kg buprenorphine for
3 days (twice daily, 12 h apart) as analgesic, accumulating to a total of six buprenorphine in-
jections per animal. The incision was checked daily for infections and/or pulled stitches, and
if necessary, sutures were replaced.

Mouse Brain Tissue Collection and Processing

As previously described*®’, six (or nine) months after injection, mice were anesthetized
with CO; for 45 seconds, followed by transcardial perfusion with 20 mL of ice-cold PBS. Brains
were extracted and post-fixed for 48h in 4% PFA. Afterwards, brains were stored in PBS con-
taining 0.05% NaNs and sectioned with a vibratome into 40 um thick coronal sections
(#VT1000S, Leica Biosystems, Deer Park, IL, USA). To be able to identify ipsi- and contralateral
hemispheres relative to the tau injection after IHC, the contralateral hemisphere received a
small incision in the auditory cortex before sectioning.
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Table 3: Overview of tau extract injected mouse cohorts.

Numbers in brackets indicate the number of animals analyzed from each group. Table re-printed from JBC, Vol-
ume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is enhanced by aging and
template matching with limited impact of amyloid-f3, doi: https://doi.org/10.1016/j.jbc.2021.101159, Figure S1-

C, © 2021 Elsevier, with permission from Elsevier under the CC-BY license.
Average Age Male

at injection Injected Mate- Genotype (ana- Female Combined
[months] rial lyzed) (analyzed) (analyzed)
Control WT 6 4 10
Brain A WT 6 4 10
WT vs WT cohort 3 Brain B WT 5 5 10
Brain D WT 5 5 10
Brain D
conc. WT 5 5 10
WT 4 1 5
Control
WT vs APP/PS1 3 APP/PS1 5(4) 5(0) 10 (4)
cohort | WT 5 5 10
Brain A/B
APP/PS1 5(3) 5(3) 10 (6)
WT 10 (7
Control 50) 5(4) (7)
WT vs TMEM KO 19 TMEM KO 3(2) 4 (3) 7 (5)
(aged) cohort _ WT 5 5(2) 10 (7)
Brain A/B
TMEMKO 4 (3) 5 (4) 9(7)
5
Control wT 2 3
WT vs ﬁyl:t2 KO 3 Pyk2 KO 1 4 5
coho
Brain A/B wT 4 2 6
Pyk2 KO 1 4 5
i - i 10 10
WT triaztgd with 3 Brain A/B WT - Vehicle 20
WT - AZD 10 10 20
4
Control wT 1 3
WT szPrOErartnulin 3 Prgrn KO 5 2 7
coho
Brain A/B wT 3 5 8
Prgrn KO 9 3 12
Control wT 3 2 >
APP/PS1 2 2 4
Control - WT 3 2 5
WT vs APP/PS1 3 D54D2 APP/PS1 2(0) 2(1) 4 (1)
cohort Il _ WT 3 5 3
Brain D
APP/PS1 5(3) 6 (5) 11 (8)
Brain D - WT 4 3 7
D34D2 APP/PS1 3 11(7) 14 (10)
WT 2 3 5
Control hTau 0 4 4
WT vs hTau vs 3 hTau/NLF 3 2 5
hTau/NLF cohort WT 1 3 4
Brain A/B hTau 1 1 2
hTau/NLF 3 5 8
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Chronic Oral Dose Preparation of AZD0530
N-(5-chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-yl)ethoxy]-5-(tetra-hydro-
2H-pyran-4- yloxy)quinazolin-4-amine (AZD0530, saracatinib) was prepared as described pre-
viously*®7°36, Mice received a drug dosage of 5 mg/kg per day through purified diet pellets.
The drug dosage in the food was calculated to take into account the average amount of food
eaten by a mouse in a single day per kg of weight>*?2. The compound was incorporated into
purified diet pellets by Research Diets, Inc. by dissolving the compound in a solution of 0.5%
w/v Hydroxypropylmethylcellulose/ 0.1% w/v polysorbate 80 at 1.429 mg/ml to dose animals
chronically. For vehicle pellets, diet pellets were purified with control vehicle solution (without

drug).

Immunohistochemistry for Mouse Brain Sections

Fluorescent Staining

Mouse brain sections, unless indicated otherwise, were stained as free-floating sections.
They were washed once in blocking buffer [1% BSA + 1% Triton- X in PBS] for 5 minutes, fol-
lowed by incubation in blocking buffer for 1 h at RT. Sections were then incubated with pri-
mary antibodies (anti-amyloid- (D54D2) (#8243S, CST, 1:500 dilution), anti-CD68 (FA-11)
(#MA5-16674, Invitrogen, 1:250 dilution) and anti-GFAP (#20334, DAKO, 1:250 dilution)) in
blocking buffer for 48 h — 72 h at 4°C. Afterwards, sections were washed three times for five
minutes in blocking buffer or PBS and incubated overnight at 4°C with the appropriate sec-
ondary antibodies (donkey anti-mouse or anti-rabbit AlexaFluor 488, 568 or 647, diluted 1:500
in blocking buffer). The next morning, sections were incubated three times for five minutes
with PBS, followed by copper sulfate treatment to reduce autofluorescence. For copper sul-
fate treatment, sections were briefly transferred to ddH,0, incubated for 15 minutes in copper
sulfate solution [10 mM CuSQO4, 50 mM ammonium acetate, pH 5], briefly returned to ddH,;0
and the incubated in PBS for at least 10 minutes. Afterwards, sections were mounted on mi-
croscope slides (#22-178-277, Fisher Scientific, Hampton, NH, USA) and coverslipped with
VECTASHIELD Antifade Mounting Medium containing DAPI (#H-1200, Vector Laboratories,
Burlingame, CA, USA).

For co-staining of total AB and dense core AB plaques, Thioflavine S (from now on called
ThioS, #T1892-25G, Sigma-Aldrich, used at 0.1% (w/v) in 70% ethanol) staining was performed
after sections had been stained for AB. Sections were incubated for 15 minutes, followed by
two 5 minute washes in 70% ethanol and two 5 minute washes in ddH,0. Sections were then
returned to PBS and mounted as described before.

DAB Immunohistochemistry and Nissl stain

To perform 3,3'-Diaminobenzidine (DAB) Immunohistochemistry for p-Tau Ser202/Thr205
(AT8) the rabbit- specific HRP/DAB (ABC) Detection Kit (#ab64261, Abcam) was used according
to manufacturer’s instructions with small adjustments. Unless otherwise indicated, all steps
were performed at RT. Sections were incubated for 10 minutes in Hydrogen Peroxide Blocking
solution, followed by two washes in blocking buffer [1% BSA + 1% Triton-X in PBS] for 5
minutes each. Then, Protein Block solution was applied for 10 minutes, and sections were
washed once for 5 minutes in blocking buffer. Afterwards, sections were incubated overnight
at 4°C with primary antibody (biotinylated anti-pTau Ser202/Thr205 (AT8) (#MN10208B, Invi-
trogen, diluted 1:250 in blocking buffer)). The next day, sections were washed four times for
5 minutes in blocking buffer and the biotinylation step of the kit was left out, since the primary
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antibody was already biotinylated. Next, Streptavidin Peroxidase solution was applied for 10
minutes, and sections were rinsed four times in blocking buffer afterwards. In the meantime,
the DAB staining solution was freshly prepared by mixing 30 ul of DAB Chromogen with 1.5 mL
DAB substrate. Sections were incubated with the resulting solution for 3 minutes under con-
stant shaking and rinsed four times in PBS afterwards. Last, sections were mounted on posi-
tively charged coverslips (#22-037-246, Superfrost Plus Microscope Slides, FisherBrand, Pitts-
burgh, PA, USA) and left at RT to dry overnight.

The next day, sections were counterstained with cresyl violet (Nissl stain). Cresyl violet was
dissolved at 1 g/L in ultrapure water under stirring overnight. The next day, 2.5 mL glacial ace-
tic acid were added to 1 L of cresyl violet solution and stirred for 15 minutes at RT. The Nissl
stain solution was then sterile filtered (0.22 um filter) and heated to 50°C. Mounted sections
were stained for 10 minutes in pre-warmed Nissl solution and then rinsed for 3 minutes in
ultrapure water. Next, sections were de-stained for 10 minutes in 95% ethanol, followed by
two 5 minute incubations in 100% ethanol. In the end, sections were incubated twice for
5 minutes in xylene and coverslipped with CytoSeal60 (#8310-4, ThermoFisher).

Quantification of Tau Inclusions

The experimenter was blinded to mice genotype and injection paradigm during the stain-
ing and data analysis of tau inclusions and other fluorescent stains. DAB-Nissl stained sections
were scanned at 20x with an Aperio Scanner (Aperio CS2, Leica Biosystems, Deer Park, IL, USA).
Subsequently, sections were exported as TIFs, and all further analysis was conducted in Im-
agel/Fiji (open source developed by Wayne Rasband®*3). Channels were separated into a Nissl
and DAB stain image through the Color Deconvolution function (parameters: [r1]=0.55554247
[g1]=0.77908224  [b1]=0.29052263 [r2]=0.2969366 [g2]=0.5443869 [b2]=0.78452
[r3]=0.77666026 [g3]=0.31092405 [b3]=0.54783666). Somatic inclusions in different regions
were counted manually with the help of the Cell Counter function. Brain regions (see Figure 7)
were identified based on coronal reference sections from the Allen Brain Atlas (Allen Institute
for Brain Science, https://mouse.brain-map.org/static/atlas) in two standardized sections per
mouse. For heat maps and somatic inclusion counts, the number of inclusions from both sec-
tions were added together when regions were present in both sections (RSA; motor cortex,
primary somatosensory cortex, auditory cortex, ecto- and perirhinal cortex, entorhinal cortex
and piriform cortex). The temporal association area was included in the counts for the audi-
tory cortex and the amygdalar nuclei were included in the piriform cortex counts. For brain
heatmaps, only schematics of Section 2 are shown in the main figures of the paper, since most
regions (except dorsal hippocampus) where somatic inclusions were scored are visible. The
ipsilateral hemisphere is always displayed on the right.

To analyze the neuritic inclusion burden, ROIs were drawn along anatomical regions on
section’s Nissl stain, applied to the thresholded DAB stain image and the percent area within
the ROl was measured. The pre- programmed “Renyi” threshold was used on all cohorts ex-
cept the WT vs TMEM106B KO cohort, where the pre-programmed “Default” threshold was
used. Sections were thresholding failed were excluded from further analysis. The thresholding
to measure the percent area occupied by neuritic inclusion in the hippocampus also recog-
nized the somatic inclusions, but the area of somatic inclusions only constitutes a very small
percentage of the measured total area. The number of neuritic plaque tau inclusions was
counted manually by searching DAB stains of APP or DKI animals for neuritic deposits sur-
rounding circular, unstained spaces (AB plaques).
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In addition, higher magnification images of neuritic inclusions were taken on a Zeiss Axi-
olmager Z1 fluorescent microscope (Zeiss, Oberkochen, Germany) with a 63x 1.4 oil-objective.

Section 1

C Call
orpus Callosum RSAMotor Cx

Dorsal hippocampus

Fimbria
Auditory Cx

Ecto- and Perirhinal Cx
Entorhinal Cx

Piriform Cx
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Figure 7: Schematics of analyzed mouse brain sections.

Hippocampal and cortical brain regions were identified based on coronal reference sections from the Allen Brain
Atlas. Only schematics of Section 2 are shown in the main figures of the paper. Indicated regions are the ones
used for counting somatic and neuritic inclusions. Figure re-printed from JBC, Volume 297, Issue 4, Article
101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is enhanced by aging and template matching with
limited impact of amyloid-f3, Figure S4, doi: https://doi.org/10.1016/j.jbc.2021.101159, © 2021 Elsevier, with
permission from Elsevier under the CC-BY license.

Imaging and Quantification of Fluorescent Staining

For iPSC-derived neuron validation, images were taken with a 63x/1.4 oil-objective on the
Leica DMi8 Inverted Fluorescent Microscope (Leica, Wetzlar, Germany). Images shown are
maximum z-projections of a z-stack (5 steps, step size: 1 um).

For in vitro tau seeding assays, images were taken using the automated ImageXpress Micro
XLS (Molecular Devices, San Jose, CA, USA) with a 20x air-objective. Each experiment was per-
formed in duplicate and four images were taken per well. With Imagel/Fiji, MAP2-positive
area was identified and masked over the corresponding T49 image. The percent of T49-posi-
tive area within the MAP2 mask was calculated.

Images for AB (D54D2) and ThioS staining were taken on a Leica DMi8 Inverted Fluorescent
Microscope (Leica, Wetzlar, Germany) with a 10x 0.25 air-objective for tiled images of whole
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brain sections or 20x 0.4 air- objective for higher magnification images of specific regions. In
addition, tiled images of D54D2 and ThioS staining for hTau and DKI animals were taken on a
Zeiss Axiolmager Z1 fluorescent microscope (Zeiss, Oberkochen, Germany) with a 20x 0.8 air-
objective. Images for GFAP and CD68 staining were taken on the same Leica microscope as
mentioned above with 20X 0.4 air-objective. All image analysis was conducted using Im-
agel/Fiji.

For tiled images of whole brain sections stained with D54D2 antibody and ThioS, ROIs were
drawn according to the ThioS image along anatomical brain regions. D54D2 and ThioS stains
were thresholded separately and the percent area occupied within each ROl was measured.
For higher magnification images of D54D2 and ThioS stained section, images were converted
to 8-bit, thresholded in each channel and the percent area was measured.

Images of cells stained for GFAP or CD68 were thresholded, followed by measuring the
percent area occupied (for GFAP: objects above 15 and below 10.000 pixels were included, for
CD68: objects above 5 and below 750 pixels in size were included).

SDS-Page and Western Blotting

All samples were heated for 5 min at 95°C prior to loading. Sodium dodecyl sulphate—pol-
yacrylamide gel electrophoresis (SDS-Page) was performed by loading samples on 24-well 4-
20% Criterion TGX Precast Gels (Bio-Rad) and running them in 1x Tris/Glycine/SDS Running
Buffer (#1610772, Bio-Rad) for 45 minutes at 180 V.

For Western Blotting, proteins were transferred onto nitrocellulose membranes (iBlot2
Gel Transfer Device with #IB23001, iBlot2 NC Regular Stacks, Invitrogen) and blocked for 1 h
at RT with blocking buffer (#MB-070-010F, Blocking Buffer for Fluorescent WB, Rockland). Af-
terwards, membranes were incubated overnight at 4°C with primary antibodies (1:1000 dilu-
tion in blocking buffer, see specific applications for primary antibodies). The next day, mem-
branes were washed three times for 5 minutes in Tris-Buffered Saline + 0.1% Tween 20 Deter-
gent (TBST), followed by incubation with secondary antibodies (donkey anti-mouse 680 or
donkey anti-rabbit 800, diluted 1:10.000 in TBST, LI-COR Biosciences, Lincoln, NE, USA) for 1h
at RT. Blots were washed again three times for 5 minutes in TBST and then imaged on an
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Densitometric quan-
tification of protein bands was performed with Image Studio Lite (LI-COR Biosciences, Lincoln,
NE USA).

Immunoprecipitation of AR from Tau Samples

Control Brain and Brain D tau extracts were thawed on ice and a sample to estimate the
initial tau and AB concentration via Western blot was taken. Pure Proteome Protein G Mag-
netic Beads (#L.SKMAGG10, Millipore, Burlington, MA, USA) were conjugated to either Rabbit
IgG antibody (#2729, CST, Danvers, MA, USA) or B-Amyloid (D54D2) XP® Rabbit mAb (#8243,
CST) according to manufacturer’s instructions in PBS + 0.02% Tween 20 (PBST). For each 100
uL of tau extract, 25 L of beads were conjugated to 1 pg of antibody. Extracts were incubated
with beads overnight at 4°C under nutation. The next day, extracts were removed from beads,
transferred to a new Eppendorf tube and a sample was taken to assess tau and AB concentra-
tion after clearing. Beads were washed three times in 200 pL PBS and bound protein was
eluted by incubating beads for 10 minutes at 95°C with 1x Laemmli sample buffer (1/3 of initial
sample volume, samples E1). After this first round of immuno-depletion, there was still AR
present in the tau extracts, as well as residual antibody. To further reduce the amount of AB
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in the samples, the process described above was repeated, but with a reduced amount of
antibody (1/4 of the previous amount). After the extracts had incubated overnight with anti-
body-conjugated beads, the tau extracts were transferred to new Eppendorf tubes and to re-
move residual antibody, incubated with unconjugated Pure Proteome Protein G Magnetic
Beads for 2 h at 4°C under nutation. In the meantime, the antibody-conjugated beads were
eluted once more as described above (samples E2). After 2 h, the tau extracts were removed
from the beads and a sample was taken for analysis. The beads of the third incubation were
eluted again as described above (sample E3). The remaining tau extract was stored at 4°C until
injection into mice the next day. The decrease in monomeric and oligomeric AB as well as total
tau was measured by densitometric analysis using ImageStudio Lite (LI-COR Biosciences) by
averaging the ratios of cleared/untreated extract band intensity per dilution.

Statistical Analysis

Figures were prepared using Adobe Illustrator CC (Adobe Inc., San Jose, California). All sta-
tistical analysis and graphing of data was conducted using GraphPad Prism 9 (GraphPad Soft-
ware Inc, San Diego, CA, USA). One-way ANOVA with Tukey’s multiple comparisons test, Krus-
kal-Wallis with Dunn’s multiple comparisons test, Brown-Forsythe ANOVA test with Dunnett’s
multiple comparisons test or Two-way ANOVA with Sidak’s multiple comparisons test were
performed as indicated in figure legends. A p<0.05 was considered statistically significant and
all values are displayed as mean  S.E.M unless otherwise indicated in the figure legends. All
n-values refer to individual mice unless indicated otherwise.
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Results

Parts of the results of this thesis have been previously published in Nies et al. 2021487 (all
mouse data), Tang et al. 2020°3® and Brody et al. 2022°%* (parts of the in vitro data in HEK-293T
cells). Figures that have been reproduced fully or in part from these publications are marked
as such in the figure legends. The text describing Figures 13- 23 has been adapted from Nies
et al. 20214,

Pyk2 activates GSK3[8 in HEK293T cells and in in vitro kinase assays as well as increases
GSK3R-dependent Tau phosphorylation

Binding kinetics of GSK3R with either Pyk2 (Figure 8, A) or Fyn (Figure 8, B) were assessed
by conducting in vitro kinase assays. To determine Pyk2, Fyn and GSK3R concentrations in
mouse brains (Figure 8, C), hippocampus and cortex of two mice brains were lysed, immunob-
lotted, and compared to a dilution curve of BSA standards. For the in vitro kinase assays, phys-
iologically relevant concentrations of Pyk2 or Fyn, (40 nM and 25 nM respectively, determined
from mouse hippocampus and cortex, Figure 8, C) were incubated with varying GSK3R con-
centrations for 30 minutes and phosphorylation levels of GSK38 at Y216 were assessed
through densitometric analysis of western blotted reactions. Fitting Michaelis-Menten kinetics
was tested, and curves showed good fit with experimental results (R? = 0.9489 and R? = 0.8760
respectively). Km =416.5 nM for GSK3R-Pyk2 and Ku = 25.64 nM for GSK3R-Fyn interaction
were calculated, indicating that the Km measured for Pyk2-GSK3R interaction was close to
physiological concentrations of GSK3R measured in mouse brains (378 nM).

To further investigate the interaction of Pyk2 and GSK3R, GFP-tagged Pyk2 and GSK3R
were transfected into HEK-293T cells and GSK3 was co-immunoprecipitated by trapping the
GFP-tag of GFP-Pyk2 (Figure 8, D). GSK3R successfully co-immunoprecipitated with GFP-Pyk2,
while a minimal background band was seen if GFP alone was co-transfected with GSK3R. Un-
fortunately, further characterization of the binding domains on Pyk2 and GSK3R was not pos-
sible, because constructs of Pyk2 domain deletions expressed at highly variable levels and
made differentiating GSK3R binding from background levels of GSK3R present in GFP only
transfected cells impossible (data not shown).

To assess phosphorylation of our proteins of interest in cells, different combinations of
Pyk2, Fyn, GSK3R and tau were transfected and over-expressed in HEK-293T cells (Figure 8, E-
G). Analysis of western blotted cell lysates revealed that Pyk2 alone was able to increase acti-
vation of GSK3RB (phosphorylation on Y216) three-fold. Cells expressing GSK3% and Fyn without
the presence of Pyk2 only saw a non-significant increase in GSK3 Y216 phosphorylation, but
co-expression of all three kinases led to a synergistic effect on GSK3R activation (Figure 8, F).
When monitoring phosphorylation of tau at pS202/T205 (AT8), GSK3R proved necessary to
achieve a significant increase in pTau AT8 phosphorylation. In accordance with GSK3R phos-
phorylation levels, expressing Pyk2, GSK3R and tau led to a three-fold increase in pTau AT8
phosphorylation, while expressing Fyn, GSK3R and tau failed to increase pTau AT8 phosphor-
ylation levels and co-expressing all proteins led to the greatest increase in pTau AT8 phosphor-
ylation (Figure 8, G). Overall, this data suggested that Pyk2 and GSK3R can interact both in
vitro and when overexpressed in HEK-293T cells, while Fyn-GSK3R interaction was theoreti-
cally possible in vitro but had no relevance in the over-expression model.
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Figure 8: Pyk2 phosphorylates tau via GSK3f in a HEK293T over-expression system and in in vitro kinase assays.
A-B) In vitro kinase assays of GSK3R with Pyk2 (A) or Fyn (B). Samples were obtained after 30 minutes of reaction
time by adding Laemmli buffer to each reaction. Samples were separated by SDS-PAGE, Western Blotted and
densitometric measurements of pGSK3R Y216 / GSK3R were graphed. Michaelis-Menten kinetics provided best
fit for the data. C) Determining physiological levels of Pyk2, GSK3R and Fyn in mouse hippocampus (Hc) and cor-
tex (Cx). Mouse brain lysates and a BSA dilution curve (5 uL/lane) were immunoblotted and densitometric meas-
urements were taken. Pyk2 concentration was measured to be 58 nM in the Hc and 24 nM in the Cx. GSK3R
concentration was measured to be 410 nM in the Hc and 346 nM in the Cx. Fyn concentration was measured to
be 26.44 nM in the Hc and 23.9 nM in the Cx. D) Co-Immunoprecipitation of GFP-Pyk2 and GSK3pB from trans-
fected HEK-293T cells. GFP-trap beads were used to capture GFP-Pyk2 and lysates were probed for the presence
of GSK3B. GSK3B was observed in the presence of GFP-Pyk2, but not GFP alone (* marks an unspecific band).
E) HEK-293T cells were transfected with combinations of the proteins indicated, lysates were separated via SDS-
PAGE and Western Blotted. Representative immunoblot images of transfected HEK-293T cells. F-G) Quantifica-
tion of A. (F) Co-expression of Pyk2 and GSK3R led to a significant increase in phosphorylation/activation of
GSK3R on Y216. This increase was further augmented by the co-transfection of Fyn with GSK3 and Pyk2. (G) The
phosphorylation of tau at $202/T205 (AT8) normalized to total tau (HT7) was significantly increased when co-
transfected with GSK3B and Pyk2, but not when co-transfected with either kinase alone. No further increase in
normalized AT8 signal was observed when tau, Pyk2 and GSK3B were co-transfected with Fyn. Statistics: One-
way ANOVA followed by Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n =
3. Data for E-G has been previously published in Brody et al. 20225%* and was generated by Fulin Guan (see con-
tributions statement). Modified panels were re-printed from Molecular Neurodegeneration, Volume 17, Issue
32, Pages 1-33, Alzheimer Risk Gene Product Pyk2 Suppresses Tau Phosphorylation and Phenotypic Effects of
Tauopathy, doi: https://doi.org/10.1186/s13024-022-00526-y, Figure 1, ©2022 BMC, with permission from BMC
under the CC-BY license..
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Fyn inhibition decreases Fyn-Tau interaction in a HEK-293T cell overexpression model
and Tau seeding in mouse neurons

In addition to studying the combined interactions of Pyk2, Fyn and GSK3R with one an-
other and on tau, we wanted to ascertain the role of Fyn on tau independent of GSK3R. This
was important as Fyn had been reported to be tethered to post-synaptic densities (PSDs)
through its interaction with tau'®204293 gand to phosphorylate tau on certain residues inde-
pendent of GSK3R in AD207:291,292,

To study Fyn-Tau interaction, both proteins were co-transfected into HEK-293T cells and
three hours later treated with either nothing, vehicle (DMSO) or 2 uM AZD0530 (AZD). Cells
were fixed 24 h after transfection and immunohistochemistry for both proteins as well as a
proximity ligation assay (PLA) were performed (Figure 9, A-E). Upon treatment with AZD, Fyn-
tau PLA signal decreased by approximately 45% compared to untreated or vehicle treated cells
(Figure 9, A-B), while tau and Fyn expression were not significantly altered regardless of treat-
ment (Figure 9, B-C). Furthermore, cells transfected with tau alone showed no background
signal for Fyn-tau PLA, confirming the assay’s specificity (Figure 9, E). These results indicated
that inhibiting Fyn activity reduced the physical proximity of Fyn and tau in this overexpression
model. It suggested that both roles Fyn takes on with tau, as a binding partner and kinase,
might be disrupted when Fyn activity is diminished.

To investigate the effects of Fyn inhibition on tau seeding, mouse primary neurons were
seeded for 14 days with tau extracted from non-diseased (Control) or AD human brains (Figure
9, F-1, further characterization of tau extracts is presented in Figure 13). In addition, for the
duration of tau exposure, neurons were either left untreated, treated with water (vehicle),
0.5 uM or 1 uM AZDO0530. Cells were fixed and immunohistochemistry with a mouse tau spe-
cific antibody was performed to only assess seeded, endogenous mouse tau and not added,
human tau (Figure 9, G). Mouse tau seeding within total neuron area (measured by MAP2
staining) was quantified and upon AZD treatment, tau seeding was 40-50% reduced (Figure 9,
H-1). This level of inhibition was in accordance with the decrease in Fyn-tau proximity observed
earlier in the PLA assay and provided further evidence that decreased Fyn activation might
also decrease tau pathology. However, most of our in vitro data so far had originated from an
over-expression system in HEK-293T cells, so we wanted to expand on this data in a more
relevant model system, human iPSC-derived neurons.
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Figure 9: Inhibiting Fyn decreases Tau-Fyn interaction in HEK-293T cells and tau seeding in primary mouse
neurons.

A-E) Proximity Ligation Assay (PLA) in HEK-293T cells overexpressing human Fyn and tau. Cells were treated for
24h with either 2 uM AZD0530 (AZD) dissolved in DMSO or Vehicle (DMSO). For B-E): each point represents the
average of four images taken per experimental condition, N=3 and statistics performed were unpaired t-test.
A) Representative immunofluorescent images, with Fyn-Tau PLA signal in green, tau-positive areas in red and
Fyn-positive areas in magenta. Scale bar: 20 um. B) Quantification of the area of Fyn- Tau PLA density within tau-
positive area of HEK-293T cells expressing human Fyn and tau, normalized to the condition with no treatment.
*p < 0.05. C) Quantification of mean intensity of tau within tau-positive area of HEK-293 T cells, normalized to
the condition with no treatment. D) Quantification of mean intensity of Fyn within tau-positive area of HEK-293 T
cells, normalized to the condition with no treatment. E) Quantification of the percent Fyn-Tau PLA density in HEK-
293T cells expressing only human tau in tau-positive cells, normalized to the percent PLA density in tau- and Fyn-
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transfected HEK-293T cells. F) Representative blots of tau extracts from human AD patient and a healthy control
using HT7 (total tau) and AT180 (Tau pThr231) antibodies to show tau bands between 50 and 75kD. G-lI) Mouse
primary neurons were treated with human tau at DIV7, cultured until DIV21 and fixed with ice-cold methanol.
G) Representative images of MAP2 and tau (endogenous mouse tau) immunostaining. Left panel shows neurons
with no AD-tau seeding nor treatment. Middle panel shows neurons with AD-tau seeding and treatment with
vehicle (water). Right panel shows neurons with AD-tau seeding and treatment with 0.5 uM AZD0530. H-I) Quan-
tification of percentage of mouse tau-positive area within MAP2-positive area. Neurons were either not seeded
with tau; only seeded with AD-tau; seeded with AD-tau and treated with water as vehicle; seeded with AD-tau
and 0.5 uM AZD, or seeded with AD-tau and 1 uM AZD. The background signal from images of neurons without
AD-tau treatment was subtracted. Experiments were performed in triplicate. Each data point represents the av-
erage of values obtained from four images taken from one well (H) or the average of three wells of each condition
from one experiment (I). H) N = 9-18 per experimental condition. **p < 0.01; One-way ANOVA with Dunnett’s
multiple comparisons test. 1) N = 3. *p < 0.05; Repeated measures one-way ANOVA with Dunnett’s multiple com-
parisons test. Modified figures were re-printed from Acta Neuropathologica Communications, Volume 8, Issue
1, Article 96, Tang et al. 202036, Fyn kinase inhibition reduces protein aggregation, increases synapse density and
improves memory in transgenic and traumatic Tauopathy, doi: https://doi.orq/10.1186/5s40478-020-00976-9 ,
Figures 4E-1 and 6, ©2020 Springer Nature, with permission from Springer Nature under the CC-BY license.

Validation of human iPSC-induced neuron culture

To further investigate the interactions of Pyk2, Fyn, GSK3[8 and Tau in vitro, but without
the caveat of using an over-expression model, differentiation of two different iPSC lines into
neurons was established. The first cell line was commercially available from Gibco (called
“Gibco” throughout the thesis) and underwent no additional modifications after reprogram-
ming. These cells were differentiated into cortical neurons according to a previously published
protocol** using dual SMAD inhibition and kept in culture for at least 65 days before experi-
ments were conducted. The second cell line was kindly provided by Martin Kampmann at UCSF
(i3N cell line>3>). This cell line was generated from the WTC11 line through insertion of doxycy-
cline-inducible mouse NGN2 at the AAVS1 locus and additional insertion of a pC13N-dCas9-
BFP-KRAB cassette at the CLYBL intragenic safe harbor locus3>. Accordingly, these cells were
differentiated into cortical neurons with a protocol using doxycycline®*® and experiments were
conducted after at least 28 days of neuronal culture.

Before mechanistic experiments were started, confirmation of APOE genotype and valida-
tion of the neurons was conducted. For APOE genotyping, DNA was extracted from iPSC and
Real Time quantitative PCR was performed according to a previously published protocol>2.
Both cell lines showed amplification and markedly earlier Cq for the APOE3 probe (Figure 10,
A, C), while the internal control (ACTB) showed similar Cq and amplification for all three APOE
probes and the negative control (water) did not show any amplification (Figure 10, A-C).

Next, it was determined if all proteins relevant to our signaling cascade of interest were
expressed at DIV28-45 for i3N and at DIV50-65 for Gibco neurons (Figure 10, D-E). Neurons
from both cell lines expressed the proteins of interest, only total Pyk2 and pPyk2 Y402 levels
were sometimes difficult to reliably detect. To assess the synaptic connections in both cell
lines, neurons were fixed and stained for MAP2, PSD-95 and synaptophysin (Figure 10, F-G).
Neuronal cultures showed a dense network of neuronal processes and PSD-95 and synapto-
physin puncta were shown to overlap, suggesting the formation of synapses.
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Figure 10: Validation of iPSC-derived neurons reveals that they have APOE 3 genotype and express all relevant
proteins of interest after DIV46 (i3N) and DIV60 (Gibco).
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A-C) APOE allele genotyping via RT-gPCR in i3N and Gibco cell lines with n = 4 samples/condition. Fluorescent
signal for APOE (A) and internal control ACTB (B) were measured, and Cq values calculated (C). Fluorescent curves
and Cq values suggest APOE 3 genotype for both cell lines. D-E) Immunoblots to evaluate expression of proteins
of interest in iPSC-derived neurons from i3N (D) and Gibco (E) cell lines. Cells were lysed in RIPA + 1% SDS and
lysates from two wells pooled to increase sample volume. i3N neurons were DIV 28 (for mGIuR5 and PrP¢) or DIV
46 upon harvest, Gibco neurons were DIV 50 or DIV 65 (for mGIuR5, NR2B and MAP2), N = 3 replicates. F-G) Gibco
iPSC-derived neurons at DIV 95 (F) and i3N iPSC-derived neurons at DIV 60 (G) show colocalization of post- and
pre-synaptic markers. Top row: DAPI (blue), MAP2 (yellow), PSD-95 (green), synaptophysin (red) and merged
image, scale bar : 10 um. Bottom row: zoom of white boxes shown in top panel images. White circles indicate
synaptic colocalization of PSD-95 (green) and synaptophysin (red). Scale bar: 10 pm.

Pharmacologically inhibiting Pyk2 and Fyn in iPSC-derived neurons shows no effect on
GSK3R phosphorylation and potentially even increases Tau phosphorylation

Gibco neurons were treated either for four days (Figure 11, A-H) with 1 uM of Pyk2 inhib-
itor PF-719, 1 uM of Fyn inhibitor AZD-0530 (AZD), 1 uM of both inhibitors or an equivalent
amount of vehicle (DMSO), to determine if the phosphorylation patterns observed in the HEK-
293T overexpression model between Fyn, Pyk2, GSK3R and tau were consistent in this more
physiologically relevant model system.

Fyn activation (measured as phosphorylation on Fyn pY420 normalized to total Fyn levels)
was around 20% decreased upon treatment with PF-719 and about 50% decreased when
treated with AZD or both inhibitors combined (Figure 11, B), suggesting effective inhibition of
Fyn. In contrast, Pyk2 inhibition upon inhibitor treatment was less clear cut and showed con-
siderable amounts of variability, likely due to low signal intensity. Other commercially availa-
ble antibodies were tested but did not improve signal intensity. There was a trend for de-
creases of Pyk2 activation upon inhibitor treatment, but they remained non-significant (Figure
11, A, C). When monitoring GSK38 activation and phosphorylation of tau at different epitopes
(AT180, pY18, AT8 and PHF-1), neither GSK3R nor tau epitopes AT180 and pY18 showed
changes in phosphorylation levels (Figure 11, A, D-F). This was surprising, especially because
tau pY18 has been previously reported to be a direct phosphorylation target of Fyn. In addi-
tion, tau epitopes AT8 and PHF-1 even showed an unexpected, non-significant increase in
phosphorylation upon Fyn and Pyk2 inhibition (Figure 11, A, G-H).

To further investigate if a higher dosage or shorter time frame would inhibit Pyk2 more
effectively and improve variability, Gibco neurons were treated for 2 hours with 0.5 uM, 1 uM
or 2 uM of PF-719 or vehicle (DMSO) equivalent in volume to the highest inhibitor concentra-
tion (Figure 11, I-M). With the highest dose of PF-719, a significant decrease in Pyk2 activation
of about 40% could be detected (Figure 11, I-J). At the same time, GSK3R activation still
showed no changes upon inhibitor treatment, confirming the data obtained from the four day
inhibitor treatment experiment. Interestingly, the trends observed for pTau AT8 and PHF-1
were also confirmed, with all concentrations of Pyk2 inhibitor treatment showing significant
increases in phosphorylation at these two tau epitopes (Figure 11, I, L-M).

Overall, this experiment contradicted the results obtained from previous experiments in
over-expression systems. It suggests that the interaction of Pyk2, Fyn, GSK3B and tau in human
cortical neurons is different and potentially involves additional interaction partners that lead
to a differential effect of Pyk2 and Fyn on tau and GSK38 phosphorylation. So far, the existence
and identity of these potential interaction partners remains unclear, but the physiological rel-
evance of the increase of tau phosphorylation upon Pyk2 inactivation was further supported
by animal studies conducted by my colleague Harrison Brody>**, where Pyk2 KO animals
crossed with PS19 transgenic mice also showed increases in tau hyperphosphorylation.

54



>
w

1.5‘ Kdekek
DMSO  PF-719 AZD PF-719 + AZD <
50— NI - - S Fyn S
- q
G _BEmemassESmsommemse s =T pEyn Y420 N
c
BT e e e :
100— — — oy
100_‘ﬁiiiﬁi""".'~‘_ i x pPyk2Y402
50_'-§t==as==a==a==;.:--——s:-'a'—- GSK3p C D PF APF+A
s-gRRassss === %GSK3B Y216 15-
~ T
X
O_.--------------------- Total Tau & - v
_ ~ 1.0 4 n A
~memsmeeeee = pTau AT180 g
—— L >'
50— ____,...——--———ui!-———-v- == oTau Y18 3 0.5 -
50—'-7""'"""""'"""""—--—-...-.- pTau AT8 0?
Q- o
5T T T e e e e - = — P TaU PHF1 0.0

D PF APF+A

D E

n

9 1.5 3 - 1.54
% v 3 . 3
o | |
< 1.0- T S 2 K 1.0- =
© < R <
N A >
N — v >
2 0.5 <§ 14 3 0.5
g e n
7} & e
< 0.0- 0 - 0.0
G D PF APF+A H D PF APF+A D PF APF+A
4 -
5 v g 15_ AAA v
3 : |:1 0
22 - L
o
3 = 0.5
Fo1 ©
Q &
0 - 0.0-
D PF APF+A D PF APF+A
I J p =0.0562 K
o~ * I
¥ 15 5 25
0051 2 PF-719 (uM) %E . " ) !
s} 1.0 a oW N
Illl ppykevaoz 2[4 Sl e L
100_ . = g D 05 . : :;: 5 S 104 ¢ 2 x al
1005 == == == Pyk2 g ' g oot [
B — °Z 0.0 % 00
() == === == pTau PHF1 M N 2 S P e P
PF-719 (uM) PF-719 (uM)
50— SRS pTau AT8 L . M
[ w w = Total Tau *x =

50—

= s = e GSK3B

*kkk
*kkk

&

PF 719 ( pM) PF-719 (uM)

**

N
o

37—

o a4 N W A~ o

pTau S396/S404 (PHF-1) /
Total Tau (HT7) (A.U. )(:SEM)

pTau S202/T205 (AT8) /
Total Tau (HT7) (A.U.) (+SEM)

Figure 11: Inhibiting Pyk2 or Fyn in iPSC-derived neurons has no effect on GSK3B and does not decrease tau
phosphorylation.
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Gibco iPSC-derived neurons at DIV 65-75 were treated for 4 days at 37°C with either Control (D), 1 uM PF-719
(PF), 1 uM AZD-0530 (A) or 1 uM of both inhibitors. Cells were harvested in RIPA + 1% SDS and changes in phos-
phorylation were evaluated through densitometric analysis of Western Blots. A) Representative images of im-
munoblots for relevant epitopes. Red asterisks indicate not quantified bands. B-H) Quantification of phospho-
epitopes over total protein for Fyn (B), Pyk2 (C), GSK3R (D), pTau AT180 (E), pTau Y18 (F), pTau AT8 (G) and pTau
PHF1 (H). N = 3-4 experiments, with 4-6 replicates per treatment condition. Statistics: One-way ANOVA with
Tukey’s multiple comparisons test, ¥*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. I-M) Gibco iPSC-derived neu-
rons were treated for 2 hours at 37°C with Control (DMSO) or different concentrations (0.5 uM, 1 uM or 2 pM)
of PF-719. After treatment, samples were processed as described for A-F). I) Representative immunoblot images.
J-M) Quantification of I). PF-719 treatment significantly inhibited Pyk2 activity (pPyk2 Y402 normalized to total
Pyk2) (J), while no changes in GSK3p activity (pGSK3B Y216 normalized to total GSK3B) were observed at any
concentration of PF-719 (K). Pyk2 inhibition resulted in increased levels of tau phosphorylation at S396/5404
(PHF-1) normalized to total tau (L) and $202/T205 (AT8) normalized to total tau (M) at every concentration of
PF-719 administered. Statistics: One-way ANOVA with Dunnett’s multiple comparisons test, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, n = 6. For I-M) Modified figures were re-printed from Molecular Neurodegeneration,
Volume 17, Issue 32, Page 1-33, Brody et al. 202254, Alzheimer Risk Gene Product Pyk2 Suppresses Tau Phos-
phorylation and Phenotypic Effects of Tauopathy, doi: https://doi.org/10.1186/513024-022-00526-y, Figures 2E-
I, ©2022 BMC, with permission from BMC under the CC-BY license.

Long-term exposure of iPSC-derived neurons to synthetic ARo reduces synaptic density,

but short-term exposure does not activate kinases downstream of PrP*-mGIuR5 signal-
ing

In addition to studying kinase interactions in iPSC-derived neurons when they were inhib-
ited, | was interested to model kinase responses in the context of AD. For this purpose, neu-
rons were incubated with synthetic ABo (sARo) for either seven days (long-term) to study re-
sponses on synaptic density (Figure 12, A-B) or for 30 minutes (short-term) to observe, if the
signaling cascade downstream of ARo binding to PrP¢, that caused mGIuR5 activation and sub-
sequent Fyn and Pyk2 phosphorylation in mouse neurons, was also activated in iPSC-derived
neurons (Figure 12, C-H).

For the long-term exposure, neurons were treated with 0.1 uM, 0.3 uM or 1 uM of sARo
or equivalent volume of vehicle for seven days, then fixed and stained for MAP2 as well as
PSD-95 to measure synaptic density normalized to MAP2 area (Figure 12, A-B). The highest
treatment group showed a 30% decrease in synaptic density, while the other treatments
showed no significant effect (Figure 12, B). Thus, long-term exposure of iPSC-derived neurons
to sARo recapitulated synaptic damage seen previously in cortical mouse neuronal cultures.

In contrast, when exposing iPSC-derived neurons for short periods of time to sAlRo and
lysing cells afterwards to study kinase activation downstream of sABo-PrP*-mGIuR5 signaling,
consistent activation of either Fyn, Pyk2 or GSK3R could not be observed (Figure 12, D-F). Fur-
thermore, other kinases reported to be activated downstream of this signaling cascade like
eEF2 or JNK also failed to show activation (Figure 12, C, G-H). There are several potential rea-
sons for our failure to observe the activation of these kinases in iPSC-derived neurons in re-
sponse to sAlRo treatment, ranging from too rapid dephosphorylation of our kinases of inter-
est, to the wrong timepoint to analyze cells after treatment or the specificity of our sARBo prep-
aration. Further experiments (see Discussion) will be required to determine the cause for
these results that differ from previously published results from mice in vivo and mouse pri-
mary neuronal cultures in vitro.
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Figure 12: Exposing iPSC-derived neurons for seven days to synthetic ABo reduces PSD-95 levels, but short-
term exposure for 30 minutes has no impact on kinase activation downstream of PrP-mGIuR5-Fyn signaling.
A-B) Treating Gibco neurons at DIV 64-76 for 7 days with vehicle or sARo at 0.1 uM, 0.3 uM or 1 uM. Treatment
with 1 M caused reduction in the %area of PSD-95 puncta. Cells were fixed with 4% PFA and immunostained
for PSD-95 (green) and MAP2 (purple). A) Representative images of vehicle and 1 uM sARo treated cells. Red
boxes indicate enlarged area shown underneath each picture. B) Quantification of A), showing % area of PSD-95
normalized to %area of MAP2 and Vehicle treated group average. N = 3 experiments with 3 coverslips treated
per condition and 4 images taken per coverslip, data points shown are averages per coverslip. Statistics: One-
way ANOVA with Tukey’s multiple comparisons test, **p<0.01. C-H) i3N neurons at DIV 28-104 were treated for
30 minutes at 37°C with synthetic AR-oligomers (sARo) or with vehicle. Afterwards, cells were lysed in RIPA + 1%
SDS on ice, centrifuged for 30 minutes at 100,000 xg and supernatants were run on SDS-PAGE and
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immunoblotted. C) Representative immunoblot images of proteins of interest. D-H) Quantification of C). Phos-
phorylation of relevant kinases was measured through densitometric analysis of Western Blots and normalized
to the corresponding total protein signal and to respective vehicle treatment group. N = 8 experiments with 3
replicates per treatment group, data points are group averages per experiment. Statistics: One-way ANOVA with
Tukey’s multiple comparisons test.

Generating Tau Extracts from Neurologically Intact and AD Subject Brains

In addition to investigating intracellular interactions of Pyk2, Fyn, GSK3[8 and tau in vitro, |
also wanted to assess the impact of AR, Pyk2, Fyn and other factors like mouse age, template
matching and lysosomal health, that could potentially impact tau hyperphosphorylation, on
inter-neuronal tau spreading. For this purpose, a model system in which mice were injected
with tau extracted from human brains was established, following a previously published pro-
tocol**4. Before injections could take place, tau had to be extracted from human autopsy brain
tissue and tested for its stability, phosphorylation status as well as ability to seed in vitro.

To obtain tau extracts able to seed tau aggregation in mice or neuronal cell cultures, we
followed a published tau purification protocol*** with autopsy brain tissue from one neurolog-
ically intact (from now on called control) subject and three different AD subjects (brains A, B
and D, see Materials and Methods - Tau Extraction for post-mortem information). To obtain
concentrated brain D tau extracts, the final resuspension volume during the purification pro-
tocol was reduced to one quarter of the original amount. To assess the total tau and phospho-
Tau (pTau) concentrations in extracts, we performed immunoblots with anti-total tau (HT7)
and pTau (AT180) antibodies (Figure 13, A) and measured tau concentration by comparing tau
extracts to a standard curve of recombinant 2N4R tau (Figure 13, B). Control subject—derived
brain extract contained very low amounts of human tau while showing total protein concen-
tration comparable to the extracts derived from AD subjects. The non-concentrated AD sub-
ject-derived extracts showed minor variation in their tau concentrations. To provide a larger
stock for mouse injections with the same tau preparation, tau extracted from brain A and B
was combined in a 1:1 ratio for most mouse injections (from here on termed AB extract). Next,
we sought to test if the phosphorylation and aggregation of this tau material would remain
stable over a 60 hour period when stored on ice. This was important to ensure that a cohort
of mice injected over the course of up to 3 days would receive the same material. There were
no significant changes in tau high—molecular-weight aggregates or phosphorylation when
comparing samples from extracts stored at 4°C every 12 h (Figure 13, C). We also characterized
the length of our extracted tau fibrils using atomic force microscopy (Figure 13, D). We ob-
served similar average fibril lengths of 90 to 100 nm in all tau extracts from AD brains. To test
the potency of our tau extracts in vitro, we treated days in vitro (DIV) 7 primary WT mouse
neurons with 0.25% (v/v) tau extracts for 14 days and measured tau pathology within the area
occupied by neurons (Figure 13, E). Treatment with control extract did not induce tau pathol-
ogy, whereas all AD tau extracts caused significant increases in tau pathology. Of note, treating
with about 10-fold higher concentration of tau (brain Dconc) resulted in a nonlinear increase in
tau pathology.
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Figure 13: Characterization of tau fibrils extracted from human AD subjects.

A) Immunoblots for total tau (HT7) and pTau-Thr231 (AT180) of the tau extracts used in this study (samples were
C: Control, A: Brain A, B: Brain B, AB: 1:1 mixture of Brain A and B extracts, D: Brain D, and Dconc: 10X concentrated
Brain D). B) Overview of total protein and total tau concentration in each extract. Total protein concentration
was evaluated by measuring absorption at 280nm on a spectrophotometer. Total tau concentration was calcu-
lated by comparing densitometric quantifications of total tau (HT7) immunoblots to a dilution curve of recombi-
nant tau (2N4R isoform). C) Immunoblots for total tau (HT7) and pTau-Thr231 (AT180) for samples from Brain A,
B and a 1:1 mixture of Brain A and B (AB) to assess the tau isoform distribution and phosphorylation over a 60 h
time course with measurements taken every 12h. D) Tau extracts were diluted in PBS to a concentration of 5
ug/mL and 5 um x 5 um images were taken by atomic force microscopy. Scale bar: 0.5 um. Fibril length was
quantified using Gwyddion. N(A)=219 fibrils from 2 images, N(B)=260 fibrils from 3 images, N(AB)=494 fibrils from
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3 images, N(D)=116 fibrils from 2 images and N(Dcon)=225 fibrils from 2 images. E) Primary mouse neurons were
seeded at 50-75k density, treated with 0.25% (v/v) human tau extracts at DIV 7 and incubated until DIV21. Cells
were fixed in ice-cold methanol and stained for MAP2 and mouse tau (T49). Tau seeding was measured by quan-
tifying the percent area occupied by aggregated mouse tau within MAP2 positive area using Imagel. Scale bar:
50 um. Statistics: Brown-Forsythe ANOVA test (F = 43.85, p < 0.0001) with Dunnett’s multiple comparisons test
to compare all groups to Control treated cells. N=8 images per condition. *p<0.05, **p<0.01, ***p<0.005,
**%%<0.0001. Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021*7, Spreading of
Alzheimer tau seeds is enhanced by aging and template matching with limited impact of amyloid-f3,
doi: https.//doi.org/10.1016/j.jbc.2021.101159 , Figure 1, © 2021 Elsevier, with permission from Elsevier under
the CC-BY license.

Tau from Different AD Subjects Generated Somatic and Neuritic Inclusions in WT Mice

To ascertain if our tau extracts showed seeding activity in vivo, we injected WT animals as
described previously*#*. Tau extracts were injected into the hippocampus and overlying cortex
of one hemisphere at 3 months of age (Figure 15, A and B). After a 6-month waiting period,
we analyzed the number of somatic inclusions in the hippocampus and cortex in two stand-
ardized sections (see Material and Methods - Quantification of Tau Inclusions), as well as the
percent area occupied by neuritic inclusions in hippocampus, fimbria, and corpus callosum
(Figure 15, B and C). To be counted as a somatic inclusion, AT8-positive tau deposition was
required to be present in a neuronal cell soma and outline the cell body. The somatic inclu-
sions are likely to include deposition in pre-NFT and NFT stages. We did not assess mature
NFTs separately by silver stain or electron microscopy. Neuritic tau inclusions counted by our
thresholding include both very fine NTs within the hippocampus and slightly larger threads
with the occasional round inclusion in white matter tracts (Figure 15 C). Since we injected tau
from patients with AD, it is likely that NTs detected in white matter tracts are within neurites,
not oligodendrocytes. In the dorsal and ventral hippocampus, the threshold to identify the
percent area occupied by neuritic inclusions also recognizes and includes somatic inclusions,
but the somatic fraction constitutes less than 5% of the total neuritic inclusion area measured.
We monitored mouse health by monthly weighing (Figure 14) and detected no adverse effects
of AD extract injection on mouse body mass.
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Figure 14: Injecting human tau extracts does not affect mouse weight.

Mice from the WT vs WT cohort injected with extracts from control brain, brain A or brain B were weighed every
month to monitor effects of tau injection on mouse weight as a proxy for overall health. Mouse weight was not
significantly altered by tau injection. Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al.
2021, Spreading of Alzheimer tau seeds is enhanced by aging and template matching with limited impact of am-
yloid-f3, doi: https://doi.orq/10.1016/].jbc.2021.101159, Supplementary Figure 1B, © 2021 Elsevier, with permis-
sion from Elsevier under the CC-BY license.
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When comparing the number of somatic inclusions on the ipsilateral hemisphere of con-
trol or AD extract—injected animals in each brain region (Figure 15, D), tau inclusions were only
found to be seeded at significant levels by AD extracts in select brain regions (ventral hippo-
campus, retrosplenial area (RSA), and EC). A similar pattern was observed in the contralateral
hemisphere (Figure 16, A), where only RSA and auditory cortex showed significantly higher
levels of somatic tau inclusions. For AD-injected animals, the number of somatic inclusions in
each contralateral region was lower than the one in their ipsilateral counterpart. Since tau
fibrils were extracted from several different AD brains, we sought to evaluate whether inject-
ing material from different subjects would alter the number of somatic inclusions per animal.
Extracts A (80 pug tau protein/ml), B (329 pug tau protein/ml), AB (204 ug tau protein/ml), and
D (94 ug tau protein/ml) were injected into mice directly, whereas the concentrated brain D
extract was diluted in sterile PBS to a concentration of 500 pug/ml before injection. Increasing
(brain D concentrated) or decreasing (brain A and D) the amount of injected tau did not trans-
late into a proportional change in tau seeding in WT mice. Instead, the main difference in
seeding was observed between tau extracts derived from different brains, with brain D result-
ing in more numerous tau inclusions (Figure 15, E and Figure 16, B). The regional distribution
of tau inclusions between the different tau extracts though remained largely unchanged (Fig-
ure 15, F), with ventral hippocampus, RSA, and EC on the ipsilateral hemisphere showing the
most inclusions. The extract used to inject most cohorts was AB, and the tau spreading pattern
for this extract remained the same throughout the WT animals of different cohorts (Figure
16, C). Furthermore, the neuritic tau burden in WT animals was elevated in all measured re-
gions for brain D or Dconc injected animals compared with brain A, B, or AB injected ones (Fig-
ure 15, G). Altogether, these data are consistent with previous observations from other
groups**4,
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Figure 15: Injecting tau extracts into WT mice results in tau deposition and spreading in hippocampus and
cortex.

A) Experimental timeline of mouse injections. Mice were injected unilaterally (right hemisphere) at 3 months of
age with either Control or AD brain tau extract. Per animal, 5 pL of tau extract were injected distributed over two
injection sites (2.5 uL/site). After injection, mice were housed under regular conditions for 6 months and then
killed by perfusion. B) Example pictures of AT8b-DAB + Nissl stain sections that were analyzed and sagittal
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schematic indicating injection site in pink and analyzed section location in blue. Section 1 is located anterior (from
Bregma: ML +2.0 mm, AP -2.0) to the injection sites (from bregma: anterior-posterior -2.5 mm; medial-lateral 2
mm; dorso-ventral -2.4 mm (for hippocampus) and dorso-ventral -1.4 mm (for cortex)), section 2 is located
posterior (ML +2.0 mm, AP -2.9) to the injection sites (scale bar: 1 mm). C) From left to right: magnified images
of Section 1 contralateral and ipsilateral hippocampus (scale bar: 0.5 mm (ipsilateral HC) and 25 um (CA3)). Ex-
ample images of somatic inclusions quantified in this study. Example images of neuritic inclusions quantified in
this study (scale bar: 20 um). D) Mean number of somatic inclusions per brain region on the ipsilateral hemi-
sphere of WT animals injected with Control or AD tau extracts. Inclusions were counted manually in ImageJ with
the Cell Counter Tool. Statistics: Ordinary Two-way ANOVA test (Interaction: F (9, 841) = 8.431, p<0.0001; Row
Factor: F (9, 841) =9.852), p<0.0001; Column Factor: F (1, 841) = 72.28, p<0.0001) with Sidak’s multiple compar-
isons test. N represent individual animals. N(Control)=27-28, N(AD)=60. **p<0.01, ****p<0.0001. E) Mean num-
ber of somatic inclusions on the ipsilateral hemisphere in animals injected with tau extracts extracted from dif-
ferent AD brains. Statistics: Kruskal-Wallis test (Approximate p-value: 0.0008, Kruskal-Wallis statistic: 18.91) with
Dunn’s multiple comparisons. N represents individual animals. N(A)=10, N(B)=9, N(AB)=28, N(D)=7, N(Dconc)=6.
*p<0.05, **p<0.01. F) Coronal section schematics of mean somatic inclusion burden in ipsi- and contralateral
brain regions dependent on injected tau extract. Brain regions not analyzed are depicted in grey. Ipsilateral hem-
isphere is on the right. G) Area occupied by neuritic inclusions in four regions of animals injected with tau extracts
from different AD brains. Statistics: Ordinary Two-way ANOVA (for dorsal hippocampus - Interaction: F(5,144) =
9.266, p<0.0001; Row Factor: F(5,144) =9.041, p=0.0001; Column Factor: F(1,144) = 95.96, p<0.0001; for ventral
hippocampus - Interaction: F(5,121) = 2.191, p=0.0596; Row Factor: F(5,121) = 2.120, p=0.0675; Column Factor:
F(1,121) = 21.06, p<0.0001; for fimbria - Interaction: F(5,144) = 6.743, p<0.0001; Row Factor: F(5,144) = 11.41,
p=0.0001; Column Factor: F(1,144) = 33.45, p<0.0001; for Corpus Callosum - Interaction: F(5,137) = 3.679,
p=0.0037; Row Factor: F(5,137) = 18.48, p<0.0001; Column Factor: F(1,137) = 12.78, p=0.0005) with Sidak’s mul-
tiple comparisons test. In grey: comparing ipsi- and contralateral hemisphere for the same injected extract. In
black: comparing ipsilateral values of different tau extract injected groups. N represent individual animals.
N(Ctrl)=8-9, N(A)=9-10, N(B)=8-9, N(AB)=30-39, N(D)=6-7, N(Dconc)=6. *p<0.05, **p<0.01, ***p<0.005,
***%p<0.0001. Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of
Alzheimer tau seeds is enhanced by aging and template matching with limited impact of amyloid-fs,
doi: https.//doi.org/10.1016/j.jbc.2021.101159 , Figure 2, © 2021 Elsevier, with permission from Elsevier under
the CC-BY license.
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Figure 16: Contralateral hemisphere of AD extract injected animals shows lower numbers of somatic inclusions
and tau spreading pattern remains the same in different mouse cohorts injected with brain AB tau.

A) Mean number of somatic inclusions per brain region on the contralateral hemisphere in WT animals injected
with tau extracts extracted from Control or AD brains. Inclusions were counted manually in ImagelJ with the Cell
Counter Tool. Statistics: Ordinary Two-way ANOVA test (Interaction: F (9, 838) = 10.01, p<0.0001; Row Factor: F
(9, 838) = 10.08), p<0.0001; Column Factor: F (1, 838) = 28.13, p<0.0001) with Sidak’s multiple comparisons test.
N represent individual animals. N(Control)=27-28, N(AD)=60. **p<0.01, ****p<0.0001. B) Mean number of so-
matic inclusions on the contralateral hemisphere in animals injected with tau extracts extracted from different
AD brains. Statistics: Kruskal-Wallis test (Approximate p-value: 0.0008, Kruskal-Wallis statistic: 19.07) with Dunn’s
multiple comparisons. N represent individual animals. N(A)=10, N(B)=9, N(AB)=28, N(D)=7, N(Dconc)=6. *p<0.05,
**p<0.01. C) Coronal section schematics of mean somatic inclusion burden in ipsi- and contralateral brain regions
of WT animals injected with Brain AB tau extract in different animal cohorts. Brain regions not analyzed are
depicted in grey. Ipsilateral hemisphere is on the right. Figure re-printed from JBC, Volume 297, Issue 4, Article
101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is enhanced by aging and template matching with
limited impact of amyloid-f3, doi: https://doi.orq/10.1016/j.jbc.2021.101159, Figure S2 A-B, © 2021 Elsevier, with
permission from Elsevier under the CC-BY license.

AB Accumulation Did Not Alter Tau Inclusion Burden, but Human Tau Template In-
creased Neuritic Inclusions

Having established that AD tau injection leads to tau accumulation and spreading in WT
animals, we investigated whether the presence of AB deposition would impact tau spreading
using the APPswe/PSEN1AE9 transgenic (APP mice) and App"“F/NF knock-in (K1) mouse mod-
els. APP mice develop AB plaques between 4 and 6 months of age. This mouse model is well
established but has the caveat of AP overexpression via the transgene array. AppN-F/NUF K|
mice develop AR plaques slightly later around 6 months of age®*!. For more extensive
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description of the mouse models see Material and Methods - Animals. We intercrossed the Kl
mice with a mouse line containing humanized tau (hTau) to generate double homozygous
hTau-App"“F/NF mice (double KI [DKI])*°L. In addition, to discern if changes in tau spreading
were caused by humanized AB or hTau, we also injected hTau animals not carrying the AppN“
FINUF gene with tau extracts. After AD tau extract injection into these different Ap plaque con-
taining mice, we observed only a limited and nonsignificant trend towards an increase in the
number of somatic tau inclusions in the cortex of AD mice compared to WT mice. Only in the
dorsal hippocampus, AD tau extract-injected DKI animals showed a significant difference com-
pared to WT animals (Figure 17, A and B). Moreover, we observed no change in the number
of tau-positive NPs near amyloid plaques for either the APP or the DKI model (Figure 17, E). In
contrast, the amount of neuritic inclusions was significantly increased in mice carrying hTau
for all measured regions (Figure 17, C and D). Adding App"“*/N-F to the hTau genotype (DKI
mice) did not cause further increase in the neuritic tau inclusion burden. Under these condi-
tions, the presence of AR accumulation does not alter tau spreading. The findings support the
hypothesis that misfolded human tau seeds can template hTau more efficiently than murine
tau. We next sought to explore if there might be altered glial reaction, which in turn might
alter tau aggregation in neurons. We stained brain sections for glial fibrillary acidic protein
(GFAP) (Figure 18, A-B) and CD68 (Figure 18, C-D), which are astrocytic and microglial markers,
respectively, and analyzed the percent area occupied by each staining in the hippocampus and
cortex. The only injection-dependent difference detected was for CD68 signal in the hippo-
campus of AD tau extract—injected animals. In all other groups, the AD tau injection did not
alter immunoreactivity of these glial markers. Thus, AD tau aggregate induced spreading of
tau inclusions in these mice is enhanced by matching the template but is largely independent
of AB pathology or gliosis.
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Figure 17: : AR co-pathology has no impact on tau inclusion burden or spreading, but the presence of human-
ized tau enhances tau deposition.

A) Mean number of somatic inclusions in different ipsilateral brain regions of animals injected with tau extracts
extracted from Control or AD brains. C=Control, W=WT, A=APP, hT =hTau, DK=DKI. Statistics: Kruskal-Wallis test
(for dorsal HC - Approximate p-value=0.0155, Kruskal-Wallis statistic=10.39; for ventral HC - Approximate p-
value=0.4352, Kruskal-Wallis statistic=2.730; for RSA - Approximate p-value=0.0155, Kruskal-Wallis
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statistic=10.39; for Motor Cx - Approximate p-value=0.8045, Kruskal-Wallis statistic=0.9867; for Posterior Parie-
tal - Approximate p-value=0.6084, Kruskal-Wallis statistic=1.83; for Primary Somatosensory Cx - Approximate p-
value=0.1169, Kruskal-Wallis statistic=5.894; for Auditory Cx - Approximate p-value=0.2602, Kruskal-Wallis sta-
tistic=4.012; for Ecto- and Perirhinal CX - Approximate p-value=0.1885, Kruskal-Wallis statistic=4.781; for Ento-
rhinal Cx - Approximate p-value=0.4783, Kruskal-Wallis statistic=2.484; for Piriform Cx - Approximate p-
value=0.1606, Kruskal-Wallis statistic=5.158) with Dunn’s multiple comparisons test. N represent individual ani-
mals. N(WT-C)=9-10, N(WT-AD)=14-15, N(APP-C)=4, N(APP-AD)=8-9, N(hT-C)=4, N(hT-AD)=3, N(DK-C)=5, N(DK-
AD)=7. *p<0.05. B) Schematics of mean somatic inclusion burden of AD tau extract injected animals dependent
on mouse genotype. Brain regions not analyzed are depicted in grey. Ipsilateral hemisphere is on the right.
C) Area occupied by neuritic inclusions in four brain regions of animals injected with Control or AD tau extracts.
Statistics: Ordinary Two-way ANOVA (for dorsal hippocampus - Interaction: F(7,88) = 8.073, p<0.0001; Row Fac-
tor: F(7,88) = 7.714, p<0.0001; Column Factor: F(1, 88) = 38.19, p<0.0001; for ventral hippocampus - Interaction:
F(6,62) = 8.017, p<0.0001; Row Factor: F(6,62) = 7.733, p<0.0001; Column Factor: F(1,62) = 30.04, p<0.0001; for
fimbria - Interaction: F(7,90) = 7.293, p<0.0001; Row Factor: F(7,90) = 7.084, p<0.0001; Column Factor: F(1,90) =
24.14, p<0.0001; for Corpus Callosum - Interaction: F(7,83) = 4.807, p=0.0001; Row Factor: F(7,83) = 4.837,
p=0.0001; Column Factor: F(1,83) = 13.40, p=0.0004) with Sidak’s multiple comparisons test. In grey: comparing
ipsi- and contralateral hemisphere for the same injected extract. In black: comparing ipsilateral values of differ-
ent tau extract injected groups. N represent individual animals. N(WT-C)=9-10, N(WT-AD)=14-15, N(APP-C)= 4,
N(APP-AD)=5-9, N(hT-C)=0-4, N(hT-AD)=3-4, N(DK-C)=5, N(DK-AD)=5-6. *p<0.05, **p<0.01, ***p<0.005,
****p<0.0001. D) Representative images of neuritic inclusions in fimbria and hippocampus (scale bars: 50 um
(hTau) and 25 um (hTau-Zoom)). E) Number of neuritic plaques (NP) with AT8-positive tau surrounding it. Statis-
tics: Ordinary Two-way ANOVA with Sidak’s multiple comparisons test. N(APP-Ctrl)=4, N(APP-AD)=8, N(DKI-
Ctrl)=5, N(DKI-AD)=7. N represents individual animals with two sections analyzed per animal. Figure re-printed
from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is enhanced by
aging and template matching with limited impact of amyloid-f3, doi: https://doi.org/10.1016/}.jbc.2021.101159,
Figure 3, © 2021 Elsevier, with permission from Elsevier under the CC-BY license.
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Figure 18: GFAP and CD68 area are not altered by tau injection.

A) Representative images of GFAP staining in the ipsilateral hemisphere hippocampus (DG) and cortex (layer I-
). Images were taken with a 20x objective (scale bar: 50 um). B) Quantification of area occupied by GFAP stain-
ing in the dentate gyrus (left) and cortex layer I-Ill (right) in animals injected with Control or AD tau extracts.
Statistics: Ordinary Two-way ANOVA test (for hippocampus - Interaction: F (7, 88) = 0.6645, p=0.7014; Row Fac-
tor: F (7, 88) = 1.654, p=0.1310; Column Factor: F (1, 88) = 0.01862, p=0.8918; for cortex - Interaction: F(7, 88) =
0.5127, p=0.8228; Row Factor: F(7, 88) = 10.59, p<0.0001; Column Factor: F(1, 88) = 1.424, p=0.2360) with
Tukey’s multiple comparisons test to compare same hemispheres across genotypes or with Sidak’s multiple com-
parisons test to compare ipsi- and contralateral signals of the same genotype. N represent individual animals.
N(WT-C)=9-10, N(WT-AD)=14-15, N(APP-C)=4, N(APP-AD)=6-8, N(hT-C)=4, N(hT-AD)=3, N(DK-C)=4-5, N(DK-
AD)=7. C) Representative images of CD68 staining in the ipsilateral hemisphere hippocampus (DG) and cortex
(layer I-111). Images were taken with a 20x objective (scale bar: 50 um). D) Quantification of area occupied by
CD68+ staining in the hippocampus (left) and cortex (right) in animals injected with Control or AD tau extracts.
Statistics: Ordinary Two-way ANOVA test (for hippocampus -Interaction: F(7, 88) = 1.393, p=0.2185; Row Factor:
F(7, 88) = 8.846, p<0.0001; Column Factor: F(1, 88) = 1.085, p=0.3005; for cortex - Interaction: F(7, 88) = 0.5283,
p=0.8110; Row Factor: F(7, 88) = 13.76, p<0.0001; Column Factor: F(1, 88) = 0.2536, p=0.6158) with Sidak’s mul-
tiple comparisons test to compare ipsi- and contralateral signals of the same genotype. N represent individual
animals. N(WT-C)=9-10, N(WT-AD)=14-15, N(APP- C)=4, N(APP-AD)=6-8, N(hT-C)=4, N(hT-AD)=3, N(DK-C)=4-5,
N(DK-AD)=7. Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alz-
heimer tau seeds is enhanced by aging and template matching with limited impact of amyloid-f,
doi: https://doi.orq/10.1016/j.jbc.2021.101159 , Figure 3 E-F and Supplementary Figure 2 D-E, © 2021 Elsevier,
with permission from Elsevier under the CC-BY license.
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AB Present in AD Tau Extracts Induces AB Redistribution in AD Model Mice

Immunoblot analysis of tau extracts generated from human AD patients revealed small
amounts of residual monomeric AB as well as aggregated ABo in the AD-brain derived tau
extracts (now called AD tau extracts), but not in the control brain-derived extract (Figure 19,
A). We explored whether the AB in the tau extracts contributed to tau spreading and whether
it might alter AB deposition in APP and DKI mice. We stained brain sections of the tau-injected
animals (Figure 17) with an antibody recognizing the amino terminus of AB isoforms (D54D2)
and thioflavin S (ThioS) to examine dense-core amyloid plaques (Figure 19). We then analyzed
the percent area occupied by either stain in the whole hippocampus and cortex. When AD tau
extracts containing AP are injected into mice, the ipsilateral hippocampus and parts of the
overlying cortex exhibited a redistribution of A along the hilus of the dentate gyrus, the outer
edges of the dentate gyrus molecular layer, the hippocampal fissure, and the white matter
surrounding the hippocampus and lower cortical regions (Figure 19, B and C). Conversely, this
redistribution did not take place for A that was part of dense-core plaques, since the ThioS
signal was unaffected by AD extract injections (Figure 19, B and C). Redistribution was absent
in Control extract-injected animals (Figure 19, B and C). In animals without existing AB plaques
(WT and hTau), injecting tau extracts containing AB was not sufficient to induce AB accumula-
tion (data not shown). Tile scanning of brain sections more posterior and anterior to the APP
section analyzed in Figure 19, C showed that the redistribution was present at a distance in
and around the hippocampus far away from the injection site (Figure 19, D).

To further clarify the extent of AB redistribution, we imaged at higher magnification and
measured the percent area occupied by total AB and ThioS-positive dense-core plaques in
different regions of the hippocampus and cortex in APP mice. Most notably, redistribution of
total AB took place in the CA1 and corpus callosum, dentate gyrus and CA2, as well as medial
and lateral cortex layer | to Ill, whereas dense-core plaque signal remained unaltered in all
regions except an overall signal increase in the corpus callosum (Figure 21). Interestingly, com-
paring AB redistribution (Figure 19 and Figure 20) and the somatic and neuritic tau inclusions
(Figure 17) seen in these animals revealed very different patterns. AB redistribution was local-
ized to the hippocampus and inner cortex layers and spread along the anterior—posterior axis
but did not reach ventral or lateral brain regions (e.g., EC). In comparison, somatic tau inclu-
sions were present close to the injection site (hippocampus and RSA) and spread ventrally to
the EC, potentially along synaptic connections.
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Figure 19: AR in tau extracts leads to a redistribution of non-dense core plaque AR in ipsilateral hemisphere,
while dense-core plaque AR remains unaffected.

A) Immunoblot of Control (C) and Brain A/B extract probed for AR with D54D2 antibody and compared to differ-
ent amounts of synthetic biotinylated-ABo. Samples were boiled for 5 minutes at 95°C with 10% BME. B) Quan-
tification of the mean percent area occupied by D54D2-positive and ThioS-positive dense core plaques in the
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hippocampus of Control and AD brain injected mice was measured by drawing ROIs around the brain region and
thresholding images. Representative images can be found in Figure 4C and Figure S-3A. Statistics: Ordinary Two-
way ANOVA (For D54D2 - Interaction: F(5,43) = 5.939, p=0.0003; Row Factor: F(5,43) = 12.25, p<0.0001; Column
Factor: F(1,43) =11.62, p=0.0014; For ThioS - Interaction: F(5,43) = 0.4724, p=0.7947; Row Factor: F(5,43) = 5.546,
p=0.0005; Column Factor: F(1,43) = 0.09148, p=0.7638) with Sidak’s multiple comparisons test comparing ipsi-
and contralateral hemisphere within each group shown in black and Sidak’s multiple comparisons test comparing
ipsilateral hemispheres between Control and AD injected mice shown in grey. N represents individual animals.
N(APP-C)=4, N(APP-AD)=5, N(hT-C)=4, N(hT-AD)=3, N(DKI-C)=4, N(DKI-AD)=7. *p<0.05, ****p<0.0001. C) Immu-
nofluorescent staining with D54D2 (magenta) antibody for Amyloid- and Thioflavine S (green) for dense-core
amyloid-B plaques of APP and DKI mice injected with Control or AD brain tau extracts (scale bar: 1mm). D) Three
coronal sections (anterior to posterior) of the same APP animal injected with AD tau extract and stained for with
D54D2 (magenta) antibody for AB and ThioS (green) for dense-core amyloid plaques (scale bar: 1mm). Figure re-
printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is en-
hanced by  aging and template matching with limited  impact of  amyloid-f3,
doi: https.//doi.org/10.1016/j.jbc.2021.101159 , Figure 4 A-C and Figure S3 A and C, © 2021 Elsevier, with per-
mission from Elsevier under the CC-BY license.
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Figure 20: Redistribution of total AP takes place in the CA1, CA2, corpus callosum, dentate gyrus, as well as
medial and lateral cortex layer | to ll.

A) Representative images of D54D2 (magenta) and ThioS (green) staining taken with an 20x objective (scale
bar: 50um). Schematic on the left indicates the location of images in the brain. B) Quantification of D54D2 stain-
ing seen in A). Statistics: Ordinary Two-way ANOVA (For Region 1 - Interaction: F(1,13) = 2.449, p=0.1416; Row
Factor: F(1,13) = 3.066, p=0.1035; Column Factor: F(1,13) = 3.131, p=0.1002; For Region 2 - Interaction: F(1,14) =
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2.309, p=0.1509; Row Factor: F(1,14) = 5.332, p=0.0367; Column Factor: F(1,14) = 2.655, p=0.1255; Region 3 -
Interaction: F(1,14) = 2.701, p=0.1225; Row Factor: F(1,14) = 3.560, p=0.0801; Column Factor: F(1,14) = 2.609,
p=0.1285; Region 4 - Interaction: F(1,14) = 0.005899, p=0.9399; Row Factor: F(1,14) = 0.8148, p=0.3820; Column
Factor: F(1,14) = 1.500, p=0.2410; Region 5 - Interaction: F(1,14) = 0.5541, p=0.4690; Row Factor: F(1,14) =
0.5692, p=0.4631; Column Factor: F(1,14) = 0.0001762, p=0.9896; Region 6 - Interaction: F(1,14) = 7.892,
p=0.0139; Row Factor: F(1,14) = 8.591, p=0.0109; Column Factor: F(1,14) = 8.843, p=0.0100; Region 7 - Interac-
tion: F(1,14) = 1.918, p=0.1877; Row Factor: F(1,14) =4.515, p=0.0519; Column Factor: F(1,14) = 2.662, p=0.1251;
Region 8 - Interaction: F(1,14) = 0.3087, p=0.5879; Row Factor: F(1,14) = 1.470, p=0.2470; Column Factor: F(1,14)
= 0.02451, p=0.8780;) with Sidak’s multiple comparisons test comparing ipsi- and contralateral hemisphere
within each injection and ipsilateral results across injections. N represents individual animals. N(APP-C)=4, N(APP-
AD)=4-5. *p<0.05, **p<0.01. C) Quantification of ThioS staining seen in A). Statistics: Ordinary Two-way ANOVA
(For Region 1 - Interaction: F(1,11) = 0.4629, p=0.5103; Row Factor: F(1,11) = 17.11, p=0.0017; Column Factor:
F(1,11) = 0.8951, p=0.3644; For Region 2 - Interaction: F(1,13) = 0.6931, p=0.4201; Row Factor: F(1,13) = 2.931,
p=0.1106; Column Factor: F(1,13) = 3.046, p=0.1045; Region 3 - Interaction: F(1,14) = 2.825, p=0.1150; Row Fac-
tor: F(1,14) = 0.4270, p=0.5240; Column Factor: F(1,14) = 0.1024, p=0.7537; Region 4 - Interaction: F(1,14) =
0.6228, p=0.4432; Row Factor: F(1,14) = 0.02337, p=0.8807; Column Factor: F(1,14) = 0.5257, p=0.4804; Region
5 - Interaction: F(1,14) = 2.041, p=0.1750; Row Factor: F(1,14) = 0.07300, p=0.7910; Column Factor: F(1,14) =
0.1388, p=0.7151; Region 6 - Interaction: F(1,14) = 2.842, p=0.1140; Row Factor: F(1,14) = 2.980, p=0.1063; Col-
umn Factor: F(1,14) = 1.876, p=0.1924; Region 7 - Interaction: F(1,14) = 3.102, p=0.1000; Row Factor: F(1,14) =
3.089, p=0.1007; Column Factor: F(1,14) =0.1771, p=0.6803; Region 8 - Interaction: F(1,13) = 0.00229, p=0.9625;
Row Factor: F(1,13) = 1.370, p=0.2629; Column Factor: F(1,13) = 0.3419, p=0.5687) with Sidak’s multiple compar-
isons test comparing ipsi- and contralateral hemisphere within each injection and ipsilateral results across injec-
tions. N represents individual animals. N(APP-C)=3-4, N(APP-AD)=4-5. *p<0.05, **p<0.01. Figure re-printed from
JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau seeds is enhanced by aging
and template matching with limited impact of amyloid-f3, doi: https://doi.orq/10.1016/}.jbc.2021.101159 , Fig-
ure 4 D-E and Figure S3B, © 2021 Elsevier, with permission from Elsevier under the CC-BY license.

To discern whether the AB redistribution is dependent on the AB present in the AD tau
extracts, we next performed immunodepletion of AR from AD tau extracts. To remove AR, we
incubated brain D tau extracts with magnetic beads conjugated to D54D2 (D) antibody. After-
wards, any excess D54D2 antibody was cleared from the supernatant through an additional
incubation with unconjugated beads. We immunoblotted untreated samples as well as AB-
cleared extracts for total AB (Figure 21, A). After immunodepletion, monomeric AR was absent
from tau extracts. Oligomeric AB was reduced by 74% in AB-cleared tau extracts, but small
amounts remained. There was nonspecific reduction of tau during A immunodepletion and
thus, we adjusted the tau concentration of non-immunodepleted brain D extracts to match
that of the AB D54D2-immunodepleted extracts for in vivo injections. With these tau-diluted
samples, there was a lower somatic and neuritic inclusion burden on the ipsilateral and con-
tralateral hemisphere of injected animals (Figure 21, B-D). We then examined whether the AB
immunodepletion affected AR redistribution after injection of AD tau extracts into APP mice.
Co-staining with D54D2 antibody and ThioS showed that the redistribution of hippocampal AB
deposits was significantly reduced by the immunodepletion (Figure 21, E and F). As was the
case prior toimmunodepletion, ThioS- stained area in APP mice was unaltered by human brain
extract injection.
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Figure 21: Immunodepleting AB from tau extracts ameliorates AP redistribution.

A) Immunoblots of tau extracts that had been incubated with D54D2 antibody conjugated to Protein G magnetic
beads to remove AR from tau extracts. Blots shown were probed for AR (D54D2) to assess the removal of AB
from the extracts. Bands shown were run on the same blot, but not next to each other and vertical black lines
indicate splicing of the blot. U=untreated samples, D=D54D2-incubated samples. B) Mean number of somatic
inclusions on the ipsilateral hemisphere of animals injected with Control (C) or AD brain tau extracts, or with
Control or AD brain tau extracts that had been cleared of AB by incubating samples with D54D2 antibody conju-
gated to Protein G beads (C-D and AD-D samples). Statistics: Kruskal-Wallis test (Approximate p-value=0.0176,
Kruskal-Wallis statistic=16.97) with Dunn’s multiple comparisons test. N represent individual animals. N(WT-
C)=4, N(WT-C-D)=4, N(WT-AD)=8, N(WT-AD-D)=7, N(APP-C)=2, N(APP-C-D)=1, N(APP-AD)=8, N(APP-AD-D)=10.
*p<0.05. C) Schematics of mean somatic inclusion burden of tau extracts (extracted from AD brains, with or with-
out AB removal) injected animals dependent on mouse genotype. Brain regions not analyzed are depicted in
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grey. Ipsilateral hemisphere is on the right. D) Area occupied by neuritic inclusions in four brain regions of animals
injected with Control or AD brain derived tau extracts with and without AP removal. Statistics: Ordinary Two-way
ANOVA (for dorsal hippocampus - Interaction: F(7,68) = 1.680, p=0.1287; Row Factor: F(7,68) = 11.67, p<0.0001;
Column Factor: F(1, 68) = 1.790, p=0.1864; for ventral hippocampus - Interaction: F(7,70) = 0.06833, p=0.9995;
Row Factor: F(7,70) = 3.114, p=0.0064; Column Factor: F(1,70) = 0.07003, p=0.7921; for fimbria - Interaction:
F(7,61) =0.7205, p=0.6550; Row Factor: F(7,61) = 1.275, p=0.2777; Column Factor: F(1,61) = 2.317, p=0.1331; for
Corpus Callosum - Interaction: F(7,67) = 0.2680, p=0.9573; Row Factor: F(7,67) = 1.825, p=0.0967; Column Factor:
F(1,67) = 0.5514, p=0.4603) with Sidak’s multiple comparisons test. In grey: comparing ipsi- and contralateral
hemisphere for the same genotype and injected extract. In black: comparing ipsilateral values of different tau
extract injected groups. N(WT-C) = 4, N(WT-C-D) = 2, N(WT-AD) = 8, N(WT-AD-D) = 6-7, N(APP-C) = 2, N(APP-C-
D) = 1, N(APP-AD) = 8, N(APP-AD-D) = 10. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. E) Representative im-
ages of the ipsilateral hippocampus with immunofluorescent staining of D54D2 (magenta) antibody for A and
ThioS (green) for dense-core amyloid plaques in APP mice injected with AD brain extracts with and without AB
removal (scale bars: 250 um). F) Quantification of the percent area occupied by D54D2 (top) and ThioS (bottom)
in the hippocampus of APP mice injected with AD brain extracts with and without AB removal. Statistics: Ordinary
Two-way ANOVA (For D54D2 - Interaction: F(1,29) = 0.9156, p=0.3465; Row Factor: F(1,29) = 5.346, p=0.0281;
Column Factor: F(1,29) = 10.96, p=0.0025; For ThioS - Interaction: F(1,32) =0.2028, p=0.6555; Row Factor: F(1,32)
=0.08193, p=0.7765; Column Factor: F(1,32) = 0.02327, p=0.8797) with Sidak’s multiple comparisons test com-
paring ipsi- and contralateral hemisphere within each injection. N represents individual animals. N(APP-AD)=8,
N(APP-AD-D)=8-10. *p<0.05. Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021,
Spreading of Alzheimer tau seeds is enhanced by aging and template matching with limited impact of amyloid-f3,
doi: https://doi.orq/10.1016/}.jbc.2021.101159 , Figure 5, © 2021 Elsevier, with permission from Elsevier under
the CC-BY license.

Neither Ptk2b Deletion nor Treatment with the Fyn Inhibitor AZD0530 Altered Tau
Spreading

Pyk2 was demonstrated to be a tau kinase?®*, and Fyn kinase inhibition or deletion reduced
tau deposition and rescued memory deficits in several tauopathy models>36°4>>4¢_ Therefore,
we sought to determine whether inhibiting Fyn kinase or knocking out Pyk2 would modify tau
spreading. Mice were injected with control or AD tau extracts at 3 months of age, and Fyn
kinase inhibitor treatment with AZD0530 (AZD) was started 2 weeks after the injection. WT
and Ptk2b™" brain tissue was collected 6 months after the injection, whereas vehicle versus
AZD-treated WT animals were maintained until 9 months after injection (Figure 22, A). Overall,
there were no significant changes in the number of somatic inclusions on the ipsilateral and
contralateral hemispheres of injected animals when comparing WT to Ptk2b™~ animals and
vehicle-dosed animals to AZD-treated animals (Figure 22, B and C). Interestingly, the three
additional months of incubation time granted to the vehicle- and AZD-treated animals re-
sulted in an increase of neuritic inclusions in the fimbria and corpus callosum independent of
drug or vehicle treatment (Figure 22, D and E).
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Figure 22: Ptk2b-/- or pharmacological inhibition of Fyn have no impact on tau spreading.
A) Mice in the WT vs Ptk2b”" genotype comparison followed the established timeline of injection at 3 months of
age, waiting period of 6 months, then tissue collection and analysis. WT animals treated with Vehicle or AZD0530
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were also injected at 3 months of age, and then started on their AZD or vehicle treatment two weeks after tau
injection. They were kept for 9 months before tissue was collected and analyzed. B) Schematics of mean somatic
inclusion burden of AD tau extract injected animals dependent on mouse genotype. Brain regions not analyzed
are depicted in grey. Ipsilateral hemisphere is on the right. C) Mean number of somatic inclusions in ipsilateral
brain regions of animals injected with tau extracts extracted from Control or AD brains. C=Control, W=WT,
PK=Ptk2b”", V=Vehicle treated, AZD=AZD0530 treated. Statistics: Kruskal-Wallis test (for dorsal HC - Approximate
p-value=0.563, Kruskal-Wallis statistic=2.046; for ventral HC - Approximate p-value=0.0153, Kruskal-Wallis sta-
tistic=10.43; for RSA - Approximate p-value=0.5301, Kruskal-Wallis statistic=2.209; for Motor Cx - Approximate
p-value=0.3049, Kruskal-Wallis statistic=3.625; for Posterior Parietal - Approximate p-value=0.0217, Kruskal-Wal-
lis statistic=9.663; for Primary Somatosensory Cx - Approximate p-value=0.0908, Kruskal-Wallis statistic=6.472;
for Auditory Cx - Approximate p-value=0.0209, Kruskal-Wallis statistic=9.743; for Ecto- and Perirhinal CX - Ap-
proximate p-value=0.0077, Kruskal-Wallis statistic=11.9; for Entorhinal Cx - Approximate p-value=0.8443, Krus-
kal-Wallis statistic=0.8217; for Piriform Cx - Approximate p-value=0.8054, Kruskal-Wallis statistic=0.9828) with
Dunn’s multiple comparisons test. N represent individual animals. N(WT-C)=5, N(WT-AD)=6, N(PK-C)=5, N(PK-
AD)=5, N(WT-AD-V)=8-10, N(WT-AD-AZD)=9. *p<0.05, **p<0.01. D) Area occupied by neuritic inclusions in four
regions of animals injected with tau extracts. Statistics: Ordinary Two-way ANOVA (for dorsal hippocampus -
Interaction: F(5,66) = 1.122, p=0.3574; Row Factor: F(5,66) = 1.341, p=0.2580; Column Factor: F(1, 66) = 8.063,
p=0.0060; for ventral hippocampus - Interaction: F(5,63) = 0.7387, p=0.5973; Row Factor: F(5,63) = 1.155,
p=0.3411; Column Factor: F(1,63) = 4.363, p=0.0408; for fimbria - Interaction: F(5,62) = 5.641, p=0.0002; Row
Factor: F(5,62) = 6.684, p<0.0001; Column Factor: F(1,62) = 12.88, p=0.0007; for Corpus Callosum - Interaction:
F(5,63) = 0.7336, p=0.6010; Row Factor: F(5,63) = 5.642, p=0.0002; Column Factor: F(1,63) = 1.505, p=0.2244)
with Sidak’s multiple comparisons test. In grey: comparing ipsi- and contralateral hemisphere of the same geno-
type and injected extract. In black: comparing ipsilateral values of different AD tau extract injected groups. N
represent individual animals. N(WT-C)=5, N(WT-AD)=6, N(PK-C)=5, N(PK-AD)=5, N(WT-AD-V)=8-10, N(WT-AD-
AZD)=8-9. *p<0.05, **p<0.01. E) Representative images of neuritic inclusions in the fimbria (scale bar: 50 um).
Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies et al. 2021, Spreading of Alzheimer tau
seeds is enhanced by aging and template matching with limited impact of amyloid-fs,
doi: https://doi.org/10.1016/j.jbc.2021.101159 , Figure 6, © 2021 Elsevier, with permission from Elsevier under
the CC-BY license.

Deficiency of PGRN or TMEM106B Does Not Alter Tau Accumulation, but Aging En-
hances Tau Spreading and Inclusion Burden

As PGRN and TMEM106B have both been reported to regulate lysosomal biology*°®>2°, we
sought to evaluate whether PGRN or TMEM106B deficiency would modulate tau spreading.
Here, we also considered whether advanced age would interact with the Tmem106b genotype
since aging is a key risk factor for AD. Mice homozygous for the hypomorphic Tmem106b allele
show some lysosomal abnormalities but have no observable alteration in life span facilitating
these studies®?°. We injected WT (W) and Grn™/~ (G) mice with control or AD patient—derived
tau at 3 months of age, whereas aged WT (AW) and Tmem106b~~ (T) mice were 19 months
old at the time of injection and 25 months at the end of the experiment (Figure 23, A). AD
extract—injected animals showed comparable amounts of somatic inclusions on both hemi-
spheres, regardless of animal age and genotype (Figure 23, B and C). Interestingly, the control
extract injection induced somatic tau inclusions in aged mice but not in young mice. This phe-
nomenon depended on mouse age, not genotype, and was spatially restricted close to the
injection site (Figure 23, D). Furthermore, advanced mouse age also had an impact on the
density of neuritic tau inclusions, causing significant increases in the ventral hippocampus,
fimbria, and corpus callosum in AD extract—injected animals (Figure 23, E and F). As for so-
matic tau inclusions, mouse genotype did not alter the neuritic tau inclusion burden. These
findings expand evidence that aging renders cells more susceptible to tau seeding and spread-
ing. In contrast, disrupting lysosomal degradation by knocking out either PGRN or TMEM106B
had no impact on tau spreading.
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Figure 23: Grn-/- and Tmem106b-/- do not impact tau spreading, but advanced mice age exacerbates contra-
lateral hippocampal inclusions and neuritic tau deposition.

A) WT and Grn”" mice were injected according to the timeline previously described. Aged WT and Tmem106b”
mice were injected at 19 months of age instead of 3 months of age and then followed the same timeline of 6
months waiting period, followed by mice perfusion, tissue collection and analysis. B) Schematics of mean somatic
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inclusion burden of Control and AD tau extract injected animals dependent on mouse genotype and age at injec-
tion. Brain regions not analyzed are depicted in grey. Ipsilateral hemisphere is on the right. C) Mean number of
somatic inclusions in ipsilateral brain regions of animals injected with tau extracts from Control or AD brains.
C=Control, W=WT, G=Grn”", AW=Aged WT, T=Tmem106b~-. Statistics: Kruskal-Wallis test (for dorsal HC - Approx-
imate p-value=0.3227, Kruskal-Wallis statistic=3.485; for ventral HC - Approximate p-value=0.5686, Kruskal-Wal-
lis statistic=2.018; for RSA - Approximate p-value=0.6358, Kruskal-Wallis statistic=1.705; for Entorhinal Cx - Ap-
proximate p-value=0.9075, Kruskal-Wallis statistic=0.5511) with Dunn’s multiple comparisons test comparing AD
injected groups. N represent individual animals. N(WT-C)=4, N(WT-AD)=8, N(G-C)=7, N(G-AD)=12, N(AWT-C)=6,
N(AWT-AD)=7, N(T-C)=4, N(T-AD)=7. D) Representative images of ventral hippocampi of animals injected with
Control or AD tau extracts (scale bar: 50 um). E) Area occupied by neuritic inclusions in four brain regions of
animals injected with Control or AD brain derived tau extracts. Statistics: Ordinary Two-way ANOVA (for dorsal
hippocampus - Interaction: F(7,91) = 3.335, p=0.0033; Row Factor: F(7,91) = 3.823, p=0.0011; Column Factor: F(1,
91) = 32.08, p<0.0001; for ventral hippocampus - Interaction: F(7,83) = 5.547, p<0.0001; Row Factor: F(7,83) =
5.329, p<0.0001; Column Factor: F(1,83) = 32.05, p<0.0001; for fimbria - Interaction: F(7,94) = 10.82, p<0.0001;
Row Factor: F(7,94) = 11.02, p<0.0001; Column Factor: F(1,94) = 59.22, p<0.0001; for Corpus Callosum - Interac-
tion: F(7,94) = 2.355, p=0.0292; Row Factor: F(7,94) = 5.079, p<0.0001; Column Factor: F(1,94) = 12.36, p=0.0007)
with Sidak’s multiple comparisons test. In grey: comparing ipsi- and contralateral hemisphere for the same in-
jected extract and genotype. In black: comparing ipsilateral values of AD tau extract injected groups. N represent
individual animals. N(WT-C)=4, N(WT-AD)=8, N(G-C)=7, N(G-AD)=12, N(AWT-C)=6, N(AWT-AD)=7, N(T-C)=4, N(T-
AD)=7. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. F) Representative images of fimbria and corpus callosum
neuritic tau inclusions (scale bars: 50 um). Figure re-printed from JBC, Volume 297, Issue 4, Article 101159, Nies
et al. 2021, Spreading of Alzheimer tau seeds is enhanced by aging and template matching with limited impact
of amyloid-f3, doi: https://doi.org/10.1016/].jbc.2021.101159 , Figure 7, © 2021 Elsevier, with permission from
Elsevier under the CC-BY license.

Summary of Results

To better understand the interplay of Pyk2, Fyn and GSK3R on phosphorylating tau, kinase
phosphorylation was first studied in HEK-293T cells overexpressing the proteins of interest or
in in vitro kinase assays. In these systems, Pyk2 and Fyn worked in synergy to increase GSK3R
and subsequent tau phosphorylation. Furthermore, GSK3R co-immunoprecipitated with Pyk2
and Fyn kinase inhibition diminished its proximity to tau as well as reduced tau spreading in
mouse cortical neuron cultures seeded with human tau. Thus, this initial data supported a role
for the three kinases in contributing to tau hyperphosphorylation and spreading. To confirm
these initial results, two more physiologically relevant model system of iPSC-derived neurons
for further in vitro studies and of mice injected with human tau for in vivo tau spreading stud-
ies were established and validated.

In iPSC-derived neurons, the effects of pharmacologically inhibiting Fyn and Pyk2 were
studied after successful validation of the model system. Contrary to previous results, no
changes in GSK38 phosphorylation were observed. In addition, tau phosphorylation on certain
epitopes was surprisingly increased upon Pyk2 inhibition. To assess the potential impact of
AR-dependent PrPS-mGIluR5-Fyn signaling on tau phosphorylation, iPSC-derived neurons were
incubated either short- or long-term with synthetic ARBo. Upon long-term treatment, neurons
showed decreases in synaptic density as expected. In contrast though, short-term treatment
with sARo did not activate Pyk2 and Fyn kinases and showed no effect on GSK3R, tau or other
downstream targets. These results suggest that the observations from the over-expression
model studies do not translate faithfully into other model systems and that likely more inter-
action partners and mechanisms are important for these kinases to act on tau in human cells.

To study the impact that different factors thought to modulate tau aggregation might have
on tau spreading, mice were injected with tau extracted from human brains. Surprisingly, no
changes in tau spreading were observed when AR was present (APP/PS1 and hTau-AppN-F/N-
F mice), when kinases Fyn or Pyk2 were inhibited or when lysosomal homeostasis was
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disrupted through knockout of PGRN or TMEM106B. In contrast, advanced mouse age and
template matching (humanized Tau presence) increased the amount of neuritic tau deposition
seen in AD tau injected mice. Overall, this suggests that mechanisms that are reported to be
involved in the intracellular tau aggregation process only have limited impact on tau spread-
ing.
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Discussion

Intracellular Interactions of Fyn, Pyk2, GSK3[8 and Tau Diverge in Different Cellular
Model Systems

In the present study, the one aim was to characterize the interactions of Pyk2, Fyn and
GSK3RB with one another and their effect on intracellular tau phosphorylation in the context
of AD by using different in vitro model systems. Previously, the synergistic co-activation of
Pyk2 and Fyn had already been described by several groups in different model sys-
tems?37,238,240547-551 Early publications?3®240 showed that Pyk2’s kinase domain is necessary
for the interaction of Pyk2 and Fyn to occur in in vitro kinase assays and in human embryonic
kidney 293T (HEK-293T) cells 2%, Furthermore, they demonstrated that reciprocal activation
of Pyk2 and Fyn takes place and is specific to Fyn over other Src family kinases?38. This co-
activation has since been confirmed in mouse fibroblasts®*° as well as model systems that do
not rely on over-expression like human T cells®>%>>! and mouse neurons®*’. Moreover, their
interaction has been implicated in AD to lie downstream of amyloid- oligomer (ARo) induced
signaling via PrP¢ and mGIluR5249:547,552

In contrast, the connection between Pyk2 and GSK318 as well as Fyn and GSK31 in the con-
text of AD is less well established and was a focus of this thesis. Many existing pieces of evi-
dence rely on over-expression model systems and/or show correlations of kinase activation
rather than direct interactions (e.g. co-localization in immunohistochemical staining). For Fyn
— GSK3R interaction, Lesort et al. published a study in 1999 suggesting that GSK3R and subse-
quent tau phosphorylation were Fyn dependent3!®, They showed in SH-SY5Y neuroblastoma
cells that phosphorylation of Tau upon insulin treatment correlated with increases in GSK313
tyrosine phosphorylation levels, and that GSK3R co-immunoprecipitated with Fyn after insulin
stimulation. Furthermore, GSK3R8 could be phosphorylated by purified active Fyn in vitro. In
addition, a very recent study found that synaptosomal lipid rafts extracted from AR overex-
pressing mice were enriched for Fyn, NR2B, GSK3R, total tau, hyperphosphorylated tau and
tau oligomers compared to lipid rafts extracted from WT mice>>3. For Pyk2 — GSK3R interac-
tion, over-expressed Pyk2 was shown to phosphorylate GSK3R in transfected Chinese Hamster
Ovary (CHO) cells?%®, B103-LPA;, SH-SY5Y neuroblastoma and PC12 cells3?’. These publications
also demonstrated that an intact Pyk2 kinase domain is necessary for the interaction of Pyk2
with GSK3R, and also showed co-immunoprecipitation of the two proteins from CHO and
B103-LPA; cells206327,

In this thesis, we used an in vitro kinase assay to determine the Ku of Pyk2 — GSK3R and
Fyn — GSK31 interaction. In accordance with previously published data, we found that both
Pyk2 and Fyn can phosphorylate GSK3R at Y216. When fitting Michaelis-Menten kinetics, the
Kwm of the Pyk2 — GSK3( interaction is close to the mouse brain concentration of GSK3R, making
it plausible that this interaction could take place in mouse neurons under physiological condi-
tions. To our knowledge, this is the first time Kwv for these interactions were measured and
compared to endogenous mouse brain protein levels. In addition, we used a HEK-293T over-
expression system to study changes in phosphorylation of GSK38 and tau upon co-transfection
with either Pyk2, Fyn or both. In agreement with the data reported from previous phosphor-
ylation studies in over-expression systems?°6:318 'we found that both Pyk2 and Fyn can activate
GSK3RB through phosphorylation at Y216 and that they could act in synergy to further increase
GSK3R and subsequent tau phosphorylation at AT8. As expected, GSK33 had to be present in
the system for tau phosphorylation at AT8 to occur, since Pyk2 and Fyn are unable to phos-
phorylate tau at this epitope on their own. Of note, Pyk2 alone was able to cause a higher
increase in GSK3R and tau phosphorylation than Fyn alone. Furthermore, when GSK3R and
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Pyk2 were transfected into HEK-293T cells they co-immunoprecipitated, further confirming
results from previous studies?°®.

In addition to the GSK3R-mediated tau phosphorylation, several papers have reported a
direct and reciprocal interaction between Fyn and tau, in which Fyn can phosphorylate tau at
epitope Y18 and tau is responsible for recruiting Fyn to dendritic spines!61,207,291,292,548,554,555 '
paper investigating tau’s role in tethering Fyn to post synaptic densities found that truncation
or deletion of tau in transgenic mice lead to the absence of tau in the dendritic compartment
and resulted in mislocalization of Fyn away from postsynaptic densities. In addition, they sug-
gested that the disruption of Fyn’s interaction with NMDA receptor subunit NR2B in APP mice
crossed with tau KO mice led to amelioration of the mice learning and memory deficits!®®.

With regards to Fyn directly phosphorylating tau, it was first noted in the late 1990s that
neurons showed co-labeling for hyperphosphorylated tau and elevated levels of Fyn in im-
munohistochemical staining of human AD brains?. Later on, Gloria Lee and colleagues inves-
tigated this connection further and identified that the SH3 domain of Fyn could bind to PXXP
motifs on tau?2. Furthermore, tau could be co-immunoprecipitated with Fyn in vitro as well
as endogenously from SH-SY5Y neuroblastoma cells and upon co-transfection into different
cell lines tau was tyrosine phosphorylated by Fyn?°2, This data was further expanded on in a
follow up study determining that Fyn’s phosphorylation site on tau was Y18%%’. In addition,
they also identified in this study that phospho-Y18 could be detected in neurofibrillary tangles
(NFT), but not neuropil threads or dystrophic neurites in AD patient brains. A third study from
this group also examined if Fyn phosphorylation differed between tau isoforms and found that
the tau 3R isoforms were better substrates for Fyn, that disease causing FTDP-17 mutations
increased 4R tau probability to be phosphorylated by Fyn and that phosphorylation of tau Y18
takes place in a mouse model of FTD over-expressing P301L tau?°l. Another group recently
crossed transgenic mice expressing P301L mutant tau with Fyn’/- mice®*. They observed re-
duced NFT numbers, tau hyperphosphorylation and synaptic tau accumulation, and hypothe-
size that Fyn might occupy a central regulatory role in tau aggregation and pathology. Lastly,
Fyn —Tau interaction was more closely tied to AR-induced signaling by a study from Larson et
al, where they showed that AR oligomers could bind to a complex of PrP¢ and Fyn in a PrP¢-
dependent manner, increasing Fyn activation and subsequent tau pY18 phosphorylation in
mouse primary neurons>>4. In addition, another way Fyn might facilitate tau accumulation was
recently proposed, in which AR oligomers trigger the activation of ERK/S6 signaling through
Fyn, leading to increased local protein synthesis of tau and thus it’s hyperphosphorylation and
deposition in neurons somatodendritic domain*8. In this thesis, we observed that direct in-
teraction of Fyn and tau is dependent on Fyn’s kinase activity in HEK-293T cells, and that Fyn
inhibition can decrease tau seeding and spreading in cortical mouse neuron cultures. This is in
accordance with the previously published data indicating that Fyn-tau interaction is important
for modulating the proteins localization as well as tau pathology severity.

It should be noted, that Pyk2 might also be able to phosphorylate tau at residue Y18. First
evidence supporting a role of Pyk2 in tau phosphorylation came from a study investigating tau
phosphorylation in pR5 mice (expressing tau carrying the FTLD mutation P301L leading to tau
deposits)?®°. In this study, immunohistochemical staining of mouse brain tissue showed that
pY402 Pyk2 co-localized with activated GSK3R as well as AT8/AT100 pS422 Tau in neuron cell
bodies, suggesting that Pyk2 might act via GSK3 or directly on tau to cause tau hyperphos-
phorylation?®. In a follow up study, the pR5 mice were crossed with mice overexpressing Pyk2
in neurons?®. In this model, phosphorylation of tau at Y18 was increased upon Pyk2 overex-
pression, but tau phosphorylation at other epitopes remained the same. The same study also
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showed that Pyk2 can phosphorylate tau at Y18 in a HEK-293T cell overexpression model, as
well as in an in vitro kinase assay.

One caveat many of the studies investigating Fyn and Pyk2 interactions with GSK3R and
tau share is that they employ mouse or cellular models reliant on (FTLD mutant) tau overex-
pression, which might distort the relevance of these interactions in human AD patients. When
we moved into a model system of iPSC-derived neurons that did not rely on overexpression
of our proteins of interest, the interactions previously seen in our HEK-293T over-expression
model were not confirmed. Upon pharmacological inhibition of Pyk2, Fyn or both kinases, no
changes in GSK3R phosphorylation levels could be observed. In addition, the phosphorylation
of tau epitope Y18, Fyn and Pyk2’s reported direct phosphorylation site, also did not decrease
upon kinase inhibition. Surprisingly, some tau epitopes like PHF-1 and AT8 even showed an
increase in phosphorylation upon Pyk2 inhibition.

There could be several explanations for our conflicting results obtained from HEK-293T
cells and iPSC-derived neurons. From a model system perspective, on the one hand it is possi-
ble that the overexpression of kinases in HEK-293T cells leads to an artificial hyperphosphor-
ylation of tau that might not be physiologically relevant. On the other hand, iPSC-derived neu-
rons have the caveat of being “young” cells that might not exhibit the amount of tau phos-
phorylation aged neurons in the brain of an AD patient might display. Thus, the baseline levels
of phospho-tau epitopes like pY18 might be low and pharmacological inhibition of Fyn and
Pyk2 might not cause further decreases due to the low baseline levels. To test this hypothesis,
we would have to first increase tau pY18 levels and then observe the effects of inhibiting Pyk2
and/or Fyn. It is also possible though, that the lack of change in tau Y18 phosphorylation upon
kinase inhibition in iPSC-derived neurons was physiologically relevant.

Support for this line of reasoning comes from the unexpected increases in tau phosphory-
lation that other tau epitopes (AT8 and PHF-1) showed upon Pyk2 inhibition, that cannot be
explained by the argument of low baseline phospho-Tau. Instead, this would support the hy-
pothesis of a more complex tau phosphorylation regulation system, in which we currently
have not identified all players. We speculate that Pyk2 and Fyn are more important in indi-
rectly regulating tau phosphorylation through their interactions with other kinases and/or by
Fyn activity impacting tau binding and thus its localization. In support of this hypothesis, re-
cently published data from our lab found that crossing PS19 mice with Pyk2”/- mice lead to an
exacerbation of tau phosphorylation, earlier death and worsened spatial memory and in-
creased hippocampal C1q deposition®**. Furthermore, in the same study proteomic profiling
comparing PS19-Pyk2”/- mice to PS19 mice was conducted and several potential protein ki-
nases were identified. This included LKB1 and p38 MAPK, that are regulated by Pyk2 and could
be involved in regulating tau pathology. A second study from our lab in support of this hypoth-
esis found that pharmacologically inhibiting Fyn in PS19 mice did not alter tau Y18 phosphor-
ylation, while serine/threonine epitopes like AT8 and PHF-1 showed decreased phosphoryla-
tion levels®3®. It is of note though that another group reported contradictory results, observing
decreased tau Y18 phosphorylation in a newly generated mouse strain (obtained by crossing
Fyn”- mice with mice carrying the tau P301L mutation) compared to the tau transgenic mouse
model with intact Fyn>*. We speculate that the reasons for the discrepancies between the
two studies might lie in the timing and duration of Fyn inhibition, since in the pharmacological
Fyn inhibition model Fyn was only inhibited once mice had reached 2 months of age, while
Fyn was never present in the Fyn deletion model.

Furthermore, to elucidate a potential role of Pyk2, Fyn and GSK3R in connecting AR and
tau pathologies via PrP¢-mGIuR5-Fyn-Pyk2 signaling, we incubated the iPSC-derived neurons
with synthetic AR oligomers (sARo) for either 30 minutes or 7 days. As expected, we saw
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decreases in synaptic density when we incubated iPSC-derived neurons with sABo for one
week, which was in accordance with previously published data from mouse primary neu-
rons23, brain slices?#9°>2 as well as other groups studying the impact of sARo on iPSC-derived
neurons>>%->%8,

In contrast, when we tried to stimulate Fyn and Pyk2 activity by incubating iPSC-derived
neurons with sABo for a shorter time, we were unable to detect consistent increases in Fyn or
Pyk2 phosphorylation, suggesting that the signaling cascade was either not activated or we
were unable to detect its activation. To our knowledge, no group has reported activation of
Fyn upon short-term synthetic Ao treatment in iPSC-derived neurons, but other changes in
the phospho-proteome in response to sARBo treatment have been observed via mass spec-
trometry>>°. It would be of interest to incubate neurons short-term with sABo and then inves-
tigate more broadly which proteins/kinases display changes in activity. The ABo-PrP¢-mGIuR5-
Fyn signaling cascade has been described repeatedly in primary mouse neuronal culture84201,
as well as studied extensively in mice where its disruption rescued mouse behavior and Al
pathology?!1212214 syggesting that it might exist and be of importance in human neuronal
culture and ultimately human AD. This leads us to believe, that technical reasons are most
likely to blame for our inability to see activation of Fyn and Pyk2 upon sARo incubation. This
hypothesis is further supported by reports from another group that saw PrP-dependent de-
creases in synaptic damage upon ARo treatment in iPSC-derived neurons, suggesting that PrP¢
binding to ARo is relevant to AD pathophysiology in this model system>>%->60,

Potential reasons for our inability to detect increases in phosphorylation for Fyn and Pyk2
in response to short-term sARo treatment include that we might work with too immature cell
cultures, that we might try to observe phosphorylation events at the wrong time-point after
treatment, that the type of synthetic ARo we prepared might not interact with PrP¢ or that we
used too low concentrations of sARo to achieve detectable signaling. Assumptions about at
what time phosphorylation increases, which preparation of sARo to use and at what monomer
equivalent sARo concentration to treat with have been based off primary mouse neuronal
cultures. These assumptions might have to be revisited, since most signaling experiments in
primary cultures have been conducted at DIV 21, where primary neurons are likely more ma-
ture and have more spines than iPSC-derived neuron cultures. We have validated, that the
iPSC-derived neurons express all relevant signaling cascade proteins, but a lack of maturity of
the cultures could also mean that they are not localized together at synapses yet. In the future,
performing immunohistochemical staining of our signaling cascade components could confirm
their synaptic localization.

Previous work in iPSC-derived neurons generated from familiar and sporadic AD patient
cell lines has often focused on studying alterations in APP processing or clearance, and ob-
served tau and GSK3R phosphorylation as downstream effects of increased AR, produc-
tion>61°62, The mechanisms leading to these increases in phosphorylation of tau and GSK3R
remain elusive though. We believe that it would be of great interest to the field to validate
signaling cascades that had previously been studied in mice or other tissue culture systems to
determine their translation into human neurons. In this thesis, we attempted to study ARo-
PrPS-mGIuR5-Fyn signaling in iPSC-derived neurons, but further optimization will be needed
to determine, if this signaling cascade is faithfully replicated in this model system. If the exist-
ence of the signaling cascade can be confirmed, revisiting kinase inhibition experiments for
Fyn and Pyk2 might be of interest to try to disrupt ARo -induced signaling. At this point, the
importance, and potential mechanisms of Pyk2 and Fyn interaction with GSK3R and tau in
human AD are under debate since conflicting data from different model systems exist. Data
generated for this thesis was unable to clarify this question. Further studies in model
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organisms that do not employ over-expression of kinases or mutant tau would likely be helpful
to elucidate this question.

Tau Spreading is impacted by template matching and ageing, but not Al presence, Pyk2
and Fyn kinase inhibition or lysosomal protein PGRN and TMEM106b ablation

We examined cellular and molecular processes that might modify tau spreading in the
context of AD. We extracted tau seeds from human AD subject brains and injected them into
WT and transgenic mice as described previously*3144448 gand observed that AR pathology, Fyn
or Pyk2 inhibition, and lysosomal dysregulation by PGRN or TMEM106B deficiency have no
significant effects on tau spreading. In contrast, animal age and the presence of hTau pro-
moted the deposition of neuritic, but not somatic, tau. We characterized the quality and seed-
ing capabilities of our tau extracts. It appears that the extracts used in this study contain tau
isoforms similar to those in the literature*** and also contain low levels of AB. The in vitro
seeding capabilities of our extracts also match previous findings**4. As the tau / total protein
ratio in our extracts ranged between 1.6 and 9.5% tau content by immunoblot, we injected
0.5 pg/site with brain AB extracts, whereas other groups used 1 to 4 pg/site?39444484485 \While
dose —response relationships were ill defined in our study, the lower concentrations may ex-
plain the limited somatic tau inclusions in WT animals, and why only regions with the highest
amounts of tau deposition were significantly different from control-injected animals. How-
ever, the pattern of hippocampal and cortical regions with highest accumulation was con-
sistent with previous studies***.

There has been a longstanding debate regarding how AB-induced signaling and/or AB
plagues themselves facilitate or even initiate the formation of tau deposits. On one hand, in
mouse models overexpressing both mutant APP and mutant tau, NFT formation is accelerated
by the presence of AB>%>32, On the other hand, for models dealing with injected tau or AB,
the evidence is less clear. Injecting artificial AB42 fibrils into a mouse model overexpressing
P301L mutant tau led to a five-fold increase in NFTs>%°. In contrast, studies using a human tau
injection model reported a decrease in the number of NFT in the hippocampus and EC in
5xFAD mice, accompanied by an increase in NP tau instead*>°%3, In this model, microglial
ablation and TREM2 knockout further enhanced NP tau deposition®®. In a third study,
injecting the less severe AppN“*/N“F mouse model did not alter NFT or NP tau burden®>. In a
fourth study, hTau mice were crossed with AppN-GF/N-6-F mice (carrying the Arctic mutation
in addition to the Swedish and Iberian mutations) and injected with tau seeds*?. That study
observed an increase in tau deposition for mice carrying hTau in comparison to WT animals,
and this increase was further exacerbated in mice carrying both hTau and AppNtGF/NEG-F
mutations.

Here, we observed equally increased somatic inclusions in AD tau extract—injected hTau
or hTau-App"F/NF (DKI) mice as compared with WT animals. Both groups had greater tau
inclusions than mice with murine tau, and this aligns with evidence that the presence of hTau
in mice increases tau deposition after tau seed injection*®?, but that the AppN“/N-F genotype
had no impact on tau spreading®®®. When analyzing another AB-overexpression mouse model
(APPswe/PSEN1AE9, termed APP here), we expected to see a decrease in NFT and increase in
NP tau similar to what was previously seen in 5xFAD mice, but we did not observe any changes
in somatic inclusion burden. In addition, we detected no increase in NP tau in AD extract—
injected DKI or APP animals. We hypothesize that this might be due to the greatly accelerated
AB pathology in 5xFAD compared with APP or DKI mice, with 5xFAD mice showing higher
plaque burden at a younger age®*. Potentially, this provides an earlier and more aggressive
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microenvironment around plaques that is conducive to the aggregation of NP tau. Thus, we
speculate that injecting APP/PS1 mice at 9 months instead of 3 months of age might lead to a
phenotype similar to the one observed in 5xFAD mice. Another observation supporting the
hypothesis that only high levels of AB burden are able to impact tau accumulation is that hTau-
AppN-6-F/N-GF mice injected with tau show increased tau deposition compared with hTau
mice*’!, while we observed no exacerbation in mice with the less severe AB phenotype, hTau-
App"“F/NEF mice. The hypothesis of AB-independent tau spreading with moderate levels of AR
accumulation is further supported by the fact that AB and tau show distinct spreading patterns
in both human and animal models*?442443.565 \We observed a redistribution of AB accumula-
tion on the ipsilateral hemisphere, whereas dense-core plaques and tau depositions remained
unaffected by the injection. The redistribution was not induced by injecting control extract
and was ameliorated by partial immunodepletion of AB. Thus, we conclude that the redistri-
bution was dependent on the small amounts of residual AB in our tau extracts. In support of
this notion, the pattern of redistribution we observed is similar to the deposition reported by
other groups!*’~14% when injecting AB extracted from human brains into mice. While AB pa-
thology at the levels of APPswe/PSEN1AE9 or App"-F/N-F mice did not alter tau spreading from
injected mature AD tau seeds, this does not address the question whether AB-dependent
mechanisms initiate tau misfolding separately from the spread of preformed seeds.

As discussed earlier, Fyn and Pyk2 are tyrosine kinases that have been reported to directly
interact with and phosphorylate tau!61207.264545> gnd to also increase the activity of glycogen
synthase kinase 3329632735 A recent study has shown increases in tau phosphorylation at Y18
in human Pyk2/P301L tau double transgenic mice?®*. Other studies found that Fyn also phos-
phorylated tau at Y1827 and that tau recruits Fyn to synapses'®l. Furthermore, knocking out
or pharmacologically inhibiting Fyn in human tauopathy models led to a decrease in NFT, tau
phosphorylation, and synaptic tau accumulation®3°>4>°4¢_We thus expected that inhibiting ei-
ther one of these kinases in WT mice, by knocking out Pyk2 or pharmacologically inhibiting
Fyn, might decrease tau phosphorylation, resulting in reduced tau deposition after tau seed
injection. However, we observed no effect of kinase inhibition or deletion on tau spreading.
There are several possible explanations for the negative results. The first one is that other
kinases can compensate for the loss of one kinase. This would imply that we would have to
disrupt several kinases at the same time to achieve an observable effect on tau spreading by
AD tau seeds. Another one is that the phospho-tau epitopes targeted by Fyn and Pyk2 are
important for the initial de novo tau misfolding and aggregation and but are not critical after
the initial seeding event has taken place, when templating of conformation is key. By injecting
exogenous “mature” tau seeds, the current study focuses exclusively on templating and
spreading of tau but does not assess the initial de novo seed formation steps in tau pathology.
There is also evidence in the literature supporting this hypothesis since inhibiting Fyn in WT
animals immediately after tau pathology was induced by traumatic brain injury—reduced phos-
pho-tau accumulation and synapse loss, while initiating Fyn inhibition 100 days after the injury
showed no effect>3®.

Another cellular process dysregulated in AD is autophagy*®*4°*. We focused on two pro-
teins (TMEM106B and PGRN) that regulate lysosomal function. Reduction of TMEM106B by
hypomorphic Tmem106b alleles was reported to decrease levels of lysosomal enzymes and to
disrupt lysosomal acidification, one of the final steps in autophagy, leading to impaired deg-
radation®®’. PGRN deficiency was reported to cause increases in lipofuscin and in the levels of
many lysosomal enzymes®®’. Furthermore, decreasing PGRN levels were reported to enhance
tau phosphorylation in P301L mutant tau mice®%4>%, However, the mechanistic details of this
enhanced tau phosphorylation remain elusive. Given the previously reported effects of
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TMEM106B and PGRN deficiency, we hypothesized an increase in tau spreading in the two
knockout mice. Surprisingly, we observed no significant effects on tau spreading when dis-
rupting expression of either TMEM106B or PGRN. We speculate that the lack of effect on tau
spreading might be due to compensation by other cellular mechanisms (e.g., upregulated
ubiquitin—proteasome response). Alternatively, as for the synaptic tyrosine kinases, lysosomal
degradation may be more relevant for clearing de novo seed formation than for modulating
tau templating and propagation.

Tau spreading was strongly increased by the presence of human tau and by advanced
mouse age. We were able to confirm that the presence of hTau increases neuritic tau deposi-
tion in mice. Previous studies reported that tau from a particular species might template best
onto tau of that same species*3%491, This matches with the idea that a substrate with an amino
acid match to the seed is more energetically favored to match the misfolded state of the seed.
The effect of age on tau spreading is most interesting, and an increase in somatic and neuritic
tau seeding has been detected in older mice previously***. In humans, aging is one of the most
important risk factors for developing sporadic AD, and it is suspected that a variety of factors,
including impaired protein clearance mechanisms, contribute to susceptibility and develop-
ment of neurodegenerative diseases®®®. Our data indicate that tau deposition is increased
when injecting tau seeds into older animals but disrupting lysosome-mediated clearance in
aged mice by knocking out TMEM106B did not further increase tau deposition.

Since most mechanisms explored in this thesis did not have an impact on tau spreading,
the question remains what factors mitigate tau spreading? In the last two years, several stud-
ies implicating different cellular mechanisms have been published. One study investigated the
effect of TREM2 knockout and microglial depletion on neuritic plaque tau after tau injection
into a transgenic APP mouse model®®3. They found that both TREM2 KO and microglial ablation
increased neuritic plaque tau seeding and spreading and hypothesize that the protective ef-
fects conveyed by TREM2/microglia were most likely due to the activated state of the micro-
glia surrounding plaques. Other studies used tau overexpression models combined with tau
injections of various origin (human or mutant recombinant tau) to investigate tau spreading.
One group studied the selective vulnerability of one of the earliest sites of AD tau accumula-
tion, noradrenergic neurons in the locus coeruleus (LC). They found that a monoamine oxidase
A metabolite of norepinephrine can interact with tau at residue K353, promoting its aggrega-
tion and subsequent propagation, rendering these neurons more susceptible to tau pathol-
ogy°®’. Another study found that tau acetylation can shift its degradation from both macroau-
tophagy and chaperone-mediated autophagy (CMA) towards mostly macroautophagy. In re-
turn, when CMA is inhibited in mice, acetylated tau accumulates in neurons and spreads to
more recipient neurons than in WT mice*’®. A third study investigated the effects of different
APOE isoforms on tau spreading in PS19 mice crossed with mice homozygous for different
APOE alleles. Surprisingly, they found APOE3 to cause the highest increase in tau spreading
compared to PS19 mice or PS19 mice carrying with the other APOE alleles®*. This might be
explained by the absence of other pathologies (e.g. AR) that interact with APOE and might
change its impact on tau spreading.

Future Directions

As the contradicting results from previous studies and this thesis show, the specific role of
Pyk2 and Fyn in tau aggregation remains unclear, with different model systems displaying dif-
ferential regulation of tau phosphorylation. Further research is needed to clarify which model
system(s) best recapitulate AD pathology in humans and if the role of Pyk2 and Fyn on GSK3R
and tau in neurons is direct or indirect, and relevant to human AD tau pathology. In the future,
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moving away from model systems that rely on overexpression of FTLD tau mutants might be
of interest for tau phosphorylation research in the context of AD. Another useful approach
might be to identify interaction partners of Pyk2 and Fyn in non-AD patient-derived iPSC-de-
rived neurons that could phosphorylate tau. After their identification, their (dys)regulation
could be studied in AD patient-derived cells and/or in mouse models.

Moreover, Fyn and Pyk2 are both expressed in microglia, albeit at lower levels than in
neurons?41249568 5o far, their roles in microglia in the context of AD have not been extensively
studied, but Fyn has been suggested to regulate a-synuclein uptake into microglia in Parkin-
son’s Disease®®®. A recent publication has underscored the importance of microglia for tau
spreading®®3, and thus, characterizing interaction partners of Pyk2 and Fyn in microglia might
be of interest in the context of tau aggregation and spreading.

To optimize the experiments in which iPSC-derived neurons were treated with sARo to
induce PrP¢-mGIuR5-Fyn-Pyk2 signaling, several approaches could be taken. First, the binding
of the sARo species should be assessed via immunohistochemistry, to confirm successful bind-
ing of sARo to PrPC. If binding is successful, assessing downstream signaling events and iden-
tifying potential new proteins that respond to AR binding would be important. Furthermore,
perturbing the system through CRISPR/Cas9-mediated PrP® knockdown or competitive inhibi-
tion would be of interest to confirm the importance of PrP¢ in inducing downstream signaling
events. In addition, the co-localization of the signaling cascade components in post-synaptic
densities and/or dendritic spines could be confirmed through confocal imaging. If binding of
the currently used sARo species is not successful, other sARo preparations should be tested
for their binding abilities. Ultimately, studying the effects of highly purified AR from human
AD patient brains would be useful to observe differences from synthetics ABo preparations.

To further study the factors impacting tau spreading, the scope of studied factors in mice
should be broadened. Of note, a recent study found significant differences in tau spreading
dependent on the genetic background of different WT mice strains*2. In the study, the back-
ground strain used in this thesis (C57BL6) was found to be among the more resilient ones
regarding tau spreading. It raises the question, if factors with a small impact on tau spreading
would potentially not show any effect in our background strain but would have shown an ef-
fect in a different, more susceptible one. In addition, it also demonstrates that our under-
standing of the factors underlying tau spreading remains incomplete and a more thorough
understanding of different mouse model genetic profiles might be necessary to compare stud-
ies within the field.

Another interesting research target would be to dissect which age-dependent mechanisms
impact initial tau seed formation versus tau spreading versus both. From a technical perspec-
tive, heparin-independent aggregation of synthetic tau was shown to generate fibrils that are
similar to brain-extracted tau fibrils®®. Evaluating their seeding potential in mice models
would be important, since we did observe differences in seeding density between extracts of
different human brains, and these fibrils could be a useful tool to standardize future tau injec-
tion studies. Lastly, expanding on existing tau spreading and accumulation studies in in vitro
systems would be of interest to further differentiate between factors impacting intracellular
tau aggregation and trans-synaptic tau spreading.

Identifying those mechanisms that are necessary and sufficient to generate de novo tau
seeds may be most relevant for the development of early intervention treatments for AD.
Conversely, understanding of how tau spreading is regulated could pave the way for treat-
ments of later stages of this devastating disease, when first tau deposition has taken place,
but pathology has not spread throughout the brain yet.
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