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Summary 
Tauopathies are neurodegenerative diseases characterised by the pathological folding of Tau 
into highly ordered, β-sheet rich fibrils (so-called amyloid), which progressively spread 
through the central nervous system in a prion-like manner. Despite extensive research, inter- 
and intracellular prion-like Tau aggregate formation and transmission mechanisms remain 
unresolved. Tauopathies can be classified based on the aggregating Tau isoforms, which 
differ in the number of amino-terminal inserts (1N, 2N) and the number of repeats (3R or 4R). 
Cryogenic electron microscopy (cryoEM) revealed distinct Tau amyloid core structures 
associated with different Tauopathies. The clinical presentation and progression of these 
diseases are highly variable, potentially related to the accumulation of disease-specific Tau 
aggregates with amyloid cores that comprise shorter or longer stretches of the repeat region. 
However, the impact of these distinct amyloid folds on the prion-like spreading of Tau 
aggregates remains to be fully understood. This project had two aims. First, we used a semi-
automated high-throughput screen to identify Tau aggregation inhibitors. A previously 
established HEK cell line expressing the P301L/V337M Tau 4R repeat domain was used for 
the screen. Two hits were identified in a library of 144 compounds that effectively inhibited 
Tau aggregation. Second, a cell panel expressing different Tau fragments based on the 
cryoEM Tau amyloid cores was established. The commonly used Tau repeat domain 
fragments might not represent the most suitable model to study Tau aggregation as the length 
of the Tau variants might affect its fibril conformation. The exact regions that form the core of 
the amyloid fibril might allow only selective intramolecular interactions, potentially enabling 
disease-specific seeding. Therefore, we established cell lines expressing the short cryoEM 
Tau core fragments associated with different Tauopathies (AD, CBD, PSP and PiD). Our data 
showed that highly expressed cryoEM Tau core fragments spontaneously aggregate. Cells 
with weak stable expression and no spontaneous aggregation were generated to investigate 
fibril-induced seeding. We demonstrated that the length and number of repeats of our Tau 
fragments influence the efficiency by which they are misfolded by exogenous Tau 3R or 4R 
fibrils. Tau fragments were seeded best by patient-derived Tau fibrils with an amyloid core of 
identical length and repeat number. The length of the expressed cryoEM Tau core fragments 
likely allows only the assembly of specific core conformations due to possibly fewer and more 
selective intramolecular interactions. In summary, our cell panel can discriminate between 3R, 
4R and mixed 3R/4R Tauopathies. The inter- and intracellular mechanisms involved in Tau 
aggregation and propagation can be investigated using our cell panel assay. Our data can 
help to develop new therapeutic strategies to inhibit or reduce the aggregation of Tau by 
compounds. 
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1 Introduction 

1.1 Physiological function of Tau 

Tauopathies are characterised by the pathological misfolding of the microtubule-associated 
protein Tau (MAPT) into highly ordered fibrils in neurons and glial cells (Eisenberg and Jucker, 
2012). Tau is a microtubule-associated protein (MAP) primarily expressed in the nervous 
system. It was discovered in 1975 (Weingarten et al., 1975). Microtubules are composed of 
tubulin polymers, which are essential for the structure and function of cells. Tau plays a role 
in regulating the assembly and dissociation of microtubules and their dynamic behaviour. This 
enables axonal transport and supports the spatial organisation of the cytoskeleton 
(Weingarten et al., 1975). The MAPT gene on chromosome 17q2.1 encodes Tau (Neve et al., 
1986). Tau is a highly soluble intrinsically disordered protein and consists of an amino-
terminus (N-terminus), followed by a proline-rich domain (PRD). The microtubule-binding 
domain, also termed repeat domain (RD), is located within the carboxy-terminus (C-terminus) 
(Figure 1). The MAPT gene allows for the translation of six distinct Tau isoforms, which are 
the result of alternative mRNA splicing. The promoter is located in exon 0. Alternative splicing 
of the second and third exons results in the insertion of either zero (0N), one (1N), or two (2N) 
29-residue-long sequences in the N-terminus. Additionally, Tau can be classified into two 
distinct groups: Tau 3R and Tau 4R, which contain three or four repeats within the RD, 
respectively (Lee et al., 1988; Goedert et al., 1989). The alternative splicing of the 10th exon 
results in the loss of the second repeat (R2) in Tau 3R isoforms (R1, R3-R4), while Tau 4R 
isoforms have all four repeats (R1-R4). These repeats play an important role in regulating 
microtubule assembly and axonal transport. The expression of Tau isoforms is regulated 
during development (Goedert and Jakes, 1990). Fetal Tau (0N3R(0-352)) is highly 
phosphorylated and more dynamic, playing a crucial role in synaptogenesis and neural 
network formation (Kenessey and Yen, 1993; Brion et al., 1994; Yu et al., 2009). It is most 
abundant during the fetal stages. As individuals age, Tau 4R isoforms increase, promoting 
microtubule assembly at a rate of 2.5 to 3.0 times faster than Tau 3R isoforms (Goedert and 
Jakes, 1990). The discrepancy may be attributed to the elevated phosphorylation of fetal Tau, 
which diminishes its capacity to promote microtubule assembly (Lindwall and Cole, 1984). 
The Tau 4R isoforms have a higher binding affinity to microtubules due to the second repeat 
(R2) (Aswathy et al., 2010; Goedert and Spillantini, 2011). The Tau 3R and 4R isoforms are 
expressed almost equally in the human cerebral cortex (Goedert and Jakes, 1990). In 

pathological conditions, there is an imbalance between the Tau 3R and 4R isoforms. 
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1.2 Tauopathies 

More than 20 Tauopathies have been described, displaying a wide range of clinical and 

phenotypic heterogeneity. Tauopathies are characterised by the ordered assembly of soluble 
Tau into insoluble aggregated assemblies, termed amyloids (Eisenberg and Jucker, 2012). 

Amyloids are defined as unbranched protein fibrils with a cross-β rich structure that can be 
stained with Congo red, Thioflavin S and T, and Amylo Glo (Puchtler and Sweat, 1965; 

Westermark et al., 2005; Schmued et al., 2012; Ow and Dustan, 2014). The accumulation of 

potentially toxic Tau aggregates in the brain results in neurodegeneration, including the 

breakdown of the cytoskeleton, loss of synapses and neuroinflammation (Ross and Poirier, 

2004). Tauopathies can be distinguished by the predominant aggregated Tau isoform, 

aggregate morphology, affected cell types and brain regions (Chung et al., 2021) (Table 1). 
Furthermore, they can be classified as primary or secondary Tauopathies. Primary 
Tauopathies are defined by Tau as the primary protein pathology, whereas in secondary 
Tauopathies, Tau aggregates result from other pathological events that drive the disease. For 

Figure 1 Tau 4R and 3R isoforms. The MAPT gene comprises 16 exons. By alternative splicing of exons 2,3 and 
10, the formation of 6 isoforms is possible. Exon 0 is part of the promotor region. Exons 2 and 3 encode the N-
inserts (N1, N2) near the N-terminus, followed by the proline-rich domain. Exons 9-12 comprise the repeat domain 
(R1-R4), followed by the C-terminus. Created with BioRender.com.
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example, in Alzheimer’s disease (AD), the misfolding of amyloid-β (Aβ) is the central 
pathology, and Tau aggregation is considered to be a secondary event (Hardy, 2006). Further, 
Tauopathies can be caused by a combination of genetic and environmental factors, including 
repetitive (sub)concussions in chronic traumatic encephalopathy (CTE) (McKee et al., 2009). 
According to the primary isoform within the Tau deposits, Tauopathies can be categorised 
into three distinct subtypes: 3R, 4R and 3R/4R Tauopathies (Kovacs, 2017). For instance, in 
Pick's disease (PiD), the predominant Tau isoforms within the aggregates are 3R. In 
corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP), the Tau isoforms 
are 4R, while in AD and CTE, the aggregates are made of Tau 3R and 4R. The heterogeneity 
and overlap of affected cell types, brain regions and symptoms present a significant challenge 
for accurate clinical diagnosis (Beach et al., 2012). A definite diagnosis is often only possible 
post-mortem. 
 
Table 1 Pathological heterogeneity of primary and secondary Tauopathies.  

Tauopathy Predominant 

Tau isoform  

Morphology Brain region Clinical features 

FTDP-17 

(primary) 

3R/4R Pick bodies 
and AD-like 
NFT  

Cortical and subcortical grey 
and white matter 

Behaviour and personality 
change, cognitive 
dysfunction, atypical 
Parkinsonism 

PiD 

(primary) 

3R Pick bodies 
and 

ballooned 
neurons 

Neocortex, Hippocampus Deterioration of language, 
personality, memory, social 

disinhibition, judgement 

PSP 

(primary) 

4R NFTs and 
Pretangles 

Striatum, Globus pallidus, 
Subthalamic nucleus, midbrain 
tectum/tegmentum, Substantia 
nigra, Basis pontis, Cerebellar 
dentate nucleus, Cerebellar 
peduncles 

L-DOPA non-responsive 
parkinsonism, oculomotor 
dysfunction, gait failure, 
postural instability 

CBD 

(primary) 

4R Pretangles 
and 
ballooned 
neurons 

Substantia nigra, Globus 
pallidus, cerebral cortex 

Bradykinesia, rigidity, 
dystonia, apraxia, cortical 
sensory signs, alien limb 
phenomenon 

AD 

(secondary) 

3R/4R NFTs Transentorhinal cortex, Limbic 
regions, Isocortex 

Cognitive dysfunction, 
memory loss, judgement, 
personality  

CTE 

(secondary) 

3R/4R NFTs Neocortex, Sulci, Cortical grey 

matter, Penumbra  

Memory deficits, 

personality changes 
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1.2.1 Alzheimer’s disease 

AD is a secondary Tauopathy first described by Alois Alzheimer in 1907 (Alzheimer, 1907). 
The patient, a 51-year-old woman, exhibited impaired cognition, and post-mortem analysis 
revealed the presence of senile plaques. Today, AD is the most prevalent form of dementia, 
comprising between 50 and 80 % of dementia cases (Long et al., 2023). AD cases are 
projected to increase from 55 million in 2019 to 139 million in 2050 (Alzheimer's Association, 
2024). A definitive clinical diagnosis of AD dementia is currently only possible through post-
mortem neuropathological evaluation (Caselli et al., 2017). The most common form of AD is 
sporadic and typically occurs after age 60. High-risk factors for sporadic AD include old age, 
female gender, cardiovascular risk factors, and the apolipoprotein E allele 4 (Verghese et al., 
2011; Scheltens et al., 2021). In contrast, rare familial cases (5 %) account for early onset of 
the disease in the twenties (Devi et al., 2000). The most common cause of familial AD is 
associated with mutations in the amyloid precursor protein (APP) and the presenilin 1 and 2 
(PSEN1 and PPSEN2) genes on chromosome 14 and 1, respectively (Bateman et al., 2011). 
These mutations result in the accumulation of extracellular senile plaques composed of Aβ, 
which leads to neuronal and synaptic loss (Masters et al., 1985; Hardy and Allsop, 1991; 
Selkoe, 1991). However, the presence of Aβ plaques alone is insufficient for clinical diagnosis. 
The presence of neurofibrillary lesions (NFTs), which contain β-sheet-rich Tau aggregates and 
neuropil threads, is essential for the diagnosis (Wilcock and Esiri, 1982). It is crucial to 
emphasise that Aβ and Tau are closely associated with the disease progression, highlighting 
their critical role in AD pathology (Roberson et al., 2007; Felice et al., 2008). AD is a mixed 
(3R/4R) Tauopathy, given that the Tau aggregates observed within the inclusions comprise 
Tau 3R and 4R (Yagishita et al., 1981; Goedert, 1993). While Aβ accumulation begins 10-20 
years before cognitive symptoms manifest, Tau accumulation correlates with disease 
progression (Knopman et al., 2021). The Braak staging scheme is based on the progression 
of tangles in the brain (Braak and Braak, 1991). Braak stage I encompasses the earliest stage 
of NFT accumulation in the transentorhinal cortex. When NFT pathology becomes more 
robust in the transentorhinal cortex, it is defined as Braak stage II. In Braak stages III and IV, 
NFTs intrude the limbic regions, including the thalamus, hippocampus, amygdala and 
putamen. In Braak stage V, the pathology becomes more pronounced in the affected areas, 
with the involvement of the isocortex. Braak stage VI affects all associated areas, and 
profound NFT pathology is observed. Currently, there are no disease-modifying therapies for 
AD. The only available treatment for patients is symptomatic, with anti-Aβ antibodies 
Lecanemab or Aducanumab being used to slow cognitive decline (Budd Haeberlein et al., 
2022; van Dyck et al., 2023). 
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1.2.2 Frontotemporal dementia and Parkinsonism (chromosome 17) 
Frontotemporal dementia and Parkinsonism (chromosome 17) (FTDP-17) is an autosomal-
dominant inherited Tauopathy traced back to over 67 mutations in the MAPT gene (Smith, 
2023). These mutations result in abundant filamentous hyperphosphorylated Tau deposits in 
nerve and glial cells in cortical and subcortical grey and white matter (Spillantini et al., 1998a). 
Approximately 10 % of FTD cases are familial (Currens et al., 2023). Despite the absence of 
MAPT gene mutations in AD, FTDP-17 cases have demonstrated that Tau pathology can 
cause neurodegeneration even in the absence of Aβ (Ghetti et al., 2015). Mutations are 
located in exons 1, 9-13 or the introns following exon 10, resulting in missense mutations or 
deletions. Exonic mutations (S305N) have been demonstrated to induce more neuronal 
inclusions accompanied by dementia (Iijima et al., 1999; Kobayashi et al., 2002). Intronic 
mutations (N279K) can disrupt alternative mRNA splicing, resulting in an imbalanced Tau 3R 
to 4R ratio. This imbalance increases the relative amount of Tau 4R, which is associated with 
neuronal and glial pathology (Wszolek et al., 1992; Hutton et al., 1998). The substitution of 
proline for serine at position 301 (P301S) in exon ten has been demonstrated to disrupt the 
ability of Tau to promote microtubule assembly (Bugiani et al., 1999; Anne D. Sperfeld et al., 

2001; Lossos et al., 2003; Kundel et al., 2018). In contrast, substituting proline for leucine at 
position 301 (P301L) has been observed to promote β-sheet formation and accelerate paired 
helical filament (PHF) formation (Hutton et al., 1998; Clark et al., 1998; Dumanchin et al., 1998; 
Spillantini et al., 1998b; Chen et al., 2019). Furthermore, the formation of Tau fibrils is 
accelerated when valine is substituted with methionine at position 337 (V337M) (Sumi et al., 
1992; Poorkaj et al., 1998).  
  

1.2.3 Pick’s disease 
PiD is classified as a 3R Tauopathy and is associated with a range of clinical symptoms, 
including language deterioration, social disinhibition, personality changes, impaired 
judgement, and memory loss. However, no motor deficits are observed in PiD (Piguet et al., 
2011). The incidence of PiD is 2.7 to 4.1 per 100,000 person-years (Pippin and Gupta, 2023). 
While most PiD cases are sporadic, a few familial cases have been linked to missense 
mutations in the MAPT gene (Neumann et al., 2001; Tacik et al., 2015). The principal 
histological characteristics of this condition include severe neuronal loss, swollen neurons, 
and pathognomonic large spherical argyrophilic neuronal inclusions, commonly referred to as 
Pick bodies. The Pick bodies are primarily composed of Tau 3R isoforms and are found mainly 
in the neocortical cortex and the hippocampus, which parallels brain atrophy (Lee et al., 2001; 
Kovacs et al., 2013). 
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1.2.4 Progressive supranuclear palsy 
PSP is a sporadic 4R Tauopathy characterised by neuronal and glial Tau pathology, neuronal 
loss and fibrillary astrogliosis. Reported incidence rates for PSP ranged from 0.3-2.6 per 
100.000 person-years (Lyons et al., 2023). PSP is frequently misdiagnosed as Parkinson's 
disease (PD) due to the presence of similar symptoms. The subcortical regions affected by 
PSP include the striatum, globus pallidus, subthalamic nucleus, midbrain tectum/tegmentum, 
substantia nigra, basis pontis, cerebellar dentate nucleus, and cerebellar peduncles (Dickson 
et al., 2007). In comparison to non-demented PSP patients, dementia in PSP is associated 
with severe cerebral cortical degeneration (Bigio et al., 1999). Neuropathological features 
include spherical, globose, and flame-shaped NFTs and diffuse granular "pre-tangles." Tufted 
astrocytes are a distinctive feature of PSP, characterised by a complex branching pattern of 
proximal and medial cell processes. 
 

1.2.5 Corticobasal degeneration  

CBD is a sporadic 4R Tauopathy that shares histopathological features with PSP (Dickson et 
al., 2002). Reported incidence rates range between 0.03-0.8 per 100.000 person-years (Lyons 
et al., 2023). CBD is characterised by the following pathological features: depigmentation of 
the substantia nigra, atrophy of the globus pallidus, and cerebral cortical atrophy. A diagnosis 
of CBD is based on the presence of cortical and striatal Tau-positive neuronal and glial lesions 
in both white and grey matter (Dickson et al., 2002). Furthermore, CBD is characterised by 
the presence of 'astrocytic plaques', which are circular or ring-shaped formations resulting 
from the pathological accumulation of Tau in the distal processes of a single astrocyte. 
 

1.2.6 Chronic traumatic encephalopathy 
CTE is a specific form of Tauopathy that develops subsequently into traumatic brain injury. 
Neuronal Tau inclusions contain Tau 3R and 4R isoforms (McKee et al., 2015). Traumatic brain 
injury can occur as a consequence of a variety of sporting activities, including boxing and 
American football, as well as in accidents (McKee et al., 2009). Attention deficits, memory 
impairments, and progressive personality changes characterise the clinical presentation of 
CTE (McKee et al., 2009). It is hypothesised that Tau pathology commences at the depths of 
the sulci, manifesting as perivascular neuronal and glial Tau lesions (McKee et al., 2013). 
Currently, the diagnosis of CTE is only possible post-mortem, according to specific criteria. 
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1.3 Tau amyloid fibrils: Seeded polymerisation and prion-like spreading  

Amyloid fibrils are highly ordered, insoluble protein aggregates studied for over fifty years. 
One of the initial discoveries was that amyloids are rich in β-sheets that run perpendicular to 
the fibril axis (protofilament) (Eanes and Glenner, 1968; Sunde et al., 1997). These β-sheets 
form through extensive hydrogen bonding between β-strands of individual or multi-layered 
monomeric subunits, with an interstrand distance of 4.7 Å (Cohen and Calkins, 1959; Nelson 
et al., 2005; Sawaya et al., 2007; Eisenberg and Sawaya, 2017). The polypeptide chains are 
stacked in extended β-strands that form in-register parallel or antiparallel β-sheets (Sawaya 
et al., 2007; Wiltzius et al., 2009; Berryman et al., 2011). Polar and non-polar side chains from 
nearby β-sheets interlock to create a "steric zipper," further stabilised by van der Waals forces 
(Schmidt et al., 2016). Intramolecular covalent, hydrogen and ionic bonds stabilise the multi-
layered monomeric subunits (Liberta et al., 2019; Swuec et al., 2019; Radamaker et al., 2019). 
These individually stacked cross-β-sheets result in insoluble, protease-resistant, helical 
protofilaments that vary by degrees of symmetry and pitch (Rambaran and Serpell, 2008). 
Amyloid fibrils have one or more protofilaments associated via their protofilament-
protofilament interfaces, enabling ultrastructural polymorphs (Seidler et al., 2018).  
Soluble Tau is assembled into amyloid fibrils by a seeded polymerisation mechanism. Tau 
begins to self-aggregate spontaneously (primary nucleation) in a slow, rate-determining step 
(Figure 2). Amyloid motifs suggested to be essential for Tau nucleation are 275VQIINK250 
(PHF6*) in R2 and 306VQIVYK311 (PHF6) in R3 (Bergen et al., 2000; Li and Lee, 2006). The 

mechanism of primary nucleation is unknown, but it is suggested that the nucleation step may 
be followed by a liquid-liquid phase separation (LLPS) (Wallace et al., 2013). Thereby, liquid 
droplets of a dense liquid phase are formed, enabling the formation of solid nuclei 
(Ambadipudi et al., 2017; Hughes et al., 2018; Wegmann et al., 2018). Transient oligomeric 
species represent intermediates that evolve into amyloid fibrils. These recruit monomeric Tau 
into the cross-β-sheet-rich amyloid fold, rapidly increasing the fibril concentration (Padrick 
and Miranker, 2002; Lee et al., 2007). The formation of large, highly-ordered amyloid fibrils is 
initiated by the recruitment of Tau monomers to the fibril ends, a process known as 
elongation. The newly evolved shorter Tau seeds continue to recruit and convert soluble Tau 
into amyloid fibrils (secondary nucleation). Alternatively, Tau monomers or clusters of 
monomers are suggested to be directly recruited to the fibril surface, followed by nucleation 
on the surface and detachment (Törnquist et al., 2018). The seeded polymerisation process 
enables Tau propagation in vivo, in vitro and in cellula (Friedhoff et al., 1998; Clavaguera et 
al., 2009; Frost et al., 2009). The transmission and propagation of Tau aggregates between 
cells is reminiscent of prion propagation (Kaufman and Diamond, 2013; Prusiner, 2013; 
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Kaufman et al., 2016; Woerman et al., 2016). The cellular prion protein (PrPC) is converted into 
the pathological and infectious prion (PrPSc), which can spread throughout the brain, leading 
to a progressive pathology (Weissmann et al., 2002; Aguzzi and Calella, 2009; Prusiner, 2013; 
Kaufman and Diamond, 2013). PrPC is converted on the cell surface, while Tau is converted 
in the cytoplasm. However, once converted, they share the same amyloid cross-β-sheet 
structure despite differences in primary structure, localisation, and function.  
 

 

1.4 Cryo-EM of Tau amyloid cores 

In 1960, electron microscopy (EM) first identified and pictured PHFs of Tau (KIDD, 1963, 

1964). These filaments consist of an ordered core and a ‘fuzzy coat’, the unstructured part of 
the protein outside the ordered core (Wischik et al., 1988). In 1991, straight filaments (SF) of 
Tau were discovered. Subsequently, the protofilaments' internal cross-section morphology, 
orientation, and dimeric structures were determined for both PHFs and SFs (Crowther, 1991). 
The initial atomic structures of in vitro-generated amyloids were obtained using solid-state 
nuclear magnetic resonance (ssNMR) spectroscopy (Petkova et al., 2002; Lu et al., 2013; 
Tuttle et al., 2016). It was not until 2017 that the structure of Tau filaments of an AD patient 
could be identified (Fitzpatrick et al., 2017). This was possible by developing improved 
electron detectors, imaging techniques, software, and image processing (Kühlbrandt, 2014; 
He and Scheres, 2017). Since then, several three-dimensional amyloid structures have been 
reported for Tau fibrils associated with distinct Tauopathies. All share an ordered core of β-

Figure 2 Model of seeded polymerisation of Tau fibrils. Native Tau can form oligomers, an intermediate state 
that evolves into highly ordered Tau amyloid fibrils (primary nucleation). Secondary nucleation of the β-sheet-rich 
Tau amyloid fibrils generates seeds with new active ends that recruit more Tau monomers into Tau seeds. Created 
with BioRender.com  
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strands, loops, and turns with different organisations and molecular interactions. Within 
patients with the same Tauopathy, fibril cores are preserved, supporting the hypothesis that 
distinct conformations might be linked to defined local motifs. These are exposed during 
aggregation and kinetically drive the fibril formation process into Tau conformers (Chen et al., 
2019; Mullapudi et al., 2023). The unique folds of the cryoEM Tau cores arise from the 
individual proteins that build protein-specific protofilaments (Creekmore et al., 2021). In detail, 
Tauopathies like AD, CTE PiD, PSP and CBD have distinct protofilament structures (Table 2). 
All Tau amyloid cores comprise R3 and R4, along with 10-12 amino acids C-terminally of the 
RD region, that build the monomeric subunits of the parallel, in-register cross-β-structure. 
They differ in the number of protofilaments (1-2), the number of residues included before R3, 
the core fold and their inter- and intramolecular forces. Intermolecular forces stabilising the 
core are hydrogen bonds and van der Waals forces. Intramolecular interactions include, 
among others, covalent (peptide bonds, disulfide bridges) or ionic bonds. The monomeric 
subunit folds result in cores that can be 2-4 layered. Differences within the protein's core 
constitution may explain Tau aggregation and propagation variability, resulting in clinical and 
pathological heterogeneity.  

 
Table 2 CryoEM Tau amyloid cores.  

Tauopathy Isoform* Core fold Protofilaments Protofilament-Protofilament interface 

AD 3R(273-380) 

4R(304-380) 

2-layered 2 PHFs: symmetrically back-to-back, 

hydrogen bonds  

SFs: asymmetrically,  
additional densities 

PiD 3R(254-378) 2-layered 1-2  End-to-end,  
van der Waals interactions 

PSP 4R(272-381) 3-layered 1 - 

CBD 4R(274-380) 4-layered 1-2 Symmetrically, van der Waals interactions 

CTE 3R(274-379)  
4R(305-379) 

2-layered 2 Type I: symmetrically, anti-parallel steric 
zipper 

Type II: asymmetrically, hydrogen bonds  
*numbering according to Tau 2N4R(0-441) 
 

Despite clinical and phenotypic heterogeneity, the amyloid core is retained in AD cases 
(Falcon et al., 2018c) (Figure 3 A). The amyloid structure of PHFs and SFs from AD patients 
was resolved by cryoEM, demonstrating a helical symmetry of 4.7 Å. The two-layered 
C-shaped core of the symmetrically packed protofilaments is composed of R3 and R4, along 
with ten additional residues from the adjacent C-terminal region, which include residues 
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306-378 (Fitzpatrick et al., 2017; Falcon et al., 2018c). A second study demonstrated with 
higher-resolution images that two additional residues from R1 (273-274) or R2 (304-305) plus 
two residues from the C-terminus (379-380) are present within the ordered core of AD 
(304-380) (Falcon et al., 2018c). If residues from R1 are included within the cores, they are 
representative of Tau 3R isoforms, and if residues of R2 are included, they represent Tau 4R 

Figure 3 CryoEM cores of Tau fibril folds from Tauopathy patients. CryoEM Tau fibril core folds from (A) AD 
(PHF/SF), (B) CTE (Type I/II), (C) PiD, (D) PSP and (E) CBD (Type I/II), patients. The figure was adapted from Mishra, 
2023. 
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isoforms. PHFs and SFs are fibril polymorphs that consist of two identical protofilaments but 
differ in their protofilament-protofilament interface (Fitzpatrick et al., 2017). The two 
protofilaments in PHFs are packed symmetrically back-to-back via hydrogen bonds. The 
protofilaments of SFs are packed asymmetrically and are stabilised by additional densities 
(Falcon et al., 2018c). The protofilament structure in AD is characterised by monomers 
stacked on top of each other in register and parallel, forming β-sheets. The interaction of 
mainly R3 and the C-terminus and another PGGG motif at the end of R4 generates the 
C-shaped protofilaments. Intramolecular hydrophobic clusters, hydrogen bonds, and 
aliphatic and aromatic stacking stabilise the core. The fuzzy coat comprises disordered 
residues from the N- and C-terminus, which leads to less well-defined densities and probably 
adopts random conformations. AD is a mixed Tauopathy because Tau 3R and 4R isoforms 
can be found within the Tau deposits.  
Like the AD core, CTE-ordered cores can consist of Tau 3R and 4R isoforms. The C-shape of 
the CTE fold reminds of the AD fold but is less tightly packed, resulting in a hydrophobic 
cavity at the C-shape's tip. This hydrophobic cavity contains an unidentified non-
proteinaceous density, contributing to a more open fold than AD. The topology and secondary 

structure of the CTE fold are analogous to that of the AD fold. The cryoEM 3R CTE core 
comprises residues 274-379, according to the numbering of Tau 2N4R(0-441), but missing R2 
(Figure 3 B). The cryoEM 3R CTE core includes one amino acid, K274 from R1, the complete 
R3-R4, and eleven amino acids from the C-terminus (Falcon et al., 2019) (Figure 3 B). The 
cryoEM 4R CTE core is similar to the 3R-ordered core but comprises residues 305-379 based 
on 2N4R(0-441), with the last residue, S305, from R2. R3-R4 and eleven C-terminal residues 
follow R2. Cryo-EM 3R CTE cores exhibit a typical protofilament architecture. CTE type I (20-
25 nm, 75 %) and type II (15-30 nm) filaments are ultrastructural polymorphs with different 
protofilament-protofilament interfaces. CTE type I protofilaments interact via an anti-parallel 
steric zipper. CTE type II protofilaments form hydrogen bonds between the PGGG motifs.  
The cryoEM PiD core contains only Tau 3R isoforms. It comprises a singlet or doublet two-
layered protofilament consisting of 254-378 residues representing parts of R1, all of R3, and 
R4, and an additional ten amino acids following the RD (Falcon et al., 2018b) (Figure 3 C). 
While the AD and CTE protofilament cores are C-shaped, the PiD core is more elongated. The 
β-sheets in the AD and PiD cores mostly align locally in regions 306-354 but differ in the core 
fold. In contrast to cryoEM AD filament cores, cryoEM PiD cores comprise four cross-packed 
stacks of β-strands, which end in a three-layer sandwich. Entirely hydrophobic regions are in 
the middle of the core, whereas the other cross-β packing interfaces possess non-polar and 
polar side chains. Within cryoEM PiD cores, one can distinguish between narrow 5-15 nm PiD 
filaments (NPFs), which account for 93 % of the filaments, while wide 5-30 nm PiD filaments 
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(WPFs) comprise the remainder. The single-folded NPFs consist of one elongated 
protofilament, while WPFs comprise two NPFs that are arranged end-to-end. The tips of the 
NPFs within the WPFs are intermolecularly connected via van der Waals interactions. Due to 
the elongated conformation of the PiD core, it is incompatible with Tau 4R isoforms, 
explaining the existence of mainly Tau 3R aggregates. 
PSP is a 4R Tauopathy. The core is composed of a single protofilament with a unique three-
layered fold, which includes R2, R3, and R4 (272-381) of Tau 4R (Shi et al., 2021; Mishra, 
2023) (Figure 3 D). After each repeat, the protein backbone turns back and forth, with R3 
being between R2 and R4. In line with CTE, additional densities can be observed within two 
small cavities situated along the R2-R3 interfaces of PSP and a larger cavity at the R3-R4 
interface. The remainder of the R3-R4 interface is intramolecularly connected via hydrophobic 
interactions and salt bridges. The conserved PGGG motifs at the end of each repeat support 
the three-layer fold, which facilitates the formation of hairpin turns. Outside the PSP core, a 
minimum of six extra densities were identified. The origins and functions of the additional 
densities remain unknown. 
The ordered cryoEM core of CBD a 4R Tauopathy contains residues 274-380, which 

correspond to R2, R3, and R4, and 12 amino acids after R4 (Zhang et al., 2020) (Figure 3 E). 
Singlet and doublet polymorphs of CBD have been identified, exhibiting varying ratios 
between patients. The type I CBD fold comprises a single protofilament, whereas the type II 
fold consists of two protofilaments that adopt a four-layer fold. Despite the different overall 
shape of the CBD fold, the four-layered fold retained a secondary structure similar to AD and 
CTE. Like in CTE and PSP, a hydrophilic cavity is constructed between R2 and R4. The 
interfaces include polar and hydrophilic groups. The two protofilaments of CBD fold type II 
are symmetrical, and their interfaces are connected by antiparallel stacking and via van der 
Waals interactions and hydrogen bonds. The hydrophilic cavity contains an unidentified non-
proteinaceous polyanionic density not associated with Tau. It is postulated that these 
unidentified densities serve to stabilise the CBD fold. 
 

1.5 Posttranslational modifications of Tau  

In Tauopathies, post-translational modifications (PTMs) contribute to the structural and 
phenotypic diversity of amyloids. PTMs such as phosphorylation, ubiquitination, acetylation, 
methylation, and truncation modify protein structure, stability, localisation, and activity in 
different brain regions and cell types (Alquezar et al., 2020). In pathological stages, 
dysregulation of PTMs could influence fibril formation and disease pathology, contributing to 
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the heterogeneity of clinical symptoms and pathogenesis (Malbica and Monson, 1975; Mahul-
Mellier et al., 2014; Morris et al., 2015; Hu et al., 2019; Levine et al., 2019; Zhao et al., 2020).  
Hyperphosphorylation is the most studied PTM in soluble Tau and Tau aggregates (Martin et 
al., 2011). In healthy human brains, Tau is typically decorated with 2-3 moles of phosphate, 
which is essential for the normal physiological function of Tau in microtubule stabilisation 
(Cleveland et al., 1977; Iqbal et al., 2005). In contrast, Tau phosphorylation levels are 
approximately two to three times higher in Tauopathies (Iqbal et al., 2016). Over 85 
phosphorylation sites have been identified, of which approximately 50 can be modified (Martin 
et al., 2011; Phipson et al., 2016). The phosphorylation sites are primarily located in the RD of 
Tau and the adjacent C-terminus, while the N-terminus contains the non-modified sites. The 
alteration of net change caused by the phosphorylation of Tau results in altered molecular 
interactions, which can lead to the loss of microtubule association (Biernat et al., 1993; 
Bramblett et al., 1993). The phosphorylation of Tau near and within the RD has been shown 
to reduce the affinity of Tau for microtubules (Drewes et al., 1995; Sengupta et al., 1998; Liu 
et al., 2007). The phosphorylation of specific serines has been demonstrated to promote self-
aggregation, while the phosphorylation of certain asparagines has been shown to inhibit Tau 

truncation (Haase et al., 2004; Guillozet-Bongaarts et al., 2006). Truncation of Tau can lead 
to enhanced fibril formation (Canu et al., 1998; Gamblin et al., 2003). CryoEM, mass 
spectrometry (MS) and immunohistochemistry have significantly contributed to determining 
PTM profiles on Tau aggregates (Ebru Ercan et al., 2017; Arakhamia et al., 2020). Intriguingly, 
fetal Tau is highly phosphorylated during neuronal development but does not aggregate in 
the brain (Kenessey and Yen, 1993; Brion et al., 1994; Yu et al., 2009). One challenge is that 
patient-derived Tau is dephosphorylated due to a post-mortem delay before analysis. Further, 
decreased body temperature and anaesthesia can lead to dephosphorylation of mainly 
soluble Tau, as phospho-sites in Tau aggregates might be protected from dephosphorylation 
(Matsuo et al., 1994; Whittington et al., 2013; Wang et al., 2015). As a result, the precise 
phosphorylation status of Tau in the human brain remains to be determined. It remains unclear 
whether hyperphosphorylation of Tau is a cause or a consequence of the formation of 
potentially toxic Tau aggregates. Moreover, acetylation and ubiquitination share PTM sites, 
primarily located within the RD of Tau, suggesting a competitive role in PTMs (Morris et al., 
2015; Mair et al., 2016). Acetylation of Tau can enhance its aggregation in vitro and reverse 
LLPS separation (Cohen et al., 2011; Ukmar-Godec et al., 2019). Acetylation of specific 
lysines in R3 enhanced fibril formation (Li et al., 2023). In contrast, the acetylation of multiple 
lysine residues in R2 of Tau 2N4R(0-441) can block Tau 4R aggregation, possibly by preventing 
the CBD- or PSP-fold formation. In contrast, the acetylation of these residues has been shown 
to accelerate the aggregation of Tau 0N3R(0-352) (Chakraborty et al., 2023). Acetylation of 
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specific lysine residues in the proximity of the amyloid motifs increased the aggregation of 
the Tau fragments (Li et al., 2023). All other PTMs occur less frequently within the Tau 
sequence.  

 

1.6 Tau secretion and uptake  

Different mechanisms have been proposed for the secretion and uptake of oligomeric and 
fibrillar Tau to spread from a donor to a recipient cell. Initially, it was suggested that NFTs in 
the CSF of AD patients were a result of dying neurons. However, the presence of Tau at both 
the pre- and post-synapse in humans and mice has demonstrated that Tau secretion is an 
active process (Hampel et al., 2004; Ittner et al., 2010; Tai et al., 2012). The transmission of 
Tau aggregates from cell to cell involves three basic steps: (1) secretion of pathological Tau 
aggregates from donor cells, (2) uptake of secreted Tau aggregates by recipient cells, and (3) 
seeded polymerisation of Tau in the recipient cell (Gibbons et al., 2019; Brunello et al., 2020) 
(Figure 4).  
Secretion steps involve extracellular vesicles (EVs) associated with Tau. EVs play a role in the 
exchange of cellular agents, such as proteins or lipids, between remote cells (Cocucci and 
Meldolesi, 2015). EVs include exosomes (30-150 nm) and ectosomes (100-1000 nm) that have 
been shown to contribute to Tau transmission (DeLeo and Ikezu, 2018). Exosomes are 
intraluminal vesicles that can take up Tau and enter endosomal multivesicular bodies (MVB). 
MVBs fuse with the donor cell membrane and release the exosomes into the extracellular 
space (Rajendran et al., 2014; Rabouille, 2017). Exosomes containing Tau were detected in 
the CSF and blood of AD patients (Saman et al., 2012; Jia et al., 2019). Ectosomes are directly 
released from the plasma membrane by ectosome shedding (Barteneva et al., 2013; Kalra et 
al., 2016). Cytosolic proteins like Tau can be taken up during the formation of ectosomes, 
which are subsequently released in the extracellular space (Dujardin et al., 2014; Spitzer et 
al., 2019). Besides the secretion of Tau in vesicles, Tau can also be directly translocated 
through the plasma membrane (Kfoury et al., 2012; Katsinelos et al., 2018). It was shown that 
the secretion of Tau associated with EVs from rat cortical neurons was relatively low (3 %) 
(Wang et al., 2017) and that most of Tau must be secreted freely. Heparan sulfate 
proteoglycans (HSPG) are ubiquitously expressed transmembrane receptors that recruit and 
cluster molecules, mediating their translocation (Condomitti and Wit, 2018). It is suggested 
that HSPGs anchor Tau, enabling a bi-directional translocation through the plasma membrane 
(Xu and Esko, 2014). 
For the efficient transmission of Tau, the recipient cell needs to take Tau up. EVs either directly 
fuse with the membrane of the recipient cell via receptor-ligand interactions, or they are 
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internalised by endocytosis (Morelli et al., 2004; Del Conde et al., 2005; Parolini et al., 2009; 
Montecalvo et al., 2012; Tian et al., 2013; Svensson et al., 2013). Our group showed that viral 
glycoproteins on the cell surface of the donor cell can enhance the intercellular spreading of 
Tau associated with EVs if the corresponding receptor is expressed on the cell surface of the 
recipient cell (receptor-ligand interaction) (Liu et al., 2021). HSPGs on the membrane of the 
recipient cell can take up extracellular Tau (Holmes et al., 2013). Macropinocytosis (bulk-
endocytosis) involves the non-specific internalisation of extracellular fluid, including large, 
insoluble Tau aggregates (Wu et al., 2013; Evans et al., 2018). Macropinosomes are formed 
once Tau aggregates bind to the HSPGs on the cell surface (Holmes et al., 2013; Rauch et 
al., 2018; Annadurai et al., 2021). Subsequently, macropinosomes traffic their cargo to 
lysosomes for degradation and recycling (Donaldson, 2019). Receptor-dependent clathrin-
mediated endocytosis mediates the recruitment of cargo molecules by different 
transmembrane receptors, followed by their internalisation via the clathrin-coated pit (Doherty 
and McMahon, 2009). It has been shown that Tau internalisation is mediated by the endocytic 
lipoprotein receptor-related protein 1 (LRP1) (Lane-Donovan et al., 2014; Rauch et al., 2020), 
muscarinic acetylcholine receptors (mAChR) (Morozova et al., 2019), and sortilin protein-

related receptors (SORLA) (Bok et al., 2021). LRP1 regulates the uptake of Tau monomers, 
oligomers and fibrils (Rauch et al., 2020). Once inside the recipient cell, Tau aggregates must 
be released from the endosome or lysosome to initiate seeded polymerisation in the cytosol. 
Membrane rupture is one mechanism for Tau to escape the vesicles (Calafate et al., 2016; 
Flavin et al., 2017; Falcon et al., 2018a; Rose et al., 2024). It is suggested that Tau aggregates 
and other amyloids can disrupt vesicle membranes, but the mechanism is unknown. In cell 
culture, Lipofectamine is used to enhance the seeding of Tau as it is known to facilitate the 
entry of Tau into cells and to rupture vesicle membranes, resulting in the release of Tau in the 
cytosol (Dalby et al., 2004; Wittrup et al., 2015; Joshi et al., 2020; Kolay et al., 2022, 2022). 
Besides secretion and uptake, Tau transmission can occur via cell-cell contact through 
tunnelling nanotubes (TNT) directly entering the cytosol of the recipient cell. TNTs are 
filamentous-actin-containing membranous tubes that connect adjacent cells and can be used 
by prions and viruses to infect neighbouring cells (Sowinski et al., 2008; Gousset et al., 2009). 
It has been shown that exogenous Tau fibrils can increase the formation of TNTs and facilitate 
the intercellular transfer of Tau aggregates from cell to cell (Tardivel et al., 2016). In vivo, 
microglia and astrocytes are also involved in Tau aggregate spreading. This hypothesis is 
supported by a recent study, which demonstrated that primary microglia from Tauopathy 
patient brains can secrete seeding-competent Tau into the media (Hopp et al., 2018). The 
minimal Tau species required for seeding is still under debate, but oligomers are considered 



16 
 

the most seeding-prone Tau species (Lasagna-Reeves et al., 2012a; Lasagna-Reeves et al., 
2012b; Takeda et al., 2015).  
 

1.7 The cellular protein quality control system  

The cellular protein quality control system (PQC) comprises the endoplasmic reticulum 
pathway (ERP), autophagy-lysosome pathway (ALP), and the ubiquitin-proteasome system 
(UPS). These pathways recognise damaged proteins and regulate their turnover (Gestwicki 
and Garza, 2012). In AD, the PQC plays a critical role in maintaining the regular state of the 
cell to prevent protein dysfunction that could contribute to both physiological and 
pathophysiological processes (Chaari, 2019). Once an unfolded protein response (UPR) is 
triggered as an adaptive response of the ERP, the expression of molecular chaperones is 
upregulated. In contrast, total protein synthesis is downregulated to reduce the accumulation 
of misfolded proteins (Uddin et al., 2020). In the event of a failure of the ERP to refold the 

Figure 4 Possible mechanisms of Tau secretion and uptake. (1) Tau secretion involves EVs (exosomes and 
ectosomes) and HSPG-mediated translocation through the plasma membrane. (2) Tau uptake is mediated by 
endocytosis, fusion of EVs with the recipient cell membrane, or receptor-dependent clathrin-mediated 
endocytosis or macropinocytosis. Tau enters the cytoplasm of recipient cells directly via nanotubes or through 
membrane rupture, followed by seeded Tau polymerisation. MVB: Multivesicular body. HSPG: Heparan Sulfate 
Proteoglycans, LRP1: Low-Density Lipoprotein Receptor-related Protein 1, mAChR: muscarinic acetylcholine 
receptors, SORLA: sortilin protein-related receptors. Created with BioRender.com 
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proteins, chaperones will mediate the misfolded proteins to the ALP or UPS (Chaari, 2019). 
Abnormal protein expression and dysregulation of key components in the pathways can result 
in an overload of protein deposits in the PQC, leading to neurodegeneration (Douglas and 
Dillin, 2010).  
The UPS and ALP mainly regulate the degradation of misfolded proteins. The UPS is 
responsible for the degradation of short-lived proteins (Lee et al., 2013; Cao et al., 2019), 
whereas the ALP, including macroautophagy, is involved in the degradation of long-lived 
organelles and large protein aggregates (Cheung and Ip, 2011; Orr and Oddo, 2013; Zhu et 
al., 2013). Macroautophagy involves the formation of a double-membrane autophagosome 
that sequesters protein inclusions, eventually fusing with lysosomes, leading to enzymatic 
digestion of its content (Ciechanover, 2006). Tau can be degraded by macroautophagy but is 
also known to impair ALP by disrupting the fusion of the autophagosome with the lysosome 
and triggering lysosomal dysfunction in AD (Hamano et al., 2008; Khurana et al., 2010; Li et 
al., 2010). The UPS requires ubiquitination at Lysine residues for degradation. Substrates with 
poly-ubiquitin chains are then transported to the 26S proteasome for further degradation 
(Campello et al., 2013; Dikic, 2017). The dysfunction of the UPS and overexpression of 

phosphorylated Tau appear to be correlated (Tai et al., 2012; Gadhave et al., 2016), playing 
an important role in the pathogenesis of AD.  
 

1.8 Therapeutic strategies  

Therapeutic strategies targeting Tau have shown promising results in preclinical studies and 
early clinical trials. Still, despite extensive research, many Tau-targeting therapies have failed 
in later-stage clinical trials (Cummings et al., 2024). Aβ was the primary target for drug 
discovery, but over time, Tau became the major drug target as it correlates with the degree 
of cognitive impairment and neurodegeneration (Arriagada et al., 1992; Murray et al., 2011; 
Nelson et al., 2012; Ossenkoppele et al., 2016). The heterogeneity of Tauopathies is a major 
challenge for developing Tau-targeting drugs as well as the effective transfer of drugs across 
the blood-brain barrier. Further, the precise mechanism of Tau aggregation and toxicity 
remains to be solved, complicating the development of drugs. Nevertheless, there are several 
ways to target Tau aggregation. Possible therapeutic strategies include downregulating Tau 
expression by antisense therapies, enhanced extracellular Tau clearance via active or passive 
immunotherapy, modifying or inhibiting PTMs, aggregation, and intercellular spreading by 
small molecules. 
By downregulating Tau expression, the source of toxic aggregates might be reduced, which 
could mitigate neuronal damage. One approach is antisense therapies that use single-
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stranded, short antisense oligonucleotides (ASOs) to modulate protein translation by 
preventing or restoring it (Havens et al., 2013). One challenge is the uptake of ASOs due to 
their small size, highly charged nature, stability, susceptibility to nuclease degradation and 
passage through the blood-brain barrier. Currently, two ASOs are tested in early clinical trials 
as they inhibit the translation of Tau mRNAs into protein, reducing toxin-induced seizures, 
neuronal loss, and NFT pathology in transgenic mice (DeVos et al., 2013; DeVos et al., 2017). 
Additionally, the behavioural phenotypes in transgenic mice were normalised, and the survival 
rate was prolonged (DeVos et al. 2013; DeVos et al. 2017). However, it is essential to consider 
the physiological roles of Tau, such as stabilising microtubules. If the translation of soluble 
Tau is downregulated too much, it could disrupt normal cellular functions. Therefore, it is 
critical to find the balance between eliminating pathological Tau without affecting the normal 
function of Tau. 
Tau passive immunotherapies were applied to target Tau epitopes or specific Tau 
conformations to neutralise extracellular Tau and facilitate its clearance (Pedersen and 
Sigurdsson, 2015). In addition, several antibodies were identified that prevented seeding, 
propagation, and uptake of Tau (Boutajangout et al., 2011; Chai et al., 2011; Yanamandra et 

al., 2013; Nicholls et al., 2017; Nobuhara et al., 2017). Antibodies targeted either the N-
terminus, the PRD, the RD, or the C-terminus of the Tau isoforms (Castillo-Carranza et al., 

2014; Walls et al., 2014; Dai et al., 2015; Ittner et al., 2015; Yanamandra et al., 2015; 
Agadjanyan et al., 2017). A monoclonal antibody is being tested for AD in a phase 3 clinical 
trial (Cummings et al., 2024). The antibody binds to the RD of Tau, thereby preventing the 
cell-to-cell propagation of pathological Tau species and enhancing Tau clearance by 
microglia in transgenic mice (Roberts et al., 2020). Another monoclonal antibody potently 
blocks the seeding of human AD and PSP-derived Tau aggregates in the brains of transgenic 
mice (Courade et al., 2018; Albert et al., 2019). The disadvantages of passive 
immunotherapies are inflammatory responses and off-target effects. The selectivity of the 
antibody to pathological Tau must be given to prevent the elimination of endogenous soluble 
Tau.  
PTMs are crucial in pathological Tau aggregation, seeding, and propagation. Therefore, a 
potential treatment strategy is modulating or inhibiting hyperphosphorylation and 
phosphorylation, as Tau is hyperphosphorylated or abnormally phosphorylated in AD. The 
glycogen synthase kinase 3β (GSK-3β) has an increased activity in AD patients and 
phosphorylates numerous residues on Tau (Pei et al., 1997; Rippin and Eldar-Finkelman, 
2021). Clinical trials inhibiting GSK-3β function have produced inconsistent results or have 
not shown clinical efficacy (Medina et al., 2011; Forlenza et al., 2011; Tolosa et al., 2014; 
Lovestone et al., 2015). An inhibitor of the (protein)-3-O-(N-acetyl-D-glucosaminyl)-L-
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serine/threonine N-acetylglucosaminyl hydrolase (OGA) was shown to reduce Tau 
phosphorylation, aggregation, and neuronal loss in transgenic mice and is currently being 
tested in phase III clinical trial (Yuzwa et al., 2012; Graham et al., 2014; Hastings et al., 2017; 
Cummings et al., 2024). It is critical not to disrupt normal phosphorylation processes, which 
could affect cognitive functions and synaptic plasticity.  
Small molecules that inhibit Tau aggregation and intercellular spreading of Tau are another 
approach to reducing Tau pathology. Small molecules have the advantage of an enhanced 
ability to penetrate the blood-brain barrier. High-content screens in vitro or cell-based assays 

are frequently used to identify small molecules that inhibit Tau aggregation (Pickhardt et al., 
2005a; Pickhardt et al., 2005b; Crowe et al., 2007; Crowe et al., 2009; Bulic et al., 2010; 
Hebestreit, 2020; Cheng et al., 2021; Antoniou et al., 2022; Bahnassawy et al., 2024). 
Methylene blue was found to block Tau aggregation and induce autophagy, thereby 
preventing Tau propagation in vitro and transgenic mice (Wischik et al., 1988; Congdon et al., 
2012; Hosokawa et al., 2012). Due to strong side effects, Methylene blue did not pass the 
early clinical trials. Another small-molecule inhibitor (clinical trial phase I) inhibits Tau self-
association, preventing the nucleation of Tau and, consequently, the formation of toxic 
oligomers, NFTs and their propagation through the brain (Moe et al., 2016; Moe et al., 2017). 
Our group also employed a semi-automated high-throughput screen to identify Tau 
aggregation inhibitors (Hebestreit, 2020). C22 inhibited Tau aggregation with an IC50 of 
0.15-1.5 µM, but its target remains unknown. Small molecules that reduce or inhibit Tau 
aggregation could help resolve Tau uptake, aggregation, propagation and transmission 
mechanisms by identifying their targets within the cells.  
 

1.9  Tau cell models 

Cell models, also known as biosensor cell lines, are widely used to detect Tau seeding activity 
and to investigate intra- and intercellular Tau aggregation and propagation. The advantages 
of cell-based reporter systems over animal models include short time periods (24-96 hours) 
and the possibility of using high-throughput assays (Holmes and Diamond, 2017). Cell models 
played an instrumental role in the discovery that Tau fibrils can propagate from the outside to 
the inside of a cell (Frost et al., 2009). Strategies for the stable expression of Tau in cells 
include Tau-inducible cell lines that overexpressed Tau via a doxycycline-inducible system 
(Khlistunova et al., 2006) or cell lines that permanently stably express Tau detected by 
antibodies (Vogelsberg-Ragaglia et al., 2000; Ferrari et al., 2003; Choi et al., 2014) or tagged 
to fluorophores, like green (GFP), yellow (YFP) or cyan fluorescent protein (CFP) (Lu and Kosik 
2001; Woerman et al. 2016). In addition, fluorescent protein technologies such as 
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fluorescence resonance energy transfer (FRET) have been used to study the Tau-Tau 
interaction in living cells. In the FRET system, Tau is tagged to CFP or YFP. The incubation of 
cells with exogenous Tau seeds results in the initiation of Tau aggregation, evidenced by a 
FRET signal that can be quantitatively assessed (Holmes et al., 2014; Furman et al., 2015; 
Furman and Diamond, 2017). Either full-length Tau or Tau RD fragments are used in the cell 
models. As the Tau RD fragments demonstrated an enhanced seeding efficacy, most cell 
models are based on Tau 3R or 4R RD fragments with (P301S/P301L/V337M) or without 
mutations (Kfoury et al., 2012; Holmes et al., 2014; Woerman et al., 2016; Liu et al., 2021).  
Tau fibrils are added to the cells as naked exogenous recombinant fibrils or as seeds derived 
from transgenic mice or patient brains. Due to low numbers of aggregate-bearing cells, 
exogenous Tau seeds are mixed with lipid-based transfection reagents like Lipofectamine to 
increase the seeding efficacy (Guo and Lee, 2011; Holmes and Diamond, 2017). 
Lipofectamine facilitates Tau uptake and potentially enables Tau release by membrane 
rupture, leading to enhanced Tau seeding (Cardarelli et al., 2016; Holmes and Diamond, 2017; 
Pemberton et al., 2024). Based on this system, LRP1 and HSPG have been identified as cell-
surface receptors involved in vesicle-free Tau uptake (Holmes et al., 2013; Rauch et al., 2018; 

Rauch et al., 2020). Further, it was shown that individual Tau conformers can be stably 
propagated within cell clones, and their transmission into naïve cell clones resulted in identical 
Tau conformations (Sanders et al., 2014). The same Tau conformers were injected into 
transgenic mice and re-introduced into mice, creating the earlier seeding patterns. Tau strain 
patterns in PS19 mice expressing the P301S mutated Tau 1N4R (Tau 1N4RS (0-412)) can be 
correlated with specific cell types, brain regions, distinct aggregation rates and dissemination 
routes (Kaufman et al., 2016). Additionally, biosensor cell lines have been used to detect Tau 
seeding activity in the brains of transgenic mice and the brains of patients with AD and other 
Tauopathies (Holmes et al., 2014; Bennett et al., 2017; DeVos et al., 2018; Polanco et al., 
2021; Lathuiliere et al., 2023). 
Co-culture of aggregate-bearing cell lines (donor cells) with cell lines expressing soluble Tau 
(recipient cells) is used to investigate mechanisms of cell-to-cell transmission of prion-like 
proteins such as Tau (Liu et al., 2021; Liu et al., 2023). The Vorberg lab used a cell model 
based on the expression of the soluble GFP-tagged, P301L/V337M mutated Tau RD (recipient 
cells) and the same cell line stably propagating Tau RD aggregates (donor cells) to investigate 
the intercellular spreading of Tau aggregates (Liu et al. 2021). The transmission of aggregates 
between the donor and the recipient cells was poor. Interestingly, when the viral glycoprotein 
vesicular stomatitis virus G (VSV-G) or the spike protein of the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) was transfected into donor cells, the efficacy of 
aggregate transmission between donor and recipient cells was increased given that the 
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recipient cells expressed the corresponding low-density lipoprotein (LDL) or angiotensin-
converting enzyme 2 (ACE2) receptor. The same results were obtained when the secretion of 
Tau-associated EVs was investigated as a possible mechanism for intercellular Tau spreading 
(Liu et al., 2021). EVs obtained from the donor cells transfected with VSV-G or SARS-CoV-2 
efficiently dock and fuse via ligand-receptor interaction with the recipient cells expressing the 
LDL or ACE2 receptor. This interaction indicates that viral infections may facilitate the 
propagation of Tau in vivo (Liu et al., 2021).  

Studies using cell-based assays expressing Tau demonstrated that cellular systems can be 
used to investigate spatial and temporal resolution of Tau aggregation and enable the study 
of mechanisms of pathological Tau aggregation, propagation and transmission. Since the 
residues within the Tau amyloid core were identified by cryoEM (Scheres et al., 2023), it is 
intriguing to investigate if these residues associated with the Tau amyloid core might be a 
better and more efficient substrate when seeded by Tau amyloid fibrils derived from the 
corresponding disease compared to the established Tau RD fragments. 
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2  Aim 
Tauopathies are devastating diseases characterised by the assembly of Tau into highly 
ordered, β-sheet rich fibrils, termed amyloid. Tau pathology spreads in a prion-like manner 
between cells and connected brain regions. Despite extensive research, the mechanisms of 
inter- and intracellular prion-like Tau aggregate propagation and transmission remain 
unresolved. Tauopathies can be distinguished by the isoforms found within the Tau deposits 
in the brain. Isoforms differ in the number of their N-terminal inserts (1N, 2N) and their repeats, 
namely three (3R) or four (4R). CryoEM has shown that Tauopathies are associated with 
different Tau amyloid core folds. Tauopathies show heterogeneous clinical symptoms and 
pathogenesis, possibly due to the accumulation of Tau aggregates with specific amyloid 
cores comprising certain polypeptide regions of the Tau 3R and 4R isoforms. However, how 
the different Tau amyloid folds affect the prion-like spreading of Tau aggregates remains to 
be elucidated. If Tau aggregation can be inhibited by compounds, this might alleviate neuronal 
pathology and correlating symptoms, laying the cornerstone for a mechanism-based 
treatment. 
The aims of this project were twofold. First, we used a semi-automated high-throughput 
screen to identify Tau aggregation inhibitors. A previously established cell line expressing the 
soluble P301L/V337M mutated Tau 4R repeat domain was used for the high-throughput 
screen. A library of 144 compounds was screened for Tau inhibitors that reduce the number 
of cells with aggregates without being toxic to the cells. Second, since cryoEM revealed that 
Tau can fold into different amyloid conformers associated with distinct Tauopathies, the 
commonly used Tau RD fragments might not be the most suited for studying intracellular Tau 
spreading and propagation. Therefore, we established HEK cell lines expressing the protein 
regions spanning the cryoEM cores of Tau fibrils associated with different Tauopathies. Using 
the cryoEM Tau core fragments, we hypothesised that they might exhibit the same 
intramolecular interactions upon aggregation, enforcing a core structure similar to the Tau 
amyloid core of fibrils derived from patients. In addition, we used full-length and Tau RD 
fragments to reveal the potential differences between the Tau variants. Using transient and 
stable expression, we investigated their tendency to aggregate spontaneously. Next, cell lines 
that stably expressed Tau variants were exposed to Tau fibrils from different sources. In this 
context, we tested whether Tau variants in the newly generated cell lines could be specifically 
induced to aggregate by 3R, 4R and 3R/4R Tau amyloid fibrils and if seeding barriers between 
3R and 4R isoforms existed. Further, our aim was to use the cell panel and the respective 
aggregate seeding patterns associated with different patient-derived Tau fibrils to 
discriminate between 3R, 4R and 3R/4R Tauopathies. In the future, the new cell panel could 
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be used to identify drugs that inhibit the induction of disease-specific Tau aggregation. 
Further, it could be used to study the intra- and intercellular mechanisms of Tau propagation 
and transmission. Findings from our study might help to develop new therapeutic strategies 
to inhibit or reduce the aggregation of Tau by compounds.  
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3 Material  

3.1 Antibodies  

Table 3 Primary antibodies 

Primary Antibody  Host Application Dilution Supplier 

Actin  Rabbit WB 1:5.000 Abcam (ab8227) 
GFP Rabbit WB 1:5.000 Abcam (ab183734) 
HT7 Mouse WB 1:1.000 Thermo Fisher (MN100) 
MBD Rabbit WB 1:1.000 Abcam (ab308439) 
p-Tau (AT8) Mouse  WB 1:1.000 Thermo Fisher (MN1020) 
p-Tau (AT180) Mouse WB 1:1.000 Thermo Fisher (MNB1040) 
p-Tau (Thr231) Rabbit WB 1:1.000 Invitrogen (44-746G) 
Tau Rabbit WB 1:1.000 Abcam (ab64193) 
Tau-5 Mouse WB 1:1.000 Invitrogen (#AHB0042) 

GFP: Green fluorescent protein, MBD: Microtubule binding domain, p: phosphorylated 

 

Table 4 Secondary antibodies 

Secondary Antibody Species Application Dilution Supplier 

Mouse IgG, HRP-
conjugated 

Goat WB 1:10.000 Dianova 

Rabbit IgG, HRP-
conjugated 

Goat WB 1:10.000 Dianova 

Rat IgG, HRP-
conjugated 

Goat WB 1:10.000 Dianova 

IgG: Immunoglobulin G, HRP: Horseradish peroxidase, WB: Western blot 

 

3.2 Plasmids 

Table 5 Plasmids 

Construct Isoform aa Sequence Mutations Tag Backbone 

Tau 2N4R(0-441) 2N4R 0-441 No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 2N4RLM (0-441) 2N4R 0-441  P301L, 
V337M 

mGFP pHR-CAG_3C_Twin-
Strep 
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Tau 2N4RS (0-441) 2N4R 0-441  P301S mGFP pHR-CAG_3C_Twin-
Strep 

Tau 0N3R(0-352) 0N3R 0-352  No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 4RLM (243-375) 4R  243-375 P301L, 
V337M 

mGFP pHR-CAG_3C_Twin-
Strep 

Tau 4RS (246-378) 4R 246-378 No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 3RM (244-400) 3R 244-400 V337M mGFP pHR-CAG_3C_Twin-
Strep 

Tau 4R(CBD 274-380) 4R 274-380 No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 4R(CTE 305-379) 4R 305-379 No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 4R(CTE 274-379) 3R 305-379 No mGFP pHR-CAG_3C_Twin-
Strep 

Tau 3R(PiD 254-378) 3R 254-378 No mGFP pHR-CAG_3C_Twin-
Strep 

mGFP: monomeric GFP 
 

3.3 Fibrils 

Table 6 Recombinant Tau fibrils 

Fibril Supplier 

Recombinant Tau 2N4RL (0-441) Professor Markus Zweckstetter 
Recombinant 0N3R(0-352)  Professor Markus Zweckstetter 

 

3.4 Cell extract 

Table 7 Cell extract 

Cell extract Seed 

HEK Tau 2N4RL (0-441), agg GFP  Recombinant Tau 2N4RL (0-441) fibrils 
HEK Tau 3R(PiD254-378), agg GFP PiD brain homogenate #67 
HEK Tau 3R(PiD254-378), sol GFP None  
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3.5 Patient brain samples and ethics statement 

Frozen post-mortem brain tissue samples from neuropathologically confirmed AD, PSP, CBD, 
PiD and control cases were provided by the Brain Bank associated with the Biobanc-Hospital 
Clinic-IDIBAPS and the Netherland Brain Bank. In these Brain Banks, material and data are 
sampled and collected from donors upon written informed consent for brain autopsy and the 
use of the material and clinical information for research purposes obtained by the probands 
or their legal representative according to the approval of the responsible ethic committee. The 
study was conducted following the Declaration of Helsinki, and the protocol was approved 
by the Ethics Committee of the Medical Faculty of the University of Bonn, Germany (380/17; 
236/18).  
 
Table 8 Patient brain samples 

No. Age  Sex Neuropathological-

Diagnosis 

Clinical 

Diagnosis 

Braak 

stage 

Brain region 

C 70 M Control Control NA Pons 

C2 82 M AD  Control IV Hippocampus 

C3 31 M No histological 
changes (Control) 

Control NA Pons 

C4 64 M LBD + possible PART, 
AD  

Control I-II Pons 

C5 83 F Definite PART, AD + 
lacunar infarcts  

Control II Pons 

1 41 F FTLD, PiD FTD NA Hippocampus 

2 74 M FTLD, PiD AD NA Hippocampus 

3 75 F FTLD, PiD + AD + 
acute infarcts 

AD III Hippocampus 

4 66 F FTLD, PiD AD NA Hippocampus 

5 69 F FTRL, PiD + diffuse 
beta amyloid plaques 
+ acute microinfarct 

Early-onset AD NA Hippocampus 

6 73 M FTLD, PiD + AD + 
SVD + lacunar infarcts 

AD frontal 
symptoms 

III Hippocampus 

7 70 M CBD + AD + LBD Lewy bodies 
disease 

IV Hippocampus 
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8 64 M CBD + diffuse amyloid 
plaques 

FTD - PiD  NA Hippocampus 

9 72 M CBD + multiple 
lacumar infarcts + AD 

AD NA Pons 

10 65 F CBD FTD/AD NA SFG  

11 66 F CBD FTD with primary 
progressive 
aphasia 

III SFG 

12 63 F Tauopathy with 
neuronal and glial 
affection + CBD 

FTD NA Hippocampus 

13 83 F PSP FTD IV SFG 

14 80 M PSP PD III SFG 

15 59 M PSP + AD PSP III Hippocampus 

16 77 M PSP PSP NA Hippocampus 

17 64 M PSP + AD + PD PSP I-II Pons 

18 60 F PSP + AD + SVD PSP II Pons 

19 84 F AD  AD VI  Hippocampus 

20 80 F AD  AD VI Hippocampus 

21 86 M AD  AD V Hippocampus 

22 81 F AD + cerebral infarcts AD VI Hippocampus 

23 62 M AD AD VI SFG 

24 82 M AD AD VI SFG 

25 64 M VD Pre-senile 
dementia 

NA SFG 

26 50 M VD Amyloid 
angiopathy 

NA SFG 

27 62  M VD AD NA SFG 

 

3.6 Buffer and solutions  

All buffers and solutions are mentioned in the respective method section.  
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3.7 Cell lines 

Table 9 Cell lines 

Cell lines Isoform  Mutation References 

HEK293T x x ATCC, Manassas, Virginia 
HEK Tau(0-441)

 mGFP 2N4R x A. S. Hebestreit, AG Vorberg 
HEK TauLM (0-441) mGFP 2N4R P301L, V337M A. S. Hebestreit, AG Vorberg 
HEK TauS (0-441) mGFP 2N4R P301S A. S. Hebestreit, AG Vorberg 
HEK Tau 0N3R(0-352) mGFP  0N3R x A. S. Hebestreit, AG Vorberg 
HEK Tau 4RLM (243-375) mGFP 4R P301L, V337M A. S. Hebestreit, AG Vorberg 
HEK Tau 4RS (246-378) mGFP 4R P301S A. S. Hebestreit, AG Vorberg 
HEK Tau 3RM (244-400) mGFP 3R  V337M A. S. Hebestreit, AG Vorberg 
HEK Tau 4R(CBD 274-380) mGFP 4R x A. S. Hebestreit, AG Vorberg 
HEK Tau 3R(CTE 274-379) mGFP 4R x A. S. Hebestreit, AG Vorberg 
HEK Tau 4R(CTE 305-379) mGFP 3R x A. S. Hebestreit, AG Vorberg 
HEK Tau 3R(PiD 254-378) mGFP 3R x A. S. Hebestreit, AG Vorberg 
HEK Tau 4R(AD 304-380) mGFP  4R x A. S. Hebestreit, AG Vorberg 
HEK Tau(AD 306-378) GFP x x A. S. Hebestreit, AG Vorberg 
HEK NM GFP x x S. Liu et al., 2017 

 

3.8 Chemicals, reagents, enzymes  

Table 10 Chemicals, reagents, enzymes  

Item Company 

Acrylamid 30 % (Protogel) Bio-Rad 

Agarose Biozym 

Ampicillin Life Technologies 
Amylo Glo Biosensis 

Aqua Poly Mount Solution Polysciences 
Bradford Dye Reagent Bio-Rad 

Benzonase Merck 
Bromphenol blue Merck 

ChemiBLOCKER™ Merck 
Complete ULTRA Tablets, EDTA free Roche  

Dextran blue 2000 Sigma-Aldrich 
ddH2O Merck 
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Dimethyl Sulfoxide (DMSO) Honeywell 

DMEM® I (1X) + GlutaMAX™ -I Life Technologies 
DRAQ5™ Fluorescent Probe Solution Thermo Fisher Scientific 

100 bp DNA Ladder New England Biolabs 
100 mM dNTP Mix Agilent 

Dulbecco’s Phosphate Buffered Saline (PBS) Life Technologies 
Ethanol Roth 

Ethylenediaminetetraacetate acid (EDTA) Roth 

Fetal Bovine Serum (FBS) Pan Biotech GmbH 
Formaldehyde solution Sigma Aldrich 

Gel Loading Dye 6x  New England Biolabs 
GelRed Nucleic Acid Stain 10.000X in water (0.5 ml) VWR 

Glycerin Sigma-Aldrich 
Glycin Roth, 

Hoechst 33342 solution Thermo Fisher Scientific 
Isopropanol Roth 

Lipofectamine 2000 Thermo Fisher Scientific 

Lysogenic broth (LB) medium Roth 
2-Mercaptoethanol Sigma-Aldrich 

MG132 Cell Signaling Technology  
Methanol  Roth 

Nonident® P-40 (NP-40) Thermo Fisher Scientific  
Opti-MEM® I (1 x) + GlutaMAX™  Life Technologies 

Page Ruler Pre-Stained Protein Ladder Thermo Fisher Scientific 
Paraformaldehyde 16 % (w/v) Thermo Fisher Scientific 

Penicillin-Streptomycin (PS) Thermo Fisher Scientific 
Pfu DNA Polymerase Promega 

Phosphate buffered saline (PBS) Life Technologies 

Poly-L-Lysine Sigma-Aldrich  
Proteinase K Roche 

Re-Bot Plus Strong Solution Merck 
Roti®-Stock 20 % (w/v) Sodium dodecyl sulfate (SDS) Roth 

Skim milk powder Roth 
Sodium Chloride (NaCl) Roth 

SuperHotTaq DNA Polymerase Geyer 
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SuperSignal West Femto Thermo Fisher Scientific 

SuperSignal West Pico Thermo Fisher Scientific  
T4 DNA Ligase NEB 

Trans-IT Mirius 
Tris Roth  

Triton-X-100 Roth 
Trypan Blue Stain (0.4 %) Life Technologies 

Top10 Competent cells Thermo Fisher Scientific 

0.25 % Trypsin-EDTA Life Technologies 
Tween 20  Roth 

 

3.9 Consumables  

Table 11 Consumables 

Consumables Company 

Bacteria Culture Tubes  Roth 

BRAND 96-well plates Brand 
Cell counting slides Bio-Rad 

Cell culture dishes Corning  
Cell culture flasks  Neolab 

Cell culture multiwells Thermofisher Scientific 
Coverslips Paul Marienfeld 

Cryotubes Corning 

Eppendorf tubes  Eppendorf 
Falcon tubes  BD Biosciences 

Filter tips  Biozym 
Glasware Schott 

Microplates 96-well  Geyer 
Microplates 384-well Geyer 

Microscope slides, SuperFrost Plus Thermo Scientific 
NuPAGE™ 4-12 % Bis Tris Protein Gels  Life Technologies 

Parafilm VWR 
Pipettes Eppendorf  

Precellys Ceramic kit  VWR 

Protein Low-Bind Tubes  Eppendorf 
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PVDF Membrane  Geyer 

Reagent Reservoir Thermo Fisher 
Stripettes  Comin International 

SuperFrost® Plus Slides Thermo Fisher Scientific 
UZ Tube Polypropylene  Beckman Coulter 

Whatman paper Roth  

 

3.10 Instruments 

Table 12 Instruments 

Instrument Company 

Agarose Gel system VWR 

Automated cell counter TC20 Bio-Rad 

Cell Voyager 6000/8000 Yokogawa Inc. 

CO2 Incubator HERAcell 240i Heraeus 

Criterion™ Blotter Bio-Rad 

Echo 650 Series Beckman Coulter 

Eppendorf Centrifuge 5417R Eppendorf 

Fluostar OMEGA BMG BMG Labtech 

Fusion FX Imaging System Vilber Lourmat 

Laser scanning microscope (LSM) 900 Carl Zeiss 

Leica DM IL LED microscope Leica Microsystems 

Magnetic stirrer RCT Bacic IKA Labortechnik 

Maxisafe 2020 Class II Biological Safety Cabinet Thermo Fisher Scientific  

Mini Fold-1 Dot-Blot System Whatman 

Mini-PROTEAN Gel System Bio-Rad 

Minisee Sawrocker SSM4 Stuart 

Minitron Shaker Infors HT 

Mr. Frosty Freezing container  Thermo Fisher Scientific 

Multifuge X3R Hereus Thermo Fisher Scientific  

NanoDrop™ 2000 Thermo Fischer Scientific 

pH-Meter Seven Easy Mettler-Toledo 

Pipette controller BrandTech Scientific 

PowerPac™  Bio-Rad 
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Scale ABT320-4M analytical balance Kern & Sohn 

Scale EMS balance Kern & Sohn 

Sonopuls HD 2070 Sonicaor Bandelin 

Sonopuls HD 3200 Sonicator Bandelin 

StepOnePlus Real-Time PCR System Thermo Fisher Scientific 

T100 Thermocycler Bio-Rad 

Thermomixer compact Eppendorf 

Ultra-Low – 80 °C freezer Panasonic Healthcare 

Vacuum Pump KNF Beuberger 

Vortex Genie 2  Scientific Industries 

Water bath G.F.L. 

XCell4 SureLock™ Midi-Cell Electrophoresis System Thermo Fisher Scientific 

 

3.11 Kits 

Table 13 Kits 

Product Company 

Plasmid Maxi Kit Qiagen  

Q5® Site-Directed Mutagenesis Kit NEB 
QIAprep Spin Miniprep Kit Qiagen  

QIAquick Gel Extraction Kit Qiagen  
Quick Start Bovine γ-Globulin Standard Set Bio-Rad  

 

3.12 Software 

Table 14 Software 

Software Company 

Adobe Illustrator 2022 Adobe  

Adobe Photoshop 2022 Adobe 

CV7000 Analysis Software  Yokogawa Inc. 

Fiji (ImageJ) http://rsbweb.nih.gov/ij/ 

Fluostar Software BMG Labtech 

Fusion FX Vilber Lourmat 
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Graph Pad Prism 9 Graph Pad Software 

Lalign  https://embnet.vital-it.ch/software/LALIGN_form.html 

MARS Data Analysis Software BMG Labtech 

NEBase ChangerTM NEB 

Snapgene https://www.snapgene.com/ 

ZenBlue Carl Zeiss 

DeepL write  https://www.deepl.com/write/write-mobile 
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4 Methods 

4.1 Molecular Biochemical Methods 

4.1.1 Biological safety  
All work with genetically modified organisms was conducted under biosafety containment 
level 1 or 2 according to the current guidelines of the German Act on Genetic Engineering 
(Gentechnikgesetz). All materials, solutions, and biologically contaminated material were 
collected, inactivated, and disposed of according to the official rules. Genetic engineering 
was approved by genetic engineering authorities.  
 

4.1.2 Gene synthesis  

All Tau constructs were designed based on the numbering of full-length Tau 2N4R(0-441) 
(Uniprot ID: P10636-8). Gene synthesis was done by Biocat. Codon usage optimisation was 
performed for Homo sapiens.  
 

4.1.3 Transformation  
To amplify the desired plasmid DNA, Top10 competent cells were thawed on ice. 10-50 ng 
plasmid DNA or 5 µl of the ligation mixture was incubated with the bacteria on ice for 
30 minutes. This was followed by a heat shock at 42 °C for 55 seconds. Transformed bacteria 
were incubated on ice for 5 minutes. 500 µl of super optimal broth with catabolic repressor 
(SOC) medium was added, and samples were incubated at 300 rpm (Thermomixer F1.5, 
Eppendorf) for 30 minutes at 37 °C. 100 µl of the bacterial solution was plated onto Luria broth 
(LB) agar plates supplemented with 100 µg/ml ampicillin. LB plates were incubated overnight 
at 37 °C and stored at 4 °C for further experiments. 
 

4.1.4 Cultivation of bacteria and DNA preparation  

To culture bacteria containing the desired plasmid after transformation, a single colony was 
picked and inoculated for a Miniprep in 5 ml LB medium (20 g/l) and a Maxiprep in 200 ml LB 
medium, supplemented with 100 µg/ml Ampicillin. The bacteria culture was grown overnight 
at 180 rpm (Minitron, Infors HT) for 12-18 hours at 37 °C. The isolation of plasmids was 
performed with a QIAprep Spin Miniprep Kit (3.11), and isolated plasmids were sent to 
Eurofins for sequencing (4.1.6). Subsequently, a QIAgen Maxi Kit was used to isolate the 
desired plasmid according to the manufacturer’s instructions. The isolated plasmid was 
resuspended for a Miniprep in 50 µl and for a Maxiprep in 100-200 µl of the supplied buffer, 
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depending on the size of the pellet. The concentration was measured, DNA quality was 
confirmed using the Nanodrop, and plasmid DNA was stored at -20 °C. 
 

4.1.5 Enzymatic digestion and ligation of plasmid DNA 

Enzymatic digestion of plasmid DNA was performed using restriction enzymes and buffers 
from New England Biolabs (NEB). Approximately 0.5-1 μg of DNA was digested for each 
reaction. Buffers and enzymes were selected according to the manufacturer's instructions. 
Enzymatic digestion was performed for 2 hours at 37 °C. Enzymatic DNA ligation was 
performed by mixing plasmid DNA and insert DNA at a 1:3 molar ratio. DNA, ligase, and buffer 
were mixed according to the manufacturer's instructions (NEB) and incubated for 1 hour at 
room temperature (RT) or overnight at 16 °C. 
 

4.1.6 DNA sequence analysis  
GATC Eurofins sequencing service performed DNA sequencing to validate the correct 
sequence of the DNA construct of interest. Snapgene Viewer and Lalign (3.12) were used to 
analyse sequence information. 
  

4.2 Cell Biological Methods  

4.2.1  Cell culture  
All cell culture work was performed under sterile conditions. Cells (3.7) were grown on 10 cm 

plates at 37 °C and 5 % CO2 in DMEM + GlutaMax medium supplemented with 10 % fetal 
calf serum (FCS) and 5 % Penicillin-Streptomycin (PS) (referred to as DMEM culture medium). 
During the cell culture routine, the medium was removed, and cells were washed with 5 ml 
PBS. Cells were detached from the flask with 0.5 ml of 0.05 % trypsin-EDTA solution for 3-5 
minutes at RT. Proteolysis was stopped by adding 6 ml of pre-warmed complete medium, 
and cells were counted using an automated cell counter (Bio-Rad). The appropriate number 
of cells was seeded on a fresh 10 cm plate, flask or multi-well for 3 to 4 days. Cells were 
cultured at 37 °C in 5 % CO2 for further experiments. 
 

4.2.2 Thawing and freezing of cells 
Cells were removed from the liquid nitrogen tank and thawed in a water bath at 37 °C for 
approximately 1-2 minutes. Cells were transferred to 10 ml culture medium and centrifuged 
at 300 x g for 5 minutes to remove DMSO. After centrifugation, the cells were resuspended in 
10 ml culture medium and grown on a 10 cm plate as described in 4.2.1. For cryopreservation, 
the cells were washed with 5 ml PBS and detached as described above (4.2.1). The cell 
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suspension was centrifuged at 300 x g for 5 minutes, and the cell pellet was resuspended in 
FCS containing 10 % DMSO as a cryoprotectant. Cells were aliquoted into cryogenic vials 
and frozen at a controlled cooling rate of -1 °C/minute in freezing containers and short-term 
stored at -80 °C. For long-term storage, cells were transferred to liquid nitrogen. 
 

4.2.3 Transient transfection 

To validate the expression of the desired protein, 1 x 106 cells per construct were plated on a 
6-well plate in 2 ml culture medium. Cells were cultured at 37 °C and 5 % CO2 for 18-24 hours. 
The next day, the transfection mixture containing OptiMEM medium, Trans-IT and the desired 
DNA (3.2) was prepared and incubated at RT for 30 minutes.  
 

Transient transfection medium  4.0 µg DNA 
7.5 µl Trans-IT 
in 250 µl OptiMEM  

 
The transfection mixture was added dropwise to the cells. The cells were incubated with the 
transfection medium for 18-24 hours at 37 °C and 5 % CO2. Cells were further used for 
immunofluorescence and quantification (4.2.5, 4.3.7).  
 

4.2.4 Proteasomal inhibition 
The clearance of Tau variants was investigated by inhibiting the proteasome with 1.5 µM 
MG132. The culture medium was removed, and the cells were treated with culture medium 
mixed with MG132. Cells were either fixed for microscopic analysis (4.2.5) or pelleted for 
sedimentation assay (4.3.5) after 4, 8 and 24 hours.  
 

4.2.5 Immunofluorescence  

For immunofluorescence, 5 x 104 cells were incubated overnight in 500 µl culture medium on 
poly-L-lysine-coated coverslips in a 24-well plate. Coverslips were coated with poly-L-lysine 
(250 µg/ml) in sterile ultrapure water for 2 hours at 37 °C, followed by two washes with Milli-
Q water. Cells were treated according to the individual experiment and fixed with 4 % 
paraformaldehyde (PFA) (2 % final concentration) and DRAQ-5 (1:3.500) or Hoechst (1:4.000) 
for 20 minutes at RT, followed by two washes for 1 minute with PBS. For Amylo Glo staining, 
cells were permeabilised with 0.5 % Triton in PBS for 10 minutes at RT and washed twice 
with PBS. Cells were incubated with Amylo Glo in PBS (1:200) for 10 minutes at RT on a 
shaker and washed twice with PBS. Coverslips were mounted onto microscope slides using 
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Aqua Polymount and dried at RT overnight. Slides were stored at 4 °C and then imaged with 
the confocal microscope LSM900.  
 
Blocking buffer Amylo Glo staining  0.5 % Triton  

in PBS 
 
For HA Alexa 647 staining, cells were plated on 384-well plates and treated according to the 
individual experiment. Cells were permeabilised and blocked with 0.5 % Triton in PBS plus 
5 % Chemiblock solution in PBS for 30 minutes at RT. HA staining was performed with the 
appropriate HA 647 coupled antibody (3.1) diluted in blocking solution for 1 hour at RT. The 
cells were washed twice with PBS and scanned with the CV600 or CV8000. 
 
Blocking buffer HA 647 staining  5.0 % Chemiblock solution  

0.5 % Triton 
 in PBS  

 

4.2.6 Lentivirus production  
Lentiviral transfer vectors were used to produce lentiviral particles (3.2). The third-generation 
system was employed to prevent replication-competent viruses. In this system, the HIV-1 
genome is modified and split into four different plasmids, which allows for the incorporation 
of the provirus into the host cell genome. 
 

DNA [µg] Plasmid Function 

2.03 pMDI.g/pRRE Packaging plasmid 
1.02 pRSV-Rev Rev encoding plasmid 
1.36 pMD2.VSVG Envelop plasmid 
6.78 pHR-CAG_3C_Twin-Strep containing the 

desired construct 
Transfer vector 

 
HEK293T cells were used as packaging cell line to transfect lentiviral plasmids. 8.3 x 105 cells 
per construct were plated in 2 ml complete medium on a 6-well plate and incubated at 37 °C 
and 5 % CO2 overnight. The lentiviral plasmids, including the transfer vector, were mixed with 
14 µl Lipofectamine in 1 ml OptiMEM and incubated for 20 minutes at RT in a 1.5 ml tube. To 
perform the transfection, 1 ml of medium was removed from the 6-well plate, and the 
transfection mixture was added dropwise. After 5 hours, the medium was removed, and 2 ml 
of fresh culture medium was added to the cells. The virus particle-containing medium was 
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harvested 24 and 48 hours after transfection and was collected in 50 ml tubes. To eliminate 
any remaining cells, the virus particle suspension was centrifuged at 2.000 x g for 5 minutes. 
The resulting supernatant was mixed with 5x PEG (resulting in a final concentration of 1x PEG) 
and incubated overnight at 4 °C. 
 
5x Polyethylene glycol 25 mM Polyethylene glycol 

0.2 M NaCl 
2 mM Tris/HCL, pH 7.5 
in H2O bidest. 

 
Following the second harvest, HEK293T cells were discarded. The virus particles were 
precipitated by centrifugation at 1.500 x g for 30 minutes at 4 °C, followed by an additional 
15 minutes of centrifugation at 4 °C to remove the supernatant. The lentiviral particles were 
resuspended in 100-200 µl of culture medium, depending on the pellet size, and stored 
at -80 °C. 
 

4.2.7 Lentiviral transduction of HEK293T Cells  
For stable expression of the desired transgene, 5 x 104 cells were plated on a 24-well plate 
and cultured for 16-24 hours. For transduction, the culture medium was replaced with a 
culture medium containing Polybrene (1:1.250), and 50-100 µl of virus was added to each 
well. 24-72 hours later, aliquots of the stable bulk cell populations were frozen in liquid 
nitrogen, as previously described (4.2.2), or used directly for further experiments. 
 
Transduction  5 % FCS 

8 µg/ml Polybrene  
in DMEM culture medium 

 
 

4.2.8 Single-cell cloning 
To generate single-cell clones that homogeneously express the desired protein, the bulk 
population was diluted to a final concentration of 10 cells/ml in culture medium. Next, 100 µl 
per well was plated onto a 96-well plate. Cells were grown for 7-14 days, depending on the 
growth rate of the clones. The clones were then cultured from 96- to 24- and 6-well plates, 

as described before (4.2.1). The clones were frozen in liquid nitrogen, as described in 4.2.2, 
or directly used for further experiments. 
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4.2.9 Cell extract  
Cell extracts were generated to seed Tau variants by plating HEK cells that stably propagate 
the aggregated Tau protein of interest on a 5-layer flask in 100 ml culture medium (3.4). After 
4 days, the cells were washed with 80-100 ml of PBS. Subsequently, the cells were detached 
by adding 8 ml of 0.25 % Trypsin for 5 minutes at 37 °C. To remove the cells from the flask, 
90 ml of culture medium was added, and the resulting cell suspension was transferred to two 
50 ml falcon tubes. 10-20 ml of cell suspension was used to continue culturing cells in a 5-
layer flask. The cell suspension was centrifuged at 300 x g for 5 minutes at 4 °C. Pellets were 
either used directly or stored at -20 °C. 1.25 ml ice-cold OptiMEM + 1x protease inhibitor (PI) 
was used to resuspend the cell pellet for homogenisation. When the cell suspension was split 
into two 50 ml tubes, the cell pellets were combined in the 1.25 ml ice-cold OptiMEM + 1x PI. 
500 µl of cell suspension was added per Precellys tube, and samples were homogenised by 
Precellys (Precellys® 24, VWR) at 5500 rpm, 30 seconds on, 5 seconds off, for 2 minutes 
at 4 °C. The Precellys tubes were centrifuged at 842 x g for 10 seconds at 4 °C to reduce 
foam. The cell suspension was transferred and combined in new 1.5 ml Eppendorf tubes. The 
tubes were sonicated in a water bath at 50 % amplitude for 6 minutes constantly. Next, all 

1.5 ml Eppendorf tubes were combined in a 5 ml Eppendorf tube and centrifuged at 842 x g 
for 5 minutes at 4 °C to remove cell debris. The supernatant was transferred to fresh 1.5 ml 
Eppendorf tubes and stored at -20 °C. The amount of cell extract with the highest seeding 
efficiency was determined by titrating for aggregate induction.  
 

4.2.10 Patient and mouse brain homogenates  
The number of the patient brain samples and ethics statement can be found in section 26. 
PS19 mice expressing P301S mutated 1N4R(0-412) human Tau (Tau 1N4RS (0-412)) under the 
murine prion protein promoter were used (Yoshiyama et. al., 2007). PS19 mice were 
purchased from the Jackson Laboratory. Mice were housed in individually ventilated cages 
with 12 hour light/dark cycle at 22 °C and 60 % humidity. Animals had free access to 
autoclaved food and water. All animal experiments performed in this study were approved by 
the animal protection committee of the North Rhine-Westphalia State Environment Agency 
(LANUV), animal protocol 81-02.04.2021.A037. Non-transgenic WT C57Bl/6NCrl control 
animals were purchased from Charles River Laboratories and were continuously bred in the 
animal facility of the DZNE.  
The patient’s brain samples were divided into 200-400 mg pieces and transferred to Precellys 
tubes. 500 µl of ice-cold OptiMEM, freshly supplemented with 1x PI, was added. The samples 
were homogenised with the Precellys at 5500 pm for 2 minutes at 4 °C, with 30 seconds on 
and 5 seconds off intervals. The tubes were centrifuged at 842 x g for 10 seconds at 4 °C to 
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reduce foam. Brain homogenates were transferred to fresh tubes and sonicated in a water 
bath for 6 minutes at 50 % amplitude. Tubes containing the same patient's brain were 
combined and topped up to 10 % brain homogenate with OptiMEM plus 1x PI. The tubes 
were centrifuged at 842 x g for 5 minutes at 4 °C to remove cell debris. The supernatant was 
transferred to fresh 1.5 ml Eppendorf tubes and stored at -80 °C. The amount of brain 
homogenate with the highest seeding efficiency was determined by titrating for best 
aggregate induction. 
  

4.2.11 Seeding of Tau variants  

Tau aggregates were induced using recombinant Tau fibrils (3.3), cell extract (4.2.9), and PS19 
Tau 1N4RS (0-412) mouse (2.2.10) or human brain homogenate from PiD, CBD, PSP and AD 
patients (3.5). Two different recombinant Tau fibrils, Tau 2N4RL (0-441) and 0N3R(0-352), were 
kindly provided by Prof. Dr. Markus Zweckstetter. Recombinant Tau fibrils were stored at RT 
and were sonicated once using 30 % amplitude for 2 minutes with a pulse on for 10 seconds 
and a pulse off for 20 seconds. Cell extract and brain homogenate were centrifuged at 
5.200 x g for 5 minutes to remove any cell debris or tissue before use. The optimal seeding 
efficiency was determined by titration. For aggregate induction, 3 x 103 cells per well were 
plated on a 384-well plate and were cultured for 1 hour. Then, cells were treated with 0.8-
1.5 µM recombinant Tau fibrils, 0.5-1.5 µl cell extract, or 1.5-3.0 µl patient brain homogenate 
diluted in 10 µl OptiMEM plus 0.07 µl Lipofectamine. For 24-well plates, 5 x 104 cells were 
plated, and aggregation was initiated with 0.8-1.5 µM recombinant Tau fibrils, 6-10 µl cell 
extract or 10 µl patient brain homogenate in 100 µl OptiMEM. After 24-96 hours, depending 
on the experiment, the cells were fixed with a final concentration of 2 % PFA for 20 minutes 
at 37 °C. Fixed cells were stored at RT if imaged with the Cell Voyager (CV) the following day 
or at 4 °C if imaged later.  
 

4.2.12 Semi-automated high-throughput screen 
Compounds of varying concentrations (0.025-40 µM) were spotted by the Echo 650 (3.10) to 
create a dose-response curve and were stored at -20 °C. To identify compounds that affect 
Tau aggregation, 3 x 103 cells were seeded onto a 384-well plate and incubated overnight at 
37 °C and 5 % CO2. Compounds were diluted in 25 µl culture medium, and 10 µl of each 
concentration was added to the respective well. After 1 hour, 0.5-1.5 µl of cell extract was 
diluted in 10 µl of OptiMEM plus 0.07 µl of Lipofectamine. To induce aggregation, 10 µl of cell 

extract mix was added per well. The plate was centrifuged at 300 x g for 10 seconds at RT. 
After 24 hours at 37 °C and 5 % CO2, the cells were fixed and imaged using the CV. 
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4.2.13 Compound kinetics 
To assess whether compounds could inhibit Tau aggregation when seeds were first added to 
cells, 3 x 103 cells were seeded onto a 384-well plate and incubated ON at 37 °C and 
5 % CO2. Cell extract (0.1-1.5 µl) diluted in 10 µl of OptiMEM plus 0.07 µl of Lipofectamine 
was added for 1 hour. Compounds (0.025-40 µM) diluted in culture medium were added, with 
seeds at the same time (0 hours) and 1-22 hours after seed addition. Cells pre-incubated (-1 
hour) with the compound and then treated with seeds, as described for the high content 
screen, served as a positive control. Cells were fixed 24 hours after seed addition and imaged 
using the CV. 
 

4.3 Biochemical Methods 

4.3.1 Cell lysis 
NP-40 lysis buffer  
 

10 mM Tris/HCL, pH 7.5 
100 mM NaCl 
10 mM EDTA 
0.5 % NP-40 
1x Protease inhibitor (complete, EDTA free) 
in ddH2O 

 
For cell lysis, cells were detached using 0.05 % Trypsin (4.2.1). The cells were resuspended 
1 ml of PBS and pelleted by centrifugation at 300 x g for 10 minutes at 4 °C. The washing 
step was repeated twice with PBS, followed by resuspending the pellet in an appropriate 
amount of lysis buffer containing freshly supplemented 1x PI (24-well: 500 µl, 6-well: 1 ml). 
Cell lysis was carried out for 30 minutes on ice. To remove cell debris, the samples were 
centrifuged at 2.300 x g for 3 minutes at 4 °C. The supernatant was transferred to a fresh 
1.5 ml Eppendorf tube. The cell lysates were either used immediately or stored at -20 °C. 
 

4.3.2 Bradford  

Protein concentration was determined using the Bradford protein assay. Lysates were diluted 
1:20 in nuclease-free water, and 5 µl of the diluent was added in duplicates to a 96-well plate. 
A BSA standard dilution series ranging from 62.5-2.000 µg/ml and three H2O blank controls 
were also added. After 5 minutes, the absorbance was measured at 595 nm using an Omega 
plate reader (3.10). The protein concentration was calculated by generating a standard curve 
from the measured absorbance of the standard concentration using the MARS data analysis 
software.  
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4.3.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

 
3x Sample buffer 90 mM Tris/HCL, pH 6.8 

7 % SDS 
30 % Glycerol 
20 % β-mercaptoethanol 
0.003 % Bromphenol blue 
in ddH2O 

  
20x NuPAGE MOPS SDS Running buffer 50 mM MOPS 
 50 mM Tris/HCL pH 7.7 
 0.1 % SDS 
 1 mM EDTA 
 in ddH2O 

 
Discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed to separate proteins by size. 30-100 µg total protein of each sample with 
3x sample buffer was mixed and heated for 10 minutes at 95 °C. All of the samples and 8 µl 
page ruler protein ladder were loaded onto 4-12% Bis-Tris gels and ran at 100-150 V for 60-
90 minutes. Proteins were transferred to PVDF membranes via Western blot (WB) (4.3.4). 
 

4.3.4 Western Blot 
1x Blotting buffer 20 % Methanol 

250 mM Tris  
1.92 M Glycine 
0.1 % SDS  
in dd H2O 

  
10x TBS-T 100 mM Tris/HCL, pH 7.6 

1.5 M NaCl 

0.5 % Tween-20 
 in dd H2O 
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Blocking buffer 5 % Milk powder 
in TBS-T 

 
Immunochemical detection was carried out using WB analysis. PVDF membranes were 
activated in methanol for 10-20 seconds and equilibrated in blotting buffer for 20 seconds. 
The blotting sandwich was placed in a wet blot chamber filled with blotting buffer. The protein 
transfer from the gel onto the membrane was run at 100 V for 45 minutes. Subsequently, the 
membrane was blocked with milk for 60 minutes. Incubation was performed either overnight 
at 4 °C or for 2 hours at RT at 20 oscillations per minute. The primary antibody (3.1) was 
diluted (1:1.000) in blocking buffer and added to the membrane. The membrane was washed 
thrice for 5 minutes in TBS-T, and the secondary antibody was diluted (1:10.000) in blocking 
buffer. This was followed by three washing steps for 10 minutes with TBS-T. Subsequently, 
the membrane was incubated in ECL solution according to the manufacturer's instructions. 
The light reaction was detected using Fusion FX (3.10). To detect an additional protein, the 
membrane was stripped using 1x ReBlot Plus Strong Antibody Stripping Solution (1:10 in 
ddH2O) for 20 minutes. After removing the stripping solution, the membrane was washed with 

ddH2O and blocked again for 30 minutes, followed by the previously described steps. 
 

4.3.5 Sedimentation assay 
To confirm protein aggregation, 1x106 cells were plated on a 6-well plate. The cells were 
detached and lysed in NP-40 lysis buffer, as described in section 4.3.1. Next, 100 µg of total 
protein was diluted in 200 µl NP-40 lysis buffer, plus 10 µl blue dextran in ddH2O was 
centrifuged at 100.000 x g for 1:05 hour at 4 °C. The supernatant was transferred to a fresh 
tube. To precipitate soluble protein, 800 µl of methanol was added, and the sample was 
stored at -20°C overnight. The pellet was washed with 500 µl of PBS and centrifuged 
100.000 x g for 35 minutes at 4 °C. The pellet was stored at -20 °C overnight.  
 
NP-40 lysis buffer + SDS 
 

10 mM Tris/HCL, pH 7.5 
100 mM NaCl 
10 mM EDTA 
0.5 % Triton X-100 
0.5 % Protease inhibitor (complete, EDTA-free) 
4 % SDS  

 
The next day, the supernatant was centrifuged at 2.300 x g for 25 minutes at 4 °C. The 
methanol was removed, and the precipitated proteins were air-dried for 10 minutes. The 
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pellets and the precipitated soluble proteins were dissolved in NP-40 lysis buffer containing 
4 % SDS and 3x SEB buffer. The samples were heated for 10 minutes at 95 °C and stored 
at -20 °C for WB (4.3.3, 4.3.4). 
 

4.3.6 Filter trap assay  

To detect Tau aggregates, a filter trap assay (FTA) was performed. The filter trap module was 
set up following the manufacturer's instructions. A single Whatman paper, followed by a 
nitrocellulose membrane, was placed between the vacuum manifold and the sealing gasket. 
The sample plate was screwed in place, and the vacuum pump connected. 
 
NP-40 lysis buffer + SDS 
 

10 mM Tris/HCL, pH 7.5 
150 mM NaCl 
10 mM EDTA 
0.5 % Triton X-100 
0.5 % Protease inhibitor (complete, EDTA-free) 
4 % SDS  

 
200 µl SDS-washing buffer was added to wells. To prevent bubbles, SDS-washing buffer was 
added to all wells, including those not used for samples. Vacuum was applied until all SDS-
washing buffer was removed from the wells. This step was repeated twice. Cell lysates and 
patient brain homogenates were diluted to 20-25 µg total protein and adjusted to 200 µl with 
NP40-lysis buffer supplemented with 4 % SDS. 
 

SDS-washing buffer 
 

10 mM Tris/HCL, pH 8.0 
150 mM NaCl 
0.1 % SDS 
in ddH2O 

  
Samples were loaded and incubated at RT for 10 minutes. Vacuum was applied, and SDS-
washing buffer was added to all wells twice. The membrane was removed and washed once 
more in SDS-washing buffer for 5 minutes. The membrane was blocked in 5 % milk in TBS-T 
for 30 minutes at RT. Corresponding primary antibodies were diluted in blocking buffer (5 % 
milk in TBS-T) and either incubated for 2 hours at RT or overnight at 4 °C. The membrane was 
washed twice with TBS-T for 5 minutes to remove primary antibodies. The membrane was 
incubated with secondary antibodies in blocking buffer for 45 minutes at RT. Subsequently, 
it was developed using the ECL solution following the manufacturer's instructions. 



45 
 

4.3.7 Aggregate quantification with automated image analysis software 
The automated confocal microscopes CV6000 or CV8000 of the laboratory automation 
technologies (LAT) were used to image fixed and stained cells with a 20x water immersion 
objective scanning 9-36 positions within one well. CV7000 analysis, an automated imaging 
analysis software, was used. To quantify cells with aggregates, an image segmentation 
pipeline based on signal intensities of nuclei stained with DRAQ-5 (excitation 647 nm) or 
Hoechst (excitation 350 nm) and soluble and aggregated Tau protein tagged to GFP 
(excitation 488), FR (excitation 576), and HA (excitation 647) was applied. The percentage of 
cells with aggregates was calculated as a ratio to the total number of cells. 

 

4.3.8 Analysis and statistics  
Confocal images acquired with the LSM 900 were processed using ZEN 2010 image sets 
(light microscope facility (LMF)). For statistical analysis, images were acquired using the Cell 
Voyager 6000 and 8000 automated confocal microscopes (Yokogawa Inc.) with a 20x water 
objective. Maximum intensity projections were generated from Z-stacks, and 9-36 fields per 
well were imaged. Image analysis was performed using the Cell Voyager Analysis support 
software (CV7000 analysis). An image analysis routine was developed for single-cell 
segmentation and identification of aggregates (Liu et al., 2020). Total cell numbers were 
determined by Hoechst or DRAQ-5 signals, and recipient cells were identified by their GFP 
signal. Green aggregates were identified by fluorescence intensities. The percentage of cells 
with aggregates (strong GFP signal) was calculated as the number of aggregate-positive cells 
per total cells, set to 100 %. Adjustment for false positive recipient cells due to heterogeneity 
in GFP expression was made by subtracting the mean percentage of false positives in control 
recipient cells from all samples. Therefore, negative values were occasionally observed when 
no induction was detected. Graphical data are presented as mean values ±SD. Three to four 
biological replicates were used for statistical analysis. A minimum of 9 fields per well were 
imaged. One-way ANOVA and Two-way ANOVA with Bonferroni's multiple comparison or t-
test were used for statistical analysis (Graph Pad Prism 9 software). The significance level 
was set at p ≤ 0.05. Dose-response graphs were generated by interpolating a 4PL sigmoidal 
standard curve, where x represents concentration, using Graph Pad Prism 9 software. 
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5 Results 

5.1 High-throughput screen identified Tau 4RLM (243-375) aggregation inhibitors 

Tau aggregation inhibitors are a promising therapeutic strategy to treat Tauopathies. Our 
group has previously developed a semi-automated cell-based assay to identify Tau 
aggregation inhibitors in high-content screens (Hebestreit, 2020). This assay is based on HEK 
cells expressing the soluble repeat domain with mutations P301L (L)/V337M (M) (Tau 
4RLM (243-375)) tagged to GFP. Tau 4RLM (243-375) GFP aggregation can be initiated with 
recombinant full-length Tau fibrils. Here, we used Tau fibrils composed of recombinant full-

Figure 5 Semi-automated high-throughput screen workflow. (A) HEK Tau 4RLM (243-375) GFP cells were plated 
on a 384-well and incubated for 24 h. Compounds were spotted in a dose-response curve and were added to the 
cells. Tau seeds were added 1 hour later. Cells were fixed after 48 hours, and images were captured with the Cell 
Voyager (CV). Automated image analysis determined the number of cells with soluble or aggregated Tau and the 
total number of cells. Scale bar: 20 µM. (B) Summary of tested compounds. Two hits were identified and  were 
used for further experiments. Examples of toxic compounds (brown) and compounds with no effect (yellow). The 
cartoon was created with BioRender.com. 
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length wildtype Tau with the mutation P301L (Tau 2N4RL (0-441)), kindly provided by Prof. Dr. 
Zweckstetter. The fibril was assembled co-factor-free, as these Tau fibrils have been shown  
to have a rigid core similar to fibrils isolated from CBD patients (Chakraborty et al., 2021). To 
identify compounds that inhibit Tau aggregation, HEK Tau 4RLM (243-375) GFP cells were plated 
on a 384-well plate (Figure 5 A). Compounds (0-40 µM) were added to the cells, and after 1 
hour, recombinant Tau 2N4RL (0-441) fibrils were used to initiate Tau aggregation. Lipofectamine 
was used to enhance the uptake of the fibrils into the cells. A total of 144 compounds were 

screened (Figure 5 B). Prof. The Zweckstetter lab provided the compounds blindly. Of 144 

compounds, 77 had a toxic effect on the cells, like C45, while 65 compounds did not affect 
Tau aggregation, such as C9. Ultimately, two hits were identified: compound 22 and 57 (C22, 
C57). One of the hits, C22, was already identified by our group in collaboration with the 
Zweckstetter lab in 2020 (Hebestreit, 2020). In previous experiments, C22 (IC50: 0.15-1.5 µM) 
efficiently reduced the number of cells with Tau 4RLM (243-375) aggregates from 100 % to ~ 2 % 
when seeded with Tau 2N4RL (0-441) fibrils without causing cell toxicity. The IC50 is the half-
maximal inhibitory concentration of the compound at which 50 % fewer cells with aggregates 
are detected. In this project, the effects of C22 on Tau aggregation were further investigated 
by studying different Tau seeds and the kinetics of aggregate induction in the presence of 
C22. Further, we tested its effect on other amyloids. Similarly, the impact of C57 and its 
kinetics on Tau aggregation was assessed.  
 

5.1.1 C22 inhibits amyloid formation independent of the Tau seed  

C22 was identified as a potent Tau aggregation inhibitor in 2020 when cells were exposed to 
recombinant Tau fibrils (Hebestreit, 2020). Here, we investigated if C22 also inhibits the 
induction of Tau aggregates with Tau seeds from other sources. Different exogenous Tau 
seeds were used, including cell extract from cells producing aggregated Tau40

L (Tau 
2N4RL (0-441), agg) and Tau from transgenic mouse brain homogenate. PS19 mice express human 
P301S (S) mutated 1N4R Tau (Tau 1N4RS (0-412)) (Yoshiyama et al., 2007). It was previously 
shown that PS19 Tau 1N4RS (0-412) mice exhibit prion-like spreading of Tau and that PS19 Tau 

1N4RS (0-412) brain homogenate can be used for proteopathic Tau seeding (Holmes et al., 2014). 
Further, extracellular vesicles (EVs) from HEK cells that stably propagate Tau GFPAD 
aggregates and express the vesicular stomatitis virus glycoprotein (VSV-G) were used (Liu et 
al., 2021) (Figure 6). VSV-G mediates the binding of the virus to the low-density lipoprotein 
(LDL) receptor (Finkelshtein et al., 2013; Kim et al., 2017). Our group has shown that VSV-G-
coated EVs obtained from HEK cells expressing Tau GFPAD increased aggregate induction in 
recipient cells by an efficient fusion of the EVs with the membrane of the recipient cells (Liu 
et al., 2021). C22 reduced the number of cells with Tau 4RLM (243-375) aggregates with an IC50 of 
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1.5 µM when cells had been exposed to Tau 2N4RL (0-441), agg cell extract (Figure 6 A). The IC50 

of C22 was 7.5 µM when cells were exposed to PS19 1N4RS (0-412) brain homogenate (Figure 
6 B). Cells treated with C22 and EVs had an IC50 of 5.5 µM (Figure 6 C). C22 was the most 
effective in inhibiting Tau 4RLM (243-375) aggregates induced by Tau 2N4RL (0-441), agg cell extract 
(IC50: 1.5 µM), followed by EVs (IC50: 5.5 µM) and lastly by PS19 1N4RS (0-412) brain homogenate 
(IC50: 7.5 µM). Concentrations of up to 17.5 µM of C22, in combination with Tau seeds, were 
non-toxic. Differences in the number of cells with aggregates were only observed between 1 
and 12.5 µM. At 17.5 µM, C22 effectively inhibited Tau 4RLM (243-375) aggregation by all three 

Figure 6 C22 significantly inhibits seed-induced Tau and NM aggregation. (A-C) HEK Tau 4RLM (243-375) GFP 
cells were plated 24 hours before compound 22 (C22) treatment. Seeds were added after 1 hour of pre-incubation 
of the cells with the compound (0-17.5 µM). Cells were fixed 24-48 hours later. Representative dose-response 
curves of C22. Tau aggregates were induced with (A) Tau 2N4RL (0-441), agg cell extract, (B) PS19 1N4RS (0-412) brain 
homogenate, and (C) EVs. (D) C22 was added with Tau 2N4RL (0-441), agg cell extract (0 hours) and 1-22 hours after 
seeding. -1 hour served as control: C22 was added 1 hour before seeding. DMSO served as a negative control. 
(E) Representative confocal images of HEK NM GFP cells with NM fibril-induced aggregates treated with 
compound 22. As negative control served DMSO. (F) Dose-response curve of C22 in HEK cells expressing GFP-
tagged NM. NM aggregates were induced by NM fibrils. (A-F) Automated image analysis using fluorescence 
intensities determined the percentage of cells with aggregated Tau variants. To determine the IC50, a sigmoidal fit 
was interpolated, where x is concentration. The percentage of cells with aggregated Tau 4RLM (243-375) GFP/NM GFP 
was calculated as the number of aggregate-positive cells per total cells, set to 100 %. Toxicity was assessed by 
determining the total number of cells. The number of cells that received DMSO was set to 100 %. h: hour. BH: 
Brain homogenate. Tg: Transgene. EV: Extracellular vesicles. 
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seed types, indicating that C22 inhibited Tau aggregation independent of the Tau seed. 
DMSO-treated cells were used as a control and did not affect Tau aggregation (data not 
shown). As the concentration and conformation of the Tau seeds used are unknown, this may 
affect the IC50. 
Next, we determined if C22 also inhibits already initiated Tau aggregation. To investigate this, 
cells expressing GFP-tagged Tau 4RLM (243-375) were plated, and 17.5 µM of C22 was added the 
following day along with Tau 2N4RL (0-441), agg cell extract (0 hours). Alternatively, C22 was added 
1-22 hours after seeding with Tau 2N4RL (0-441), agg cell extract (Figure 6 D). As a positive control, 
cells were pre-incubated with the drug as before, followed by aggregate induction (-1 hours). 
Pre-incubation of C22, followed by aggregate induction with Tau 2N4RL (0-441), agg cell extract, 
most effectively inhibited Tau 4RLM (243-375) aggregation. C22 reduced the number of cells with 
aggregates up to 50 %. However, this inhibitory effect was only observed when the drug was 
added within the first 5-6 hours after seeding. After 7 hours, C22 had little to no effect. We 
conclude that C22 can only reduce the number of cells with aggregates before a certain 
threshold of Tau seeds enters the cytosol of the HEK cells and Tau aggregates start to 
propagate.  

We then investigated whether C22 also inhibits the aggregation of other amyloidogenic 
proteins. To this end, HEK cells expressing the GFP-tagged yeast Sup35 prion domain NM 
(hereafter NM) were used. NM is a model for studying amyloid formation and spreading in 
cells (Krammer et al., 2009; Hofmann et al., 2013; Liu et al., 2017). C22 also decreased NM 
aggregate formation in HEK NM GFP cells exposed to recombinant NM fibrils (IC50 = 9.0 µM) 
(Figure 6 E-F). Low concentrations of C22 (0.25-5.0 µM) poorly inhibited aggregate formation. 
We conclude that C22 can also prevent the aggregation of other amyloid proteins like NM. 
Overall, C22 inhibited protein aggregation regardless of the seed type and the amyloidogenic 
protein expressed by the cells without being toxic to the cells. However, C22 was only 
effective during the initial stages of aggregate induction. C22 most efficiently inhibited protein 
aggregation when cells had been pre-incubated with C22 prior to aggregate induction. It is 
known that C22 binds to Tau aggregates (Prof. Dr. Zweckstetter, personal communication). 
However, it is necessary to investigate whether it also affects cellular mechanisms involved 
in Tau aggregation. Due to its size, C22 cannot cross the blood-brain barrier (BBB) and is 
therefore unsuitable for animal studies. Hence, semi-automated high-content screening was 
continued to identify other compounds that can inhibit Tau aggregation. 
 

5.1.2 C57 inhibits Tau aggregation when pre-incubated with cells  
High-content screening was continued to identify more compounds that inhibit Tau 
aggregation. One of the hits was C57, with an IC50 of 1.7 µM when pre-incubated for 1 hour 
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with the HEK Tau 4RLM (243-375) GFP cells and then seeded with Tau 2N4RL (0-441), agg cell extract 
(Figure 7 A). C57 showed low toxicity up to 3.5 µM and slight toxicity at 4 µM. The kinetics of 
C57 were analysed similarly to those of C22. Plated HEK Tau 4RLM (243-375) GFP cells were 
directly incubated with Tau 2N4RL (0-441), agg cell extract and C57 (0 hours) (Figure 7 B). In 
addition, cells were first seeded with Tau 2N4RL (0-441), agg cell extract, and C57 was added 1-
22 hours later. Importantly, aggregate formation was inhibited by C57 only when cells were 
pre-incubated with the drug prior to aggregate induction. The exposure of cells to combined 
seeds and C57 (0 hours) has already increased the number of cells with aggregates by 30 %. 
Although the inhibitory effect of C57 on Tau aggregation was not as potent as that of C22 at 
higher concentrations, the C57 IC50 (1.7 µM) is comparable to the C22 IC50 (1.5 µM). Once a 
certain amount of Tau seeds entered the cells, the aggregation of the Tau 4RLM (243-375) could 
not be inhibited by C57. This shows the importance of an early intervention in Tau 
aggregation. Derivatives of C57 are currently being tested to enhance the overall inhibitory 
effect without increasing toxicity. 
 

 
Figure 7 Pre-incubation of C57 with HEK Tau 4RLM (243-375) cells inhibits seed-induced Tau aggregation. (A) 
Dose-response curve of C57, Tau aggregates were induced with Tau 2N4RL (0-441), agg cell extract. (B) C57 was 
added 1-22 hours after seeding with Tau 2N4RL (0-441), agg cell extract. Compound addition at -1 hours served as 
control. (B) Automated image analysis measuring fluorescence intensities determined the percentage of cells with 
aggregated Tau 4RLM (243-375). To determine the IC50, a sigmoidal fit was interpolated, where x is concentration. The 
percentage of cells with aggregated Tau 4RLM (243-375) GFP/NM GFP was calculated as the number of aggregate-
positive cells per total cells, set to 100 %. Toxicity was assessed by determining the total number of cells. The 
number of cells with aggregates exposed to DMSO only was set to 100 %. h: hour.  
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5.2 Generation of cell lines expressing full-length Tau, Tau RD fragments or 

Tau fragments corresponding to Tau amyloid cores 

Cell-based assays are widely used to investigate Tau seeding activity and cellular 
mechanisms of intra- and intercellular prion-like Tau aggregation (Frost et al., 2009, 2009; 
Holmes et al., 2014; Sanders et al., 2014; Kaufman et al., 2016; Furman and Diamond, 2017). 
In addition, cell-based assays expressing Tau have been valuable tools for high-throughput 
compound screens to identify small molecules that inhibit Tau aggregation (Pickhardt et al., 

2005b; Pickhardt et al., 2005a; Bulic et al., 2010; Hebestreit, 2020; Cheng et al., 2021; 
Antoniou et al., 2022; Bahnassawy et al., 2024). Most cell lines expressed Tau 3R(243-375, ΔR2) or 
Tau 4R(243-375) RD fragments tagged with fluorescent proteins like GFP, CFP or YFP (Lu and 
Kosik, 2001; Woerman et al., 2016). The addition of exogenous Tau seeds like pre-formed 
recombinant Tau fibrils or Tau fibrils derived from mouse or patient brains induces the 
aggregation of the fluorescent protein-tagged Tau, which can be used as a readout for Tau 
aggregate induction (Furman and Diamond, 2017; Liu et al., 2021). However, the residues of 
the Tau amyloid cores of PiD, CBD, PSP, AD and CTE were recently identified (Scheres et al., 
2023). It was shown that the cryoEM Tau amyloid cores differ in length and comprise fewer 
residues of the respective Tau 3R or 4R isoforms than the Tau RD fragments expressed 
previously in cell-based assays. Various intramolecular interactions within monomers and 
intermolecular interactions between monomeric subunits stabilise the cores. Consequently, 
the Tau amyloid core folds can differ between the respective Tauopathies. We hypothesised 
that the expression of the cryoEM Tau fragments that comprise the exact regions that form 
the core in the amyloid might facilitate the formation of disease-specific Tau aggregates. This 
could allow the discrimination of different Tauopathies based on the respective‚ seeding 
activity of isolated Tau fibrils in different cell lines expressing the Tau fragments related to Tau 
cryoEM cores. 
Therefore, we generated a cell panel for this project based on the Tau fragments 
corresponding to the cryoEM Tau amyloid cores of PiD, CBD, PSP, CTE, and AD. By 
expressing only fragments corresponding to the cryoEM Tau amyloid cores, we hypothesised 
that the fragments may adopt the intramolecular interactions of the specific Tau amyloid cores 
obtained from patient brains. In addition, cell lines expressing full-length Tau and Tau RD 
fragments were generated. The length differences of the fragments corresponding to the 
cryoEM Tau amyloid cores might affect their tendency to aggregate spontaneously compared 
to the longer Tau RD fragments and full-length Tau. In addition, the length and the number of 
repeats included might also affect the kinetics and efficacy of fibril-induced aggregation. 
Flanking regions at the N- and C-terminus are suggested to protect from aggregation (Berry 
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et al., 2003; Jeganathan et al., 2006; Mukrasch et al., 2009). The missing N- and truncated C-
terminus could render the fragments corresponding to the cryoEM Tau amyloid cores more 
prone to aggregation. Furthermore, only specific parts of the RD and the C-terminal are part 
of the cryoEM Tau amyloid cores. Therefore, it may be that the highest seeding activity is 
achieved when the expressed Tau fragments comprise the same amino acid residues as the 
amyloid cores of Tau fibrils derived from patients. The number of repeats within the Tau 
amyloid cores could result in a bilateral seeding barrier between Tau 3R and 4R isoforms. 
This may allow for the differentiation between 3R, 4R, and 3R/4R Tauopathies based on 
specific 3R, 4R and 3R/4R seeding patterns. 
Within the cell panel, we included the soluble full-length wildtype (WT) 2N4R Tau 
(Tau 2N4R(0-441)) 2N4R Tau with mutations P301L/V337M, or P301S (Tau 2N4RLM (0-441), 
Tau 2N4RS (0-441)) and 0N3R Tau (Tau 0N3R(0-352)) (Figure 8 A). Additionally, the well-established 
Tau 4R RD fragment with mutations P301L/V337M or P301S (Tau 4RLM (243-375), Tau 4RS (246-378)) 
and a Tau 3R variant harbouring mutation V337M (Tau 3RM (244-400)) were used, commonly 
referred to as Tau RD fragments (Figure 8 B). Tau 3RM (244-400) was chosen as it was shown to 
be preferentially seeded by Tau 3R seeds (Metrick et al., 2020). For the Tau fragments 

corresponding to the cryoEM Tau amyloid cores, we chose the AD cores representative for 
Tau 4R (Tau 4R(AD 304-380)) and the shorter AD core representative of Tau 3R and 4R isoforms 
(Tau(AD 306-378)) (Figure 8 C). Tau(AD 306-378) was included as it was the first cryoEM structure of AD 
missing two residues at the beginning and the end of the core, which might affect its 
aggregation into the AD amyloid fold. Tau constructs comprising the residues of the cryoEM 
core associated with CBD (Tau 4R(CBD 274-380)) and PiD (Tau 3R(PiD 254-378)), and two CTE fragments 
based on Tau 3R (Tau 3R(CTE 274-379)) or Tau 4R (Tau 4R(CTE 305-379)), were also included. The 
constructs based on the cryoEM Tau cores are generally referred to as cryoEM Tau core 
fragments. The residue numbering is according to full-length Tau 2N4R(0-441). All Tau 3R 
variants lack R2. All fragments corresponding to the cryoEM Tau amyloid cores comprise R3 
and R4, along with ten to twelve residues C-terminally of the RD region. Tau 4R(AD 304-380) 
comprises the first two amino acids of R2 and twelve residues carboxyterminal to R4. 
Tau(AD 306-378) includes only R3 and R4 plus ten residues after R4. Tau 4R(AD 304-380) consists of 
one residue of R1, and twelve additional residues follow R4. Tau 3R(PiD 254-378) encompasses 
only the last 20 residues of R1 plus, and ten residues follow R4. Tau 3R(CTE 274-379) and Tau 
4R(CTE 305-379) comprise one residues of R1 (3R) or R2 (4R) and eleven residues follow R4. All 
Tau constructs were tagged via a linker with monomeric GFP to prevent sterically impairing 
amyloid folds.  
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5.2.1 Spontaneous amyloid formation of cryoEM Tau core fragments 
To investigate if our Tau fragments that correspond to cryoEM Tau cores spontaneously 
aggregate, we transiently overexpressed them in HEK cells and analysed cells by 
immunofluorescence (Figure 8 A-C). Interestingly, all truncated Tau variants exhibited nuclear 
Tau expression, while full-length Tau variants were mainly distributed in the cytoplasm (Figure 
8 D-F). Tau lacks nuclear localisation signals, but it was suggested that it could interact with 
nuclear core complexes that enable the entry of smaller macromolecules via transport 
receptors or diffusion (Lemke, 2016; Fallini et al., 2020). Full-length Tau does not 
spontaneously aggregate in vitro and cellula (Frost et al., 2009; Ingham et al., 2022). It can 

only be induced in vitro with polyanionic factors like heparin or cofactor-free by double orbital 
shaking and polytetrafluoroethylene beads (Goedert et al., 1996; Chakraborty et al., 2021). In 
line with this, our full-length Tau fragments did not spontaneously aggregate when expressed 
in cells (Figure 8 D). Further, no spontaneous aggregation was observed for Tau RD fragments 
(Figure 8 E).  In contrast, all cryoEM Tau fragments spontaneously formed puncta in some 
cells (Figure 8 F). Tau puncta were mainly present in the cytosol, except for Tau 4R(CBD 274-380) 
aggregates, which primarily localised to the nucleus. Co-staining with the amyloid dye, Amylo 
Glo (Schmued et al., 2012; Saha et al., 2023) suggested that Tau puncta were of an amyloid 
nature. Quantitative analysis of the cells transiently transfected with Tau constructs confirmed 
that full-length Tau and Tau RD fragments did not spontaneously aggregate (Figure 8 G-H). 
Tau fragments corresponding to cryoEM Tau cores differed in their spontaneous aggregation 
propensity (Figure 8 I). TauAD (306-380), the shortest cryoEM Tau core fragment, exhibited the 
highest level of spontaneously forming amyloid. Tau 3R(PiD 254-378), the most extended cryoEM 
Tau core fragment, demonstrated the lowest. Despite being the second most extended 
variant, Tau 4R(CBD 274-380) was the second fastest to aggregate spontaneously. One potential 
explanation for the high aggregation propensity of Tau 4R(CBD 274-380) could be the presence of 
both amyloid motifs, PHF6* and PHF6, that drive Tau aggregation and two neighbouring 
cysteines in R2 and R3 that establish intermolecular disulphide bonds promoting aggregation 
(Gerson et al., 2014; Petri et al., 2022). Thus, we conclude that Tau fragments corresponding 
to Tau amyloid cores are prone to aggregate spontaneously. The length of the core, as well 
as the number of amyloid motifs included and intermolecular interactions, might affect its 
propensity to aggregate spontaneously. At the same time, full-length and Tau RD fragments 
may be protected due to the additional residues at the N- and C-terminus and, therefore, do 

not spontaneously self-assemble. 
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Figure 8 Tau fragments comprising cryoEM Tau cores spontaneously aggregate. (A) Full-length Tau 
constructs: Tau 2N4R(0-441), mutant (P301L/V337M, P301S) 2N4R Tau(0-441), referred to as Tau 2N4RLM (0-441) and Tau 

2N4RS (0-441) and Tau 0N3R(0-352). (B) RD fragments: Mutant (P301L/V337M; P301S) repeat domain (RD), termed Tau 
4RLM (243-375) and Tau 4RS (246-378), as well as a mutated (V337M) 3R RD, referred to as Tau 3RM (244-400) (Metrick et al., 
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2020). (C) Tau fragments comprising Tau cryoEM cores: Constructs were designed to code for Tau amyloid cores 
previously determined by cryo-EM: Alzheimer’s disease (Tau 4R(AD 306-378), Tau 4R(AD 304-380)), Corticobasal 
degeneration (Tau 4R(CBD 274-380)), Chronic traumatic encephalopathy (Tau 3R(CTE 274-379), Tau 4R(CTE 305-379)), and Pick’s 
disease (Tau 3R(PiD254-378)). (D-F) Tau variants tagged with GFP were transiently overexpressed. Cells were stained 
with Amylo Glo to detect amyloid formation. Representative confocal images are shown. Arrowheads indicate 
spontaneous cytoplasmic amyloid inclusions. Asterisks indicate spontaneous nuclear aggregation. (D) Confocal 
images of full-length Tau and (E) Tau RD fragments. (F) Confocal images of spontaneously aggregating cryoEM 
Tau cores. (G-I) Quantification of spontaneous Tau aggregation. Tau aggregates were manually quantified using 
Fiji. Two hundred cells were counted per well. Data are shown as violin plots, the mean is indicated as a straight 
line, and dotted lines represent quartiles (n=2). Scalebar: 10 µm. 

 

5.2.2 Proteasomal clearance of stably expressed Tau variants, which are prone to 
spontaneous aggregation 

Some cryoEM Tau fragments spontaneously aggregated when expressed transiently in HEK 
cells. High transient expression levels can cause spontaneous aggregation (Seidler et al., 
2019), so we investigated whether the cryoEM Tau core fragments could be stably expressed 
without spontaneous aggregation to study fibril-induced aggregation. Lentiviral transduction 
typically results in few integration events and lower protein expression levels. Therefore, cell 
lines stably expressing full-length Tau, Tau RD fragments and cryoEM Tau core fragments 
were generated. Single-cell clones with a stable homogenous expression of soluble Tau were 
selected. This prevented false positive aggregate detection due to heterogeneous expression 
levels during automated image analysis. The resulting cell clones were analysed for Tau 
expression levels and spontaneous aggregation using WB and confocal microscopy (Figure 
9). HEK cells stably expressed full-length Tau and Tau RD fragments. For cryoEM Tau core 
fragments, only Tau 4R(CTE 305-379), Tau 4R(AD 304-380), and Tau 3R(PiD 254-378) showed easily 
detectable protein levels (Figure 9 A). In contrast, Tau(AD 306-378) showed weak detectable WB 
bands, while no bands were detected for Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) (Figure 9 B). 
Also, IF showed weak GFP intensities for cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 
3R(CTE 274-379) core fragments (Figure 9 C). No spontaneous aggregation was observed for any 
of the Tau variants when stably expressed. The decreased protein levels of the core fragments 
comprising cryoEM Tau(AD 306-378), Tau 3R(CTE 274-379), and Tau 4R(CBD 274-380) suggested that these 
variants, which were highly prone to spontaneous aggregation when transiently expressed, 
might be cleared by the cells when stably expressed. Spontaneous aggregation could 
enhance the UPS and the ALP activity, which regulate the refolding and degradation of 
misfolded proteins (Morley et al., 2002; Taylor and Dillin, 2011). To determine if the 
proteasome is involved in Tau degradation in cells expressing the core fragments of cryoEM 
Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379), we inhibited proteasomal clearance for 4, 
8, and 24 hours using the proteasome inhibitor MG132 (Figure 9 C). HEK cells stably 
expressing Tau 4RS (246-378) RD fragments were used as a control because this variant does not  
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Figure 9 Clearance of CryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379) core fragments by the 
proteasome prevents spontaneous aggregation. Western blot (WB) of (A) full-length Tau (Tau 2N4R(0-441), Tau 
2N4RLM (0-441), Tau 2N4RS (0-441), Tau 0N3R(0-352)), Tau RD fragments (Tau 4RLM (243-375), Tau 4RS (246-378), Tau 3RM (244-400)), 
cryoEM Tau core fragments (Tau 4R(CTE 305-379), Tau(AD 306-378), Tau 3R(PiD 254 378)) and (B) weakly expressed cryoEM 
Tau(AD 306-378), Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) core fragments. Tau variants were detected with anti-Tau 
antibody (MBD). 30 µg total protein was loaded. WB was reprobed for β-Actin as a loading control. (B) Blots 
displaying cryoEM Tau 3R(CTE 274-379), Tau(AD 306-378) and Tau 4R(CBD 274-380) core fragments were developed with ECL 
Femto for a minimum of 5 minutes for signal detection. (C) Cells with weak protein levels of cryoEM Tau 
3R(CTE 274-379), Tau(AD 306-378) and Tau 4R(CBD 274-380) core fragments were treated with MG132 for 4, 8, and 24 hours to 
inhibit proteasomal clearance. Tau 4RS (246-378) was used as a control. Representative confocal images are shown. 
Nuclei were stained with DRAQ-5. Arrowheads indicate Tau aggregates. (D-G) Cells were lysed and used for 
sedimentation assays. 100 µg total protein was used. Anti-Tau antibody (MBD) was used for band detection. 
h: hour. C: Control. SN: Supernatant. P: Pellet. kDa: kilodalton. Scalebar: 10 µm. 

 
spontaneously aggregate at high concentrations during transient transfection. Confocal 
imaging revealed that untreated GFP-tagged cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 
3R(CTE 274-379) core fragments expressed in HEK cells showed almost no GFP signal. In contrast, 
cells expressing Tau 4RS (246-378) RD fragments showed a clear GFP signal. Upon incubation 
with MG132 for 4 hours, the Tau protein levels of all Tau variants increased. After 8 hours in 
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the presence of MG132, spontaneously forming aggregate-like puncta appeared in HEK cells 
expressing cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379) core fragments, and 
nuclei became deranged. The inclusions continued to grow, and by 24 hours, the cells 
became apoptotic. Tau 4RS (246-378) RD fragments did not aggregate but underwent apoptosis 
after 24 hours (Figure 9 C). We conclude that the increased protein levels of cryoEM 
Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379) core fragments in HEK cells by MG132 
lead to their spontaneous aggregation. The missing N- and truncated C-terminus could make 
the cryoEM Tau amyloid cores more prone to aggregation. To prevent spontaneous 
aggregation, protein levels of cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379) 
fragments are decreased by proteasomal degradation.  
To validate the increase in Tau expression levels and the formation of aggregates, MG132-
treated cells were lysed after 4-24 hours and used for sedimentation assays (Figure 9 D-G). 
In line with the confocal images, the expression level of soluble cryoEM Tau(AD 306-378), Tau 
4R(CBD 274-380), and Tau 3R(CTE 274-379) core fragments represented in the supernatant, as well as 
the Tau aggregates in the pellet fraction, increased gradually over the 24-hour treatment. To 
rule out that MG132 treatment leads to the general formation of spontaneous Tau aggregates, 

we treated HEK cells stably expressing Tau 4RS (246-378) RD fragments with MG132. Notably, 
these cells did not show spontaneous aggregation when the variant was transiently over-
expressed. We found no detectable aggregation in cells stably expressing Tau 4RS (246-378) RD 
fragments exposed to MG132, except at the 24-hour time point. This was expected, as 
MG132 inhibits the proteasome, leading to protein accumulation after a certain time. 
Combined, these findings suggest that cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 
3R(CTE 274-379) core fragments are degraded by the proteasome. This might be due to enhanced 
proteasomal clearance to prevent spontaneous aggregation and a natural selection process 
that possibly favours cells without detrimental spontaneous Tau aggregation. However, it is 
currently unclear whether the loss of cells with high Tau protein levels and spontaneous 
aggregation is due to cell death. This requires further investigation. Cells expressing the 
cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380), and Tau 3R(CTE 274-379) core fragments were excluded 
from further experiments due to their weak expression in HEK cells. HEK cells stably 
expressing GFP-tagged full-length Tau 2N4R(0-441), full-length Tau 2N4RLM (0-441), full-length Tau 
2N4RS (0-441), full-length Tau 0N3R(0-352), Tau 4RLM (243-375) RD, Tau 4RS (246-378) RD, Tau 3RM (244-400) 
RD fragments, cryoEM Tau 4R(CTE 305-379), cryoEM Tau 4R(AD 304-380) and cryoEM Tau 3R(PiD 254-378) 
core fragments were successfully established and were further used to investigate fibril-
induced Tau aggregation. 
 



58 
 

5.3 Seeding barriers between Tau 4R recombinant fibrils and Tau 3R and Tau 

4R variants that have only parts of R2 

Previous studies have shown that Tau seeds, such as recombinant Tau fibrils, can induce Tau 
aggregation in vitro and in cellula (Frost et al., 2009; Guo and Lee, 2011; Tanaka et al., 2019; 
Longhini et al., 2024). It was shown that seeding barriers exist in vitro between recombinant 

Tau 4R(244-372) fibrils (template) and recombinant Tau 3R(244-372) monomers (substrates) (Dinkel et 
al., 2011; Yu et al., 2012; Weismiller et al., 2018). Recently, this 4R:3R seeding barrier was 
confirmed in cells that expressed Tau 1N3R(0-381) and were exposed to patient-derived Tau 
fibrils. The Tau fibrils were obtained from 4R CBD or 4R PSP patient brain homogenate 
(Tarutani et al., 2021). The same 4R:3R seeding barrier was detected in cells expressing Tau 
3R(255-441) exposed to fibrillised Tau 4R(295-313) peptides comprising R2 and R3 (Longhini et al., 
2024). In our cell model, we studied whether a 4R:3R seeding barrier exists and whether 
exogenous Tau 4R seeds can induce aggregation of Tau 4R variants. To this end, we exposed 
HEK cells that stably expressed full-length Tau, Tau RD fragments, and the core fragments of 
cryoEM Tau 4R(CTE 305-379), Tau 4R(AD 304-380) and Tau 3R(PiD 254-378) to recombinant Tau 2N4RL (0-441) 

fibrils provided by Prof. Dr. Markus Zweckstetter. Recombinant Tau 2N4RL (0-441) monomers 
were used as a control. Cells exposed to 1.5 µM recombinant Tau 2N4RL (0-441) fibrils or 
monomers were assessed for Tau aggregate induction by automated image acquisition and 
analysis (Figure 10 A-C). Full-length Tau 2N4R(0-441) did not aggregate when recombinant Tau 
2N4RL (0-441) fibrils were added, confirming earlier work (Aoyagi et al., 2007). By contrast, in a 
few cells, mutated full-length Tau 2N4RLM (0-441) and Tau 2N4RS (0-441) accumulated as cytosolic 
aggregates (Figure 10 A). Full-length Tau 0N3R(0-352) did also not aggregate when cells were 
exposed to recombinant Tau 2N4RL (0-441) fibrils. The Tau 4RLM (243-375) RD and Tau 4RS (246-378) RD 
fragments were seeded, while Tau 3RM (244-400) RD fragments did not aggregate (Figure 10 B). 
None of the cryoEM Tau core fragments aggregated when exposed to recombinant Tau 
2N4RL (0-441) fibrils, including cryoEM Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments, which 
contain 1-2 aa residues from R2 of Tau 4R (Figure 10 C). 
Automated image analysis revealed that hardly any cells expressing the full-length Tau 
variants contained Tau aggregates (Figure 10 D). No cells were found to contain aggregates 
when exposed to the recombinant Tau 2N4RL (0-441) monomer. The automated image analysis 
uses a fluorescence threshold to detect GFP-tagged aggregates. Cells expressing soluble 
Tau variants may have diffuse green dots with low GFP intensity, which are not considered 
aggregates but the background and are, therefore, not counted. Although aggregates were 
visible in the IF images for full-length Tau variants, the percentage of cells with aggregates in 
cells expressing mutated full-length Tau 2N4RLM (0-441) or Tau 2N4RS (0-441) was less than 1 %. 
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When exposed to Tau 2N4RL (0-441) fibrils, cells expressing Tau 4RLM (243-375) RD and Tau 4RS 

(246-378) RD fragments showed the highest seeding efficiency with 24 % and 31 % of cells with 

Figure 10 Recombinant Tau 2N4RL (0-441) fibrils induce mainly Tau 4RLM 243-375) RD and Tau 4RS (246-378) RD 
fragment aggregates. (A-C) Representative confocal images of GFP-tagged (A) full-length Tau, (B) Tau RD 
fragments, and (C) cryoEM Tau core fragments stably expressed in HEK cells and exposed to 1.5 µM recombinant 
Tau 2N4RL (0-441)

 fibrils. Cells were fixed after 24 hours. Nuclei were stained with DRAQ-5. Arrowheads indicate 
cytosolic aggregates of the corresponding Tau variant. (D-F) Tau aggregate quantification. Cells treated with Tau 
2N4RL (0-441) monomers served as a control. The percentage of cells with aggregated Tau was calculated as the 
number of aggregate-positive cells per total cells, set to 100 %. Data are presented as mean ± SD (n=4). Two-
way ANOVA was used for statistical analysis. The mean was compared to the control (P: **** >0.0001). Three (D-
F) independent experiments with four technical replicates were carried out with similar results. Scalebar: 10 µm.  
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aggregates, respectively (Figure 10 E). This confirms that cells expressing Tau 4RLM (243-375) RD 
and Tau 4RS (246-378) RD fragments are sensitive cells for homotypic seeding by Tau 2N4RL (0-441) 

fibrils. In contrast, aggregation of cryoEM Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments 
could not be seeded by recombinant Tau 2N4RL (0-441) fibrils (Figure 10 F). Similarly, the Tau 3R 
isoforms full-length Tau 0N3R(0-352), Tau 3RM (244-400) RD fragments, and the cryoEM Tau 
3R(PiD 254-378) core fragments could not be induced by recombinant Tau 2N4RL (0-441) fibrils in our 
model (Figure 10 D-F). We conclude that Tau 4R RD fragments are efficiently seeded by 
recombinant Tau 2N4RL (0-441) fibrils and that a 4R:3R seeding barrier exists between 
recombinant Tau 4R fibrils and Tau 3R variants expressed in cells. This confirms the in vitro 

and in cellula data of previous experiments in the Tau field. Surprisingly, the aggregation of 
the cryoEM Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments was not induced by 
recombinant Tau 2N4RL (0-441) fibrils, despite covering parts of the residues of the Tau 4R 
isoform. This may be because the sequence of the core fragments of cryoEM Tau 4R(CTE 305-379) 

and Tau 4R(AD 304-380) starts with only the last 1-2 residues of R2 followed by R3-R4 of the repeat 
domain. By contrast, the recombinant Tau 2N4RL (0-441) fibrils and the Tau 4R RD fragments 
include all of the RD (R1-R4). The shorter sequence length of the cryoEM core fragment and 
the missing parts of R2 might lead to a seeding barrier similar to Tau 3R variants that 
completely lack R2. In addition, altered intramolecular interactions between the cryoEM Tau 
core fragment residues may further contribute to the seeding barrier by allowing only specific 
core conformations. This might lead to a general conformational incompatibility between 
cryoEM Tau 4R core fragments that lack most of R2 and recombinant Tau 2N4RL (0-441) fibrils 
that include all four repeats.  
To confirm the induction of Tau aggregates by recombinant Tau 2N4RL (0-441) fibrils, soluble 
and insoluble protein fractions were analysed via sedimentation assay (Figure 11 A-C). 
Therefore, cells expressing full-length Tau 2N4R(0-441), Tau 2N4RLM (0-441), and Tau 2N4RS (0-441) 
exposed to recombinant Tau 2N4RL (0-441) fibrils were cultured over several passages. In 
addition, they were re-exposed to recombinant Tau 2N4RL (0-441) fibrils to ensure Tau 
aggregation. This was done because full-length Tau aggregation is slow, and aggregation 
rates are poor. All Tau variants showed a clear signal in the soluble fraction, confirming stable 
expression of the corresponding soluble Tau variant. Signals in the pellet fraction of cells 
propagating aggregated mutated full-length Tau, Tau 4RLM (243-375) RD, and Tau 4RS (246-378) RD 
fragments confirmed Tau 2N4RL (0-441) fibril-induced aggregation of Tau 4R variants (Figure 11 

A-B). Only one band corresponding to the expected protein size was detected for full-length 
Tau 2N4R(0-441), full-length Tau 2N4RLM (0-441), full-length Tau 2N4RS (0-441), Tau 4RLM (243-375) RD 
fragments, cryoEM Tau 4R(AD 304-380) and cryoEM Tau 3R(PiD 254-378) core fragments. Yet, two 
fragments were detected for full-length Tau 0N3R(0-352), Tau 3RM (244-400) RD fragments, and 
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cryoEM Tau 4R(CTE 305-379) core fragments, and three bands were detected for Tau 4RS (246-378) 
RD fragments (Figure 11 A-C). The difference in banding patterns may be due to the protease 
cleavage of Tau variants, resulting in both GFP-tagged and untagged Tau fragments. 
However, the sedimentation assay confirmed the aggregation of full-length Tau 2N4RLM (0-441), 
Tau 2N4RS (0-441), and Tau 4RLM (243-375), and Tau 4RS (246-378) RD fragments by recombinant Tau 
2N4RL (0-441) fibrils. Our cell-based assay proved the 4R:3R seeding barrier between 
recombinant Tau 2N4RL (0-441) fibrils and cells expressing Tau 3R variants as substrates. As 
cryoEM Tau 4R(CTE 305-379) and cryoEM Tau 4R(AD 304-380) core fragments could not be induced by 
full-length Tau 2N4RL (0-441) recombinant fibrils, we conclude that the residues of R2 play a 
crucial role in 4R:4R homotypic seeding. The truncation of R2 in Tau 4R variants and the lack 
of R2 in Tau 3R variants may lead to conformational incompatibility with Tau 4R seeds. Hence, 
cryoEM Tau 4R(CTE 305-379) and cryoEM Tau 4R(AD 304-380) core fragments may be only seeded by 
Tau seeds that incorporate the same or a similar sequence within the amyloid core.  

 

Figure 11 Sedimentation assay confirms aggregation of full-length Tau 2N4RLM (0-441), full-length Tau 
2N4RS (0-441), Tau 4RLM (243-375) RD, and Tau 4RS (246-378) RD fragments induced by recombinant Tau 2N4RL (0-441) 
fibrils. (A-C) Sedimentation assays with extracts of HEK cells expressing full-length Tau, Tau RD fragments and 
cryoEM Tau core fragments. 1.5 µM recombinant Tau 2N4RL (0-441) fibrils were added to induce aggregation. Cells 
were re-exposed twice and cultured over 4-6 passages before cells were lysed. Tau was detected using (A) anti-
Tau-5 #AHB0042 antibody, (B) anti-Tau ab64193 (Tau 4RLM (243-375), Tau 4RS (246-378)), anti-GFP (Tau 3RM (244-400)), and 
(C) anti-GFP antibody. P: Pellet. SN: Supernatant. C: Control, non-treated cells. Rec.: Recombinant, F: Fibril. kDa: 
kilodalton. Three independent experiments were carried out with similar results. 

 

5.4 PS19 Tau 1N4RS (0-412) brain homogenate confirms seeding barrier 

between Tau 3R variants and Tau 4R variants that lack parts of R2  

To assess the seeding activity of different Tau 4R seeds in our cells panel, we used, aside 
from the recombinant Tau 2N4RL (0-441) fibrils, PS19 brain homogenate (Figure 12). PS19 mice 
overexpress the mutant P301S human Tau 1N4R (PS19 Tau 1N4RS (0-412)) and are widely used 



62 
 

as a Tauopathy mouse model (Yoshiyama et al., 2007). While the cryoEM core of recombinant 
Tau 2N4RL (0-441) fibrils is not resolved yet, the hydrophobic core of PS19 Tau 1N4RS (0-412) fibrils 
was recently determined by cryoEM (Schweighauser et al., 2023). The PS19 Tau 1N4RS (0-412) 
fibril core resembles an intermediate core length of heparin-induced recombinant Tau fibrils 
and Tau fibrils isolated from patients with AD. In our cells expressing full-length Tau 4R 
variants, only the mutated Tau 2N4RLM (0-441) and Tau 2N4RS (0-441) formed inclusions upon 
exposure to PS19 Tau 1N4RS (0-412) brain homogenate. In contrast, full-length Tau 2N4R(0-441) 
and Tau 0N3R(0-352) remained soluble (Figure 12 A). Additionally, only the Tau 4RLM (243-375) RD 
and Tau 4RS (246-378) RD fragments aggregated, while the Tau 3RM (244-400) RD fragments did not 
(Figure 12 B). None of the cells expressing cryoEM Tau core fragments showed Tau inclusions 
(Figure 12 C). This aligns with the results of the recombinant Tau 2N4RL (0-441) fibrils and shows 
that only the cells expressing the mutated full-length Tau 4R and Tau 4R RD fragments can 
be used to detect Tau 4R seeds.  
 

 
Figure 12 PS19 Tau 1N4RS (0-441) brain homogenate confirms seeding barrier with Tau 3R variants and cryoEM 
Tau 4R core fragments. (A-C) Representative confocal images of GFP-tagged (A) full-length Tau, (B) Tau RD 
fragments, and (C) cryoEM Tau core fragments stably expressed in HEK cells and exposed to 1.5 µl PS19 
1N4RS (0-441) brain homogenate. Cells were fixed after 48 hours. Nuclei were stained with DRAQ-5. Arrowheads 
indicate cytosolic aggregates of the corresponding Tau variant. Scalebar: 10 µm. 

 
The sedimentation assay confirmed that PS19 Tau 1N4RS (0-412) brain homogenate-treated 
cells expressing mutated full-length Tau 2N4RLM (0-441), full-length Tau 2N4RS (0-441), Tau 
4RLM (243-375) RD, and Tau 4RS (246-378) RD fragments contained aggregates, as signals were 
detected in the insoluble pellet fraction (Figure 13 A-C). Together, we show that both Tau 4R 
seeds, recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 1N4RS (0-412) fibrils, induce 
aggregation of mutated full-length Tau 2N4RLM (0-441), full-length Tau 2N4RS (0-441), Tau 
4RLM (243-375) RD and Tau 4RS (246-378) RD fragments. Recombinant Tau 4R seeds cannot induce 
cryoEM Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments. This may be because cryoEM 
Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments may have a different conformation than 
the amyloid core of the Tau 4R seeds. This is likely due to the shorter sequence length of the 
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cryoEM Tau core fragments and the missing parts of R2 at the beginning of the cryoEM Tau 
core fragment sequence. Conversely, the recombinant Tau 2N4RL (0-441) fibrils and PS19 
1N4RS (0-412) Tau fibrils include more residues, including all of R1-R4 in their sequence. 
Heterotypic seeding of full-length Tau 0N3R(0-352), Tau 3RM (244-400) RD fragments and cryoEM 
Tau 3R(PiD 254-378) core fragments by the Tau 4R seeds was impossible, proving the 4R:3R 
seeding barrier. Hence, the specificity of the cells expressing mutated full-length Tau 4R and 
Tau 4R RD fragments to Tau 4R seeds is confirmed. At the same time, a seeding barrier exists 
between Tau 4R seeds and cryoEM Tau core fragments with a truncated R2.  
 

 
Figure 13 Sedimentation assay confirms the aggregation of full-length Tau 2N4RLM (0-441), full-length Tau 
2N4RS (0-441), Tau 4RLM (243-375) RD, and Tau 4RS (246-378) RD fragments induced by PS19 Tau 1N4RS (0-441) brain 
homogenate. (A-C) Sedimentation assay with cell extract of HEK cells expressing full-length Tau, Tau RD 
fragments and cryoEM Tau cire fragments. PS19 1N4RS (0-441) brain homogenate was added to induce aggregation. 
Cells were 1-2x re-induced and were cultured over 4-6 passages. Tau was detected using (A) anti-Tau-5 
#AHB0042 antibody, (B) anti-Tau ab64193 (Tau 4RLM (243-375), Tau 4RS (246-378)), anti-GFP (Tau 3RM (244-400)), and (C) 
anti-GFP antibody. P: Pellet. SN: Supernatant. kDa: kilodalton. Three (A-C) independent experiments were carried 
out with similar results. 

 

5.5 Homo- and heterotypic seeding of Tau variants by recombinant 0N3R(0-352) 

fibrils 

The previous experiments revealed that Tau 4R seeds could not seed Tau 3R variants in our 
cell model, confirming the 4R:3R seeding barrier observed in vitro and in cellula (Yu et al., 
2012; Tarutani et al., 2021; Longhini et al., 2024). In contrast, former studies have 
demonstrated that recombinant Tau 3R(244-372, ΔR2) fibrils seed Tau 3R(244-372, ΔR2) and Tau 4R(244-372) 
without a 3R:4R seeding barrier in vitro (Dinkel et al., 2011; Yu et al., 2012; Weismiller et al., 

2018). To test if recombinant Tau 3R seeds could induce Tau 3R and 4R aggregates in our 
cell panel, cells were exposed to 1.5 µM recombinant Tau 0N3R(0-352) fibrils, kindly provided 
by the Zweckstetter lab. The cryoEM structure for the cofactor-free assembled recombinant 
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Tau 0N3R(0-352) fibril still needs to be resolved. Still, NMR analysis and protease digestion 
revealed residues similar to the rigid core of Tau fibrils from 3R PiD patients (Chakraborty et 
al., 2023). Consistent with the published data, full-length Tau, Tau RD fragments, and cryoEM 

Figure 14 Recombinant 0N3R(0-352) fibrils induce Tau 3R and 4R variant aggregation. (A-C) Representative 
confocal images of GFP-tagged (A) full-length Tau, (B) Tau RD fragments, and (C) cryoEM Tau core fragments 
stably expressed in HEK cells. Cells were induced with 1.5 µM recombinant 0N3R(0-352) fibrils and fixed after 48 
hours. Nuclei were stained with DRAQ-5. Arrowheads indicate cytosolic aggregates of the corresponding Tau 
variant. (D-F) Tau aggregate quantification. Pink: Cell lines expressing Tau 3R. Blue: Cell expressing Tau 4R. Cells 
treated with recombinant 0N3R(0-352) monomer served as control. The percentage of cells with aggregated Tau 
was calculated as the number of aggregate-positive cells per total cells, set to 100 %. Data are presented as 
mean ± SD (n=4). Two-way ANOVA was used for statistical analysis. The mean was compared to the control 
(P: **** >0.0001). Three (D-F) independent experiments with four technical replicates were carried out with similar 
results. Scalebar: 10 µm. 
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Tau core fragments showed recombinant Tau 0N3R(0-352) fibril-induced aggregates 
independent of the expressed Tau 3R or 4R variant (Figure 14 A-C). Surprisingly, the Tau 
4RLM (243-375) RD fragments were the only Tau variant not seeded. Further, quantification 
showed less than 1 % of cells containing full-length Tau 2N4R(0-441) aggregates. Cells 
expressing full-length Tau 2N4RLM (0-441) had 7 %, full-length Tau 2N4RS (0-441) 5 %, and full-
length Tau 0N3R(0-352) 13 % cells with aggregates (Figure 14 D). Tau 4RS (246-378) RD fragments 
exhibited a seeding efficiency of 5 % when exposed to recombinant Tau 0N3R(0-352) fibrils 
(Figure 14 E). Interestingly, recombinant Tau 0N3R(0-352) fibrils did not seed Tau 4RLM (243-375) RD 
fragments, and Tau 3RM (244-400) RD fragments showed aggregation in less than 1 % of the cells. 
In contrast, recombinant Tau 0N3R(0-352) fibrils seeded all cryoEM Tau core fragments (Figure 
14 E). Cells expressing cryoEM Tau 4R(CTE 305-379) showed 8 %, cryoEM Tau 4R(AD 304-380) 6 %, 
and cryoEM Tau 3R(PiD 254-378) core fragments 12 % cells with aggregates after the exposure to 
recombinant Tau 0N3R(0-352) fibrils (Figure 14 F). The highest seeding efficiency was observed 
in cells expressing full-length Tau 0N3R(0-352). It may have a similar conformation to the 
recombinant Tau 0N3R(0-352) fibrils because the sequence shares identical residues, possibly 
resulting in a similar amyloid core conformation. In conclusion, we confirmed that in our cell 

panel, the homo- and heterotypic aggregation of Tau 3R and 4R variants is possible by 
recombinant Tau 0N3R(0-352) fibrils. All cell lines except cells that express Tau 4RLM (243-375) RD 
fragments can be used for recombinant Tau 0N3R(0-352) seed detection. The seeding barrier 
between recombinant Tau 0N3R(0-352) fibrils and Tau 4RLM (243-375) RD fragments expressed in 
cells remains to be elucidated. As hypothesised, recombinant Tau 0N3R(0-352) fibrils have 
homo- and heterotypic seeding capabilities in our cell model, consistent with the literature. 
 

5.6 CryoEM Tau 3R(PiD 254-378) core fragments that have been seeded with PiD 

brain homogenate induce more selective Tau aggregation than 

recombinant Tau 0N3R(0-352) fibrils 

In our cell panel, recombinant Tau 0N3R(0-352) fibrils can induce Tau 3R and 4R variants 
expressed in cells. Recombinant Tau 0N3R(0-352) fibrils supposedly resemble the fibril core of 
Tau fibrils from PiD patients, previously shown by NMR (Chakraborty et al., 2023). Still, it was 
shown that Tau 3R fibrils obtained from the brain homogenate of PiD patients resulted in a 
3R:4R seeding barrier toward Tau 1N4R(0-412) and seeded only Tau 1N3R(0-381) (Tarutani et al. 
2021). As our cryoEM Tau 3R(PiD 254-378) core fragment represents the residues of the amyloid 
core of PiD patients, we investigated whether the aggregated cryoEM Tau 3R(PiD 254-378) core 
fragments have a similar seeding pattern to recombinant Tau 0N3R(0-352) fibrils, or to Tau 3R 
fibrils from PiD patients. Therefore, we chose a cell extract that was obtained from HEK cells 
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stably propagating the aggregated cryoEM Tau 3R(PiD 254-378) core fragments (Tau 3R(PiD 254-378), agg 
cell extract), initially induced with human 3R PiD brain homogenate. The cryoEM Tau 
3R(PiD 254-378) core fragment differs in length from the recombinant Tau 0N3R(0-352) fibril, as the 

Figure 15 Tau 3R(PiD 254-378), agg cell extract seeds Tau 4RS (246-378) and Tau 3R(PiD 254-378) variants. (A-C) 
Representative confocal images of GFP-tagged (A) full-length Tau, (B) Tau RD fragments, and (C) cryoEM Tau 
core fragments stably expressed in HEK cells and exposed to cell extract containing 3R PiD aggregates (PiDagg). 
Nuclei were stained with DRAQ-5. Arrowheads indicate cytosolic aggregates of the corresponding Tau variant. 
(D-F) Tau aggregate quantification. Cells treated with soluble PiD cell extract served as controls. The percentage 
of cells with aggregated Tau was calculated as the number of aggregate-positive cells per total cells, set to 
100 s%. Data are presented as mean ± SD (n=4). Two-way ANOVA was used for statistical analysis. The mean 
was compared to the control (P: **** >0.0001. Three (D-F) independent experiments with three technical replicates 
were carried out with similar results. Sol: Soluble. Agg: Aggregated.  
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N-terminus and the first 10 residues of R1 are removed. In addition, the C-terminus is 26 
residues longer. Cell extract from HEK cells expressing soluble cryoEM Tau 3R(PiD 254-378) core 
fragments was used as a control and did not induce aggregation of the Tau variants in any 
cell line. In contrast to the recombinant Tau 0N3R(0-352) fibrils, full-length Tau variants were not 
seeded by Tau 3R(PiD 254-378), agg cell extract (Figure 15 A). Tau 4RS (246-378) RD fragments and the 
core fragment of the cryoEM Tau 3R(PiD 254-378) were the only variants that developed aggregates 
when exposed to Tau 3R(PiD 254-378), agg cell extract (Figure 15 B-C). Aggregate quantification 
confirmed that none of the cell lines expressing full-length Tau variants were induced (Figure 
15 D). Cells expressing the Tau 4RS (246-378) RD fragments had fewer aggregates (3 %) than 
cells expressing the cryoEM Tau 3R(PiD 254-378) core fragments (9 %) (Figure 15 E-F). The seeding 
efficiency of recombinant Tau 0N3R(0-352) fibrils and Tau 3R(PiD 254-378), agg cell extract was similar 
in cells expressing Tau 4RS (246-378) RD fragments and cryoEM Tau 3R(PiD 254-378) core fragments. 
CryoEM Tau 3R(PiD 254-378) core fragment aggregates seem to have a specific amyloid core 
conformation that is compatible only with the sequence of Tau 4RS (246-378) RD fragments and 
the sequence of cryoEM Tau 3R(PiD 254-378) core fragments expressed in cells. We conclude that 
the Tau 3R(PiD 254-378), agg cell extract contains aggregates with a specific conformation that are 

most compatible with the sequence of the cryoEM Tau 3R(PiD 254-378) core fragments because 
the sequence is the same and may allow a similar amyloid core conformation. Consequently,  
the seeding pattern of the Tau 3R(PiD 254-378), agg cell extract is highly selective in that it mainly 
seeds cryoEM Tau 3R(PiD 254-378) core fragments and a few Tau 4RS (246-378) RD fragments. Hence,  
its seeding pattern differs from recombinant Tau 0N3R(0-352) fibrils, which seed Tau 3R and 4R. 
The seeding pattern of Tau 3R(PiD 254-378), agg cell extract is closer to that of Tau 3R fibrils from 
PiD patients because it mainly seeds the Tau 3R variant. This may be due to the length of the 
cryoEM Tau 3R(PiD 254-378) core fragment, which may allow only distinct intramolecular 
interactions to build the amyloid core similar to the Tau fibrils isolated from PiD patients. 
Further studies are needed to investigate this aspect. These findings argue that aggregated 
cryoEM Tau 3R(PiD 254-378) core fragments have a distinct seeding pattern that is more selective 
than that of recombinant 0N3R(0-352) fibrils and closely resembles that of Tau fibrils obtained 
from PiD patient brain homogenate. This finding confirms that the cryoEM Tau fragments may 
adopt intramolecular interactions similar to the Tau amyloid fibrils obtained from patient 
brains, enabling a specific disease-associated core fold. 
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5.7 Tau 3R and 4R variants expressed in cells can discriminate between 3R, 

4R and 3R/4R Tauopathies  

So far, we have demonstrated that within our cell panel, Tau 4R variants are seeded by 
recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 1N4RS (0-411) brain homogenate. In contrast, 
Tau 3R variants are not seeded by Tau 4R fibrils due to a 4R:3R seeding barrier. Interestingly, 
recombinant 0N3R(0-352) fibrils seeded Tau 3R and 4R variants. Contrary to that, Tau 
3R(PiD 254-378), agg cell extract mainly seeded the cryoEM Tau 3R(PiD 254-378) core fragment, 
suggesting that the cryoEM Tau fragment was able to form intramolecular interactions similar 
to Tau amyloid fibrils obtained from patient brains, enabling a specific core fold. As the 
cryoEM structures of the used seeds in this project are unknown, except for Tau aggregates 
obtained from PS19 1N4RS (0-441) brain homogenate, it is difficult to determine if the observed 
seeding barriers are physiologically relevant. However, the previous experiments helped to 
establish the cell lines and understand the general sensitivity and specificity of the used full-
length Tau, Tau RD fragments, and cryoEM Tau core fragments towards Tau 3R or 4R seeds. 
Brain homogenate from Tauopathy patients can be used to obtain Tau seeds with biologically 
relevant structures. Patient-derived Tau fibrils allow us to investigate if the cell lines are 
sensitive enough to detect Tau seeds from patient brains and if they can discriminate between 
Tauopathies. In addition, seeding differences between recombinant and human Tau fibrils 
and aggregation differences between the Tau RD fragments and the shorter cryoEM Tau core 
fragments can be uncovered using the cell panel. To the best of our knowledge, no cell panel 
has yet been established to detect and discriminate between 3R and 4R Tauopathies with 
cells expressing cryoEM Tau core fragments. 
To test if Tau aggregation can be induced in the cell lines and if distinct seeding patterns can 
be used to discriminate between Tauopathies, we examined 64 brain homogenates of 
Tauopathy patients. Here, we show representative results from 29 brain samples: Healthy 

controls (C-C5), 3R PiD (1-7), 4R CBD (7-12), 4R PSP (13-17), and 3R/4R AD (18-24). First, 
the presence of Tau aggregates in the brains of patients was verified. The samples were 
diluted to 20 µg of total protein in SDS-supplemented lysis buffer and were used for filter trap 
assay (FTA) (Figure 16). The brains of healthy control patients (C) did not show a signal, as 
amorphous aggregates and soluble proteins will unfold and pass through the membrane. Only 
amyloid aggregates will be captured on the membrane as amyloid resists SDS treatment. All 
4R CBD, 4R PSP, 3R PiD, and 3R/4R samples showed signals, though of varying intensity. 
The highest levels of aggregates were detected in 3R PiD brain homogenate sample 1, 4R 
CBD brain homogenate samples 9 and 12, 4R PSP brain homogenate samples 15, 17 and 
18, and 3R/4R AD brain homogenate sample 22. Low amounts of Tau aggregates were found 
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in 4R PSP brain homogenate samples 13, 14, and 16 and 3R/4R AD brain homogenate 
samples 19 and 20. A caveat is that we only detect large Tau amyloid aggregates with the 
FTA, while we lose the small, potentially toxic and seeding competent Tau species, such as 
oligomeric Tau (Chang and Kuret, 2008). We conclude that all Tauopathy brains, except the 
controls, contain amyloidogenic Tau, with varying amounts of total aggregated Tau.  
  

 
Figure 16 3R PiD, 4R CBD, 4R PSP, and 3R/4R AD patient brain homogenates contain Tau aggregates. Brain 
homogenates were diluted in SDS-containing lysis buffer to 20 µg total protein and used for FTA. Samples were 
incubated for 10 minutes on the PVDF membrane. Numbers correspond to individual patient brains: 1-6 PiD, 7-12 
CBD, 13-18 PSP, 19-24 AD and C-C5 healthy controls. C: Control. Anti-Tau antibody (MBD) was used to detect 
Tau. 

 
As the presence of Tau aggregates was confirmed by FTA, the Tauopathy brain homogenates 
were used to test if the Tau variants expressed in our cell panel could be seeded and if our 
cell panel could discriminate between Tau 3R and 4R fibrils. Cells expressing Tau 3RM (244-400) 
RD fragments and cryoEM Tau 3R(PiD 254-378) core fragments were used as cell lines for Tau 3R 
variants, and cells expressing Tau 4RS (246-378) RD fragments and cryoEM Tau 4R(AD 304-380) core 
fragments were chosen as representative cell lines for Tau 4R variants. These cell lines were 
selected due to their high sensitivity for patient-derived Tau seeds (Figure 17). The cell lines 
expressing Tau variants that showed little or no aggregation when exposed to the patient’s 
brain homogenate were excluded. Selected cell lines were exposed to 1.5 µl of brain 
homogenate from 3R PiD, 4R CBD, 4R PSP, or 3R/4R AD patients (Table S1). Notably, the 

total amount of protein added to the cell was not adjusted to assess whether the cell lines 
could detect varying amounts of Tau aggregates in the patient’s brain homogenates. 
Representative confocal images showed that 3R PiD brain homogenate seeded the Tau 3R 
variants and rarely Tau 4R(AD 304-380) RD fragments but not cryoEM Tau 4RS (246-378) core fragments 
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(Figure 17 A). 4R CBD and 4R PSP brain homogenate induced Tau 4RS (246-378) RD fragments 

and cryoEM Tau 4R(AD 304-380) core fragments but not, or very rarely the Tau 3R variants (Figure 
17 B-C). 3R/4R AD brain homogenate seeded all Tau 3R and 4R variants (Figure 17 D). This 
was expected since AD is a mixed Tauopathy, and Tau 3R and 4R isoforms aggregate when 
cells expressing Tau variants are exposed to AD brain homogenate (Tarutani et al., 2021; 
Longhini et al., 2024). The representative confocal images demonstrated that the selected cell 
lines were sensitive enough to detect Tau seeds in patient brains and that bilateral seeding 
barriers exist, except for 3R/4R Tauopathies. Automated image analysis was then applied to 
confirm the specific seeding patterns that could be used to discriminate between 3R, 4R and 
3R/4R Tauopathies. Recall that the automated image analysis is based on a fluorescence 
threshold to detect the GFP-tagged aggregates. Cells expressing soluble Tau variants can 
have diffuse green dots with a weak GFP intensity that are not considered aggregates but as 
background and are therefore not counted.  
3R PiD brain homogenate was used to determine whether the cells exhibit a specific seeding 
pattern when exposed to Tau 3R fibrils to discriminate them from Tau fibrils obtained from 4R 
Tauopathies. Cells expressing Tau 3RM (244-400) RD fragments and cryoEM Tau 3R(PiD 254-378) core 

fragments were highly susceptible to Tau seeds from 3R PiD brain homogenate (Figure 17 E). 
Still, the seeding efficiency highly depends on the amount of Tau 3R seeds within the brain. 
When induced with 3R PiD brain homogenate sample 1, cells expressing Tau 3RM (244-400) RD 
fragments showed the highest seeding efficiency of 32 % of cells with aggregates. 3R PiD 
brain homogenate sample 1 also had the strongest signal in the FTA within the 3R PiD brain 
homogenate samples. 3R PiD brain homogenate samples 2-4 seeded 8-14 % of cells with 
Tau 3RM (244-400) RD fragment aggregates, while 3R PiD brain homogenate samples 5 and 6 
induced the weakest Tau 3RM (244-400) RD fragment aggregation in the cells (2-4 %). The cells 
expressing cryoEM Tau 3R(PiD 254-378) core fragments showed a similar seeding pattern, with 3R 
PiD brain homogenate sample 1 being the most effective seeder (26 %) and 3R PiD brain 
homogenate samples 5 and 6 having a low seeding rate of only 2-5 % (Figure 17 F). In cells 
that express Tau 4RS (246-378) RD fragments, 3R PiD brain homogenate seeding was poor (Figure 
17 G). In cells that express cryoEM Tau 4R(AD 304-380) core fragments, aggregates were only 
detected for 3R PiD brain homogenate samples 1 and 2 (3-5 %) (Figure 17 H). One limitation 
of the assay is the amount of Tau seeds within the patient’s brain needed to induce detectable 
aggregation. 3R PiD brain homogenate sample 6 seeding was poor in all four cell lines, 
independent of the expressed Tau 3R or 4R variant. Therefore, a clear differentiation is only 
possible when sufficient Tau seeds are within the patient’s brain. We conclude that 3R PiD 
brain homogenate that contains sufficient Tau 3R seeds favours homotypic seeding in cells 
expressing Tau 3RM (244-400) RD fragments and cryoEM Tau 3R(PiD 254-378) core fragments,
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with only weak heterotypic seeding in cells expressing Tau 4RS (246-378) RD fragments and 
cryoEM Tau 4R(AD 304-380) core fragments. In contrast, recombinant 0N3R(0-352) fibrils induced 
robust seeding in cells expressing Tau 3R and 4R, which reveals that the recombinant 
0N3R(0-352) fibril conformation may be different from Tau fibrils obtained from PiD patients. The 
cells that express the Tau 3R variants showed similar 3R PiD brain homogenate seeding 
patterns despite the length differences between the Tau 3RM (244-400) RD fragments and the 
cryoEM Tau 3R(PiD 254-378) core fragments. Thus, the differences in the sequence length by the 
truncation of 10 residues at the beginning of the core fragment sequences in R1 and 22 
residues at the C-terminus do not seem to affect Tau aggregation. This highlights that the cell 
lines that express Tau 3R variants can be seeded best by Tau 3R aggregates from PiD patient 
brains, while the cells that express Tau 4R show a 3R:4R seeding barrier towards Tau 3R 
aggregates with only minimal seeding. 
Next, we investigated whether our cell lines had a unique seeding pattern for Tau aggregates 
obtained from 4R Tauopathy patients to distinguish them from Tau aggregates of 3R patients 
suffering, for example, from PiD. We used brain homogenate of 4R CBD and 4R PSP patients 
as Tau 4R seeds. When 4R CBD brain homogenate was used as a seed, the cells expressing 
Tau 3R variants showed only minimal seeding of 1-4 % (Figure 17 I-J). However, the seeding 
efficiency increased to 6-12 % of cells with aggregates in cells expressing Tau 4RS (246-378) RD 
fragments (Figure 17 K). Similar to results obtained with cells expressing Tau 3R variants, 4R 
CBD brain homogenate samples showed only low to no seeding in cells expressing cryoEM 
Tau 4R(AD 304-380) core fragments (< 5 %) (Figure 17 L). The seeding pattern of the 4R PSP brain 
homogenate was comparable to that of the 4R CBD brain homogenate (Figure 17 M-P). Tau 
3R variants expressed in cells could not, or only minimally, be seeded (< 3 %) (Figure 17 M-N). 
Cells expressing Tau 4RS (246-378) RD fragments were best seeded by 4R PSP brain homogenate 
with 4-20 % of cells with aggregates, whereas cells expressing cryoEM Tau 4R(AD 304-380) core 
fragments showed only 2-4 % cells with aggregates (Figure 17 O-P). Despite the strong FTA 
signals of 4R PSP samples 15 and 18 and the same amount of protein added (2.8 µg in 1.5 µl) 
(Table S1) to the cells, we show that the seeding efficiency varied. In particular, it is not 

Figure 17 Cell lines expressing Tau 3RM (244-400) RD fragments, cryoEM Tau 3R(PiD 254-378) core fragments, Tau 
4RS (246-378) RD fragments, and cryoEM Tau 4R(AD 304-380) core fragments can discriminate between 3R, 4R, 
and 3R/4R patient brain homogenate. Patient brain homogenate (BH) was added to the soluble Tau-
expressing cells. Cells were fixed after 96 hours and imaged with an automated confocal microscope. (A-D) 
Representative images of GFP-tagged HEK Tau 3RM (244-400) RD fragments, cryoEM Tau 3R(PiD 254-378) core 
fragments, Tau 4RS (246-378) RD fragments, and Tau 4R(AD 304-380) core fragments cells seeded by 3R PiD, 4R CBD, 
4R PSP, and 3R/4R AD brain homogenate. (E-T) Automated image analysis using fluorescence intensities 
determined the percentage of cells with aggregated Tau variants. Numbers on the X-axis indicate individual 
patients: 1-6 PiD, 7-12 CBD, 13-18 PSP, 19-24 AD. C: Control. BH: Brain homogenate. Results are presented 
as mean ± SD (n=3). One-way ANOVA was used for statistical analysis. Means were compared to the control (P: 
**** >0.0001). Three (E-T) independent experiments were carried out with similar results. 
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necessarily correlated to the FTA signal and the total amount of protein added to the cells. 
This may be because the FTA cannot detect small seeding-competent Tau species. If this 
unknown fraction of small, seeding-competent Tau species is not correlated to the amount of 
protein, it can account for the differences. We conclude that 4R CBD and 4R PSP brain 
homogenate induced minimal Tau 3R aggregate formation due to the 4R:3R seeding barrier, 
as seen for recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 1N4RS (0-412) brain homogenate. 
4R CBD and 4R PSP brain homogenates seeded Tau 4RS (246-378) RD fragments and only weakly 
seeded cryoEM Tau 4R(AD 304-380) core fragments, suggesting that cryoEM Tau 4R(AD 304-380) core 
fragments may not be compatible with the 4R CBD and 4R PSP fibril core conformation. This 
allows us to reliably detect Tau aggregates obtained from 4R Tauopathies using the cells 
expressing Tau 4RS (246-378) RD fragments. In contrast, the cells expressing the Tau 3R variants 
and those expressing cryoEM Tau 4R(AD 304-380) core fragments show minimal seeding activity. 
This confirms the bilateral seeding barrier between Tau 3R and 4R isoforms and highlights 
that the cryoEM Tau 4R(AD 304-380) core fragments are incompatible with the fibril cores of Tau 
3R and 4R seeds derived from patients. In addition, we can use the cells expressing Tau 
3RM (244-400) RD fragments, cryoEM Tau 3R(PiD 254-378) core fragments and Tau 4RS (246-378) RD 

fragments to discriminate between 3R and 4R Tauopathies as the seeding patterns are 
different between Tau 3R and 4R seeds. Only within 4R Tauopathies, like 4R CBD and 4R 
PSP, discrimination is not feasible with our cell model. 
Subsequently, we used 3R/4R AD brain homogenate to determine if we get a third seeding 
pattern that we could use to distinguish between 3R, 4R and 3R/4R Tauopathies. 3R/4R AD 
brain homogenate contains Tau 3R and 4R aggregates. Therefore, we expected 3R/4R AD 
brain homogenate to induce Tau aggregates in all four cell lines. Strikingly, the cells 
expressing the Tau 3R variants were most sensitive to 3R/4R AD brain homogenate. Cells 
expressing Tau 3R variants had up to 35 % of cells with aggregates when exposed to 3R/4R 
AD brain homogenate sample 22 (Figure 17 Q-R). By contrast, only a maximum of 5 % of 
cells with aggregates were detected in the cells expressing Tau 4RS (246-378) RD fragments 
(Figure 17 S), and 13 % of cells with aggregates in cells expressing cryoEM Tau 
4R(AD 304-380) core fragments (Figure 17 T). The cryoEM Tau 4R(AD 304-380) core fragments 
expressed by the cells showed minimal to no seeding when exposed to Tau seeds from 3R 
or 4R Tauopathies. Conversely, it was most compatible with the Tau aggregates obtained 
from 3R/4R AD patients. 3R/4R AD brain homogenate containing Tau 3R and 4R aggregates 
showed significantly higher seeding potency in cells expressing Tau 3R than in cells 
expressing Tau 4R. This could be attributed to increased Tau 3R seeds in the brain 
homogenate or decreased conformational compatibility between the Tau 4R variants 
expressed in the cell lines and the 3R/4R AD brain homogenate seeds. The cryoEM Tau 
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4R(AD 304-380) core fragments were seeded best by the 3R/4R brain homogenate, which may be 
due to the length of the construct, which potentially allows the adoption of the specific 
conformation of the AD amyloid core. Hence, it shows the highest seeding activity when Tau 
3R/4R seeds from AD patients are used. When exposed to a 3R/4R Tauopathy brain 
homogenate with sufficiently high Tau seed concentration, we conclude that all four cell lines 
should exhibit seeding activity, with Tau 3R variants being seeded best, followed by the Tau 
4R variants. The seeding pattern differs from Tau aggregates in 3R and 4R Tauopathies, 
where only the respective Tau 3R or Tau 4R variants show increased numbers of cells with 
aggregates. 
Our results demonstrate for the first time that the combination of the four cell lines, composed 
of Tau RD fragments and cryoEM Tau core fragments, can be used to discriminate between 
3R, 4R, and 3R/4R Tauopathies given that sufficient amounts of seeds are present in the 
sample for seed induction in our cell panel. Tau aggregates from 3R Tauopathies can be 
identified by the seeding barrier towards Tau 4R variants, which allows mainly the seeding of 
Tau 3R variants. In this case, HEK cells expressing Tau 3RM (244-400) RD fragments and cryoEM 
Tau 3R(PiD 254-378) core fragments can detect 3R Tauopathies with high numbers of cells with 

aggregates. In contrast, cells expressing Tau 4R variants will show only a minimal number of 
cells with aggregates. The truncated R1 and C-terminus of the cryoEM Tau 3R(PiD 254-378) core 
fragments did not affect the aggregation potential compared to the Tau 3RM (244-400) RD 
fragments. Therefore, both Tau 3R variants are suitable for Tau 3R aggregate detection. To 
identify Tau aggregates from 4R Tauopathies, cells expressing Tau 4RS (246-378) RD fragments 
can be used in contrast to the cells expressing Tau 3R variants. Due to the 4R:3R seeding 
barrier, more cells with aggregates should be detected in the cells expressing the Tau 
4RS (246-378) RD fragments when Tau aggregates from 4R Tauopathy patients are added. 
CryoEM Tau 4R(AD 304-380) core fragments expressed in HEK cells showed minimal seeding 
activity in the presence of Tau 3R or 4R aggregates and were most seeded with 3R/4R AD 
brain homogenate. This suggests that cryoEM Tau core fragments may be highly selective for 
their disease-specific seed conformation, as the length of the expressed cryoEM Tau core 
fragment can potentially adapt only to specific conformations. More cryoEM Tau core 
fragments must be expressed in cells to confirm this hypothesis. So far, we can only 
discriminate between 3R, 4R and 3R/4R Tauopathies but not between Tauopathies with the 
same isoform, like 4R CBD and 4R PSP. Nevertheless, the different seeding patterns between 
the full-length Tau, Tau RD fragments and the cryoEM Tau core fragments induced with 
recombinant Tau fibrils, transgenic mouse or patient brain homogenate highlight the 
importance of using disease-relevant models. The fibril assembly conditions, as well as the 
length of the Tau variants, could have an impact on conformation-dependent seeding. 
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6 Discussion 

6.1 A semi-automated compound screen identified two Tau aggregation 

inhibitors  

Tauopathies, such as AD, CBD, CTE, and PiD, are characterised by the ordered assembly of 
Tau into amyloid fibrils. It is proposed that Tau aggregates can spread between cells 
intercellularly to different brain regions (Braak and Braak, 1991; Novak et al., 2011). Since 
pathological Tau can be toxic and Tau levels in the brain correlate with clinical symptoms, 
such as cognitive decline, inhibiting Tau aggregation is a potential therapeutic strategy to 
prevent or slow disease progression. This study used our previously established semi-
automated high-content screen to identify further Tau aggregation inhibitors. Two hits, C22 
and C57, were identified in a pool of over 144 compounds.  
C22 potently inhibited GFP-tagged Tau 4RLM (243-375) aggregation in HEK cells. C22 had an IC50 
of 1.5 µM when incubated for 48 hours with the cells exposed to Tau 2N4RL (0-441), agg cell 
extract. At 17.5 µM of C22, less than 2 % of cells with aggregates were detected. The reduced 
number of cells with aggregates in the presence of C22 was independent of the used Tau 
seeds, such as recombinant Tau fibrils or Tau seeds obtained from brain homogenate of 
transgenic mice or EVs from cells stably propagating Tau aggregates. Only the IC50 varied. 
For cells exposed to PS19 Tau 1N4RS (0-412) brain homogenate and C22, the C22 IC50 was 
7.5 µM. When EVs derived from HEK cells stably propagating Tau GFPAD aggregates were 

used as seeds, the C22 IC50 was 5.5 µM. The total Tau in the PS19 Tau 1N4RS (0-412) brain 
homogenate and EVs is unknown, which may explain the discrepancy in the C22 IC50. 
Interestingly, the inhibition of Tau aggregation with C22 was only efficient within a specific 
time window of 7 hours after seed addition. Once Tau aggregation was initiated, the effect of 
C22 in inhibiting Tau aggregation decreased drastically. Tau aggregation increased, the later 
C22 was administered to the cells, to the point where it had no effect. This suggests that once 
a certain amount of Tau seeds has entered the cell and the prion-like replication of Tau 
aggregates in the cytosol has begun, it is difficult to intervene in the process. C22 is thought 
to target Tau directly. Further investigation is needed to determine whether it also affects 
cellular mechanisms involved in Tau aggregation. One possible time point of inhibition could 
be cell entry. Tau entry into cells has been suggested to be regulated via HSPGs and LRP1 
(Rauch et al., 2018; Rauch et al., 2020). Knockdown of LRP1 in cells and in vivo prevented 
Tau endocytosis. The RD and the N-terminus appear to interact with the LRP1 domain. 
Hence, the target of C22 could be the RD, N-terminus or LRP1 to prevent Tau aggregation in 
the cytosol by inhibiting the uptake of pathological Tau from the extracellular space. Another 
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proposed mechanism by which Tau enters the cytosol is through nanoscale lysosomal 
membrane damage (Rose et al., 2024). How Tau damages the membrane remains to be 
elucidated. Another possible time point of C22 to intervene in the aggregation process could 
be the enhanced clearance of soluble Tau and Tau aggregates. C22 inhibited aggregation not 
only of Tau but also of NM. This shows that the effect of C22 might be independent of the 
Tau amyloid protein. In vitro, C22 reduced the ThT signal when incubated with recombinant 

Tau 2N4RL (0-441) fibrils (Prof. Dr. Zweckstetter, personal communication). This confirms that 
C22 binds to the amyloid fibril. Whether C22 also has an effect at the cellular level needs 
further investigation. C57 also showed a promising impact on Tau aggregation when added 
to the cells before the Tau seeds. The IC50 is similar to C57 (1.7 µM) and C22 (1.5 µM). In 
contrast, once Tau aggregation was initiated, C57 had no impact on Tau aggregation. 
Whether C22 and C57 share a similar target on the amyloid fibrils and whether they are 
involved in cellular processes that might inhibit Tau aggregation needs further study. As C22 
cannot cross the BBB, derivatives of C57 are being tested, which might be as effective as 
C22. C57 has not shown overt cytotoxicity and can be tested in vivo. Therefore, C57 could 
be used as a drug to prevent Tau aggregation, which may be best administered at early 
disease stages. This emphasises the importance of early diagnosis of Tauopathies in line with 
rapid advances in blood-based biomarkers. 
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6.2 A cell panel to investigate Tau aggregation and to differentiate between 

Tauopathies 

Several cell models have been established to study Tau uptake, inter- and intracellular 
propagation, and transmission. Many of these models use Tau 4R isoforms or truncated Tau 
fragments, transiently or stably expressed by HEK or other cell lines. CryoEM has 
demonstrated that Tauopathies are associated with different Tau amyloid core folds. 
Tauopathies present with a range of clinical symptoms, potentially due to the accumulation 
of Tau aggregates with specific amyloid cores comprising certain polypeptide regions of the 
Tau 3R and 4R isoforms. However, the precise impact of the diverse Tau amyloid folds on the 
prion-like propagation of Tau aggregates remains to be elucidated. This project used HEK 
cells expressing full-length Tau 3R and 4R isoforms, Tau RD fragments, and the recently 
identified cryoEM Tau core fragments of AD, CBD, CTE and PiD amino-terminally fused to 
monomeric GFP. We investigated their tendency to aggregate spontaneously and their 
aggregation upon exposure to Tau 3R and 4R amyloid fibrils from different sources. Further, 
we studied the possible discrimination between Tauopathies based on specific seeding 
patterns of Tau fibrils isolated from patients. The novel cell panel is anticipated to be a 
valuable tool in identifying pharmacological agents that impede the induction of disease-
specific Tau aggregation. Further, it can be used to understand the cellular mechanisms 
underlying Tau aggregation, propagation and transmission. The findings of this study may 
contribute to developing novel therapeutic strategies for inhibiting or reducing Tau 
aggregation by compounds. 
 

6.2.1 Spontaneous aggregation of cryoEM Tau core fragments  

To study the spontaneous aggregation of full-length Tau, Tau RD fragments, and cryoEM Tau 
core fragments, they were transiently overexpressed in HEK cells. In its native state, Tau is a 
highly soluble, intrinsically disordered protein with little tendency to aggregate (Chirita et al., 
2005; Mandelkow and Mandelkow, 2012). It is not known what initiates the self-assembly of 
Tau in vivo, but it has been suggested that anionic lipid membranes facilitate the aggregation 
of Tau (Chirita et al., 2003; Zhao et al., 2004; Kuret et al., 2005). Dysfunctional endolysosomal 
pathways could increase the levels of Lipofuscin, which has been proposed to capture Tau 
monomers and induce their conformational change (Ihara et al., 2012; Wischik et al., 2018; 
Pasquale et al., 2022). Imbalances of the Tau 3R:4R ratio caused by mutations affecting exon 
10 can also lead to Tau pathology (Niblock and Gallo, 2012). Among others, PTMs such as 
phosphorylation could additionally facilitate Tau aggregation (Lindwall and Cole, 1984; 
Mandelkow et al., 1995; Iqbal et al., 2005; Chang et al., 2011; Takeda et al., 2015; Heinisch 
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and Brandt, 2016). In this project, we have shown that the full-length Tau 4R and 3R isoforms 

do not spontaneously aggregate in cells. Whether the Tau variants expressed in our cell panel 

have PTMs is unknown. The Tau RD fragments also did not self-aggregate when transiently 
overexpressed by HEK cells as seen by others. The N- and C-terminus are suggested to fold 
back onto the RD in a "paperclip" loop, preventing spontaneous aggregation of full-length 
Tau and the Tau RD fragments by shielding the aggregation-prone motifs within the RD 
(Jeganathan et al., 2006; Wang et al., 2007). In detail, the N-terminal inserts (N1, N2) mask 
the core aggregation motifs via electrostatic repulsion (Hou et al., 2021). In addition, the 
residues of the C-terminus have been shown to play an important role in inhibiting Tau 
aggregation (Abraha et al., 2000). Tau 3R(243-380, ΔR2) and Tau 4R(243-380) only aggregated 
spontaneously when the S320F mutation, known from FTDP-17, was inserted in R3 (Strang 
et al., 2018; Chen et al., 2023) or the Tau 4R(244-372, ΔK280) was used (Khlistunova et al., 2006). 
Strikingly, in our cell model, the transient overexpression of all cryoEM Tau core fragments 
resulted in the formation of spontaneous aggregates that stained positive with the amyloid 
dye Amylo Glo. Spontaneous aggregation was the fastest when all R1 and R2 residues were 
missing, as for the cryoEM Tau(AD 306-378) core fragment. This finding is supported by 
Carlomagno et al., who showed that AD fibrils corresponding to our Tau(AD 306-378) construct 
assembled spontaneously when incubated in vitro without an inducer but with continuous 
agitation (Carlomagno et al., 2021). All cryoEM Tau core fragments expressed in our cell panel 
contain the amyloid motif 306VQIVYK311 (PHF6) in R3. Amyloid motifs are directly involved in 
aggregation (Bergen et al., 2000). PHF6 is incorporated into the fibril core of Tau 3R and 4R 
as it forms the cross-β-structure (Fitzpatrick et al., 2017). The Tau 4RLM (243-375) RD, Tau 
4RS (246-378) RD fragment, and the cryoEM Tau 4R(CBD 274-380) core fragment contain an additional 
amyloid motif 275VQIINK280 (PHF6*) in R2, which is also buried within the fibril core of all Tau 
4R variants (Zhang et al., 2020). The PHF6* or PHF6 amyloid motif is located at the beginning 
of our cryoEM Tau core fragments, except for the cryoEM Tau 3R(PiD 254-378) core fragment. The 
cryoEM Tau(AD 306-378) core fragment, the shortest Tau variant used in our cell panel, directly 
starts with PHF6. The other cryoEM Tau core fragments have additional N-terminal residues 
at the beginning of the core sequence. This might explain the high propensity of the cryoEM 
Tau(AD 306-378) core fragment to spontaneously aggregate as the N- and C-terminus are removed 
and the amyloid motifs are exposed. Consequently, the protective "paperclip" loop is 
disrupted, potentially enabling spontaneous aggregation (Wischik et al., 1996; Wang et al., 

2007; Wischik et al., 2018). CryoEM Tau 4R(AD 304-380), Tau 4R(CTE 305-379), and Tau 3R(CTE 274-379) 

core fragments start one or two residues before the PHF6 but differ in one residue at the C-
terminus and lack all or most of R2. CryoEM Tau 4R(CBD 274-380) core fragments incorporate all 
of R2, which could influence its higher propensity to spontaneously aggregate because of 
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both amyloid motifs, PHF6* in R2 and PHF6 in R3. In contrast, the PHF6 in our cryoEM Tau 
3R(PiD 254-378) core fragments is shielded by R1, which might reduce the number of cells with 
spontaneous aggregates. This suggests that residues flanking the PHF6* and PHF6, as well 
as residues at the N- and C-terminus, could affect the spontaneous aggregation of Tau. The 
mechanism of spontaneous Tau aggregation of the transiently expressed cryoEM Tau 
fragments and the potential role of PTMs remains to be elucidated. However, the cryoEM Tau 
core fragments that aggregate spontaneously could be used to rapidly screen for Tau 
aggregation inhibitors without needing exogenous Tau fibrils.  
 

6.2.2 The proteasome clears cryoEM Tau core fragments prone to spontaneous aggregation  

Limited proteolysis of pathogenic proteins and increased protein levels are implicated in 
neurodegeneration. Proteasomal and autophagic degradation systems regulate the clearance 
of physiological and pathophysiological forms of Tau (Rubinsztein, 2006). Conversely, 
proteolytic cleavage can result in the formation of aggregates (Gamblin et al., 2003; Rissman 
et al., 2004; Wang et al., 2007; Dufty et al., 2007). In our cell model, we showed that the 
transient expression of Tau led to spontaneous aggregation of the cryoEM Tau core 
fragments, which were not cleared by the cells. Although previous studies suggested that the 
UPS and ALP did not interact with P301L mutated Tau 2N4R(0-441)

 aggregates stably 
propagated in cells (Guo et al., 2016), autophagic vacuoles and ubiquitinated NFTs can be 
found in AD patients in the affected brain regions (Cole and Timiras, 1987; Brion et al., 1989; 
He et al., 1993; Nixon et al., 2005). In our model, the stable expression did not lead to 
spontaneous aggregation of any Tau variants. This might be because transient transfection 
results in a high plasmid copy number per cell and, consequently, high protein expression 
levels (Fus-Kujawa et al., 2021). In contrast, lentiviral transduction usually results in only a few 
integration events with lower protein expression levels. High protein levels of intracellular Tau 
can lead to spontaneous aggregation, as described previously (Seidler et al., 2019). Therefore, 
transient expression might favour spontaneous aggregation of the short cryoEM Tau 
fragments, whereas stable transfection results in lower protein levels, preventing spontaneous 
aggregation. Full-length Tau, Tau RD fragments, cryoEM Tau 4R(CTE 305-379), cryoEM Tau 
4R(AD 304-380) and cryoEM Tau 3R(PiD 254-378) core fragments could be stably expressed, as 
confirmed by immunofluorescence and WB. Lentiviral transduction of cryoEM Tau(AD 306-378), 

Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) core fragments resulted in low protein levels with weak 
GFP signals and WB bands. The soluble Tau protein, which is intrinsically disordered, can be 
degraded directly by the 20S proteasome or ubiquitin-dependent by the 26S proteasome (Liu 
et al., 2003; Guharoy et al., 2018; Opoku-Nsiah and Gestwicki, 2018). This could be the reason 
for the low protein levels of the cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) core 
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fragments. To confirm the proteasomal degradation of cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) 

and Tau 3R(CTE 274-379) core fragments in the cells, we used the proteasome inhibitor MG132. 
Previous studies have shown that proteasomal inhibition can increase Tau protein levels in 
cells by preventing Tau clearance (Della David et al., 2002; Liu et al., 2009). Protein levels of 
cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) core fragments were increased 
when proteasomal clearance was inhibited with MG132, followed by spontaneous 
aggregation. To prevent elevated protein levels of the cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) 

and Tau 3R(CTE 274-379) core fragments, the cells might upregulate the ubiquitin ligases for 
enhanced proteasomal degradation to prevent spontaneous Tau aggregation. The 
proteasome cannot properly degrade Tau aggregates, which contributes to 
neurodegeneration (Wang et al., 2010; Myeku et al., 2016; Cheng et al., 2018; Boland et al., 
2018). The ALP could take over in this case as it clears larger, longer-lived proteins and 
aggregates (Johansen and Lamark, 2011). The role of the ALP was not investigated in our 
study. Another possibility could be the natural selection of cells with a weak expression of the 
cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) and Tau 3R(CTE 274-379) core fragments during single-cell 
cloning, possibly favouring cells without detrimental spontaneous Tau aggregation and, 

therefore, cells with low protein levels of the cryoEM Tau(AD 306-378), Tau 4R(CBD 274-380) and Tau 
3R(CTE 274-379) core fragments. The protein levels of the soluble cryoEM Tau core fragments in 
the cells might be a critical factor that could facilitate Tau aggregation. Stably expressed 
cryoEM Tau 4R(CTE 305-379), cryoEM Tau 4R(AD 304-380), and cryoEM Tau 3R(PiD 254-378) core fragments 
did not show spontaneous aggregation over several cell passages. Whether and why the 
protein level threshold for spontaneous aggregation is lower of the cryoEM Tau 4R(CTE 305-379), 
cryoEM Tau 4R(AD 304-380) and cryoEM Tau 3R(PiD 254-378) core fragments remains to be elucidated. 
The degradation of soluble Tau could prevent spontaneous aggregation. In contrast to our 
data, it has been shown that inhibition of the proteasome blocks the rapid formation of Tau 
aggregates in HEK cells expressing P301S mutated Tau 0N4R. This suggests that the 
proteasomal pathway can also promote Tau fibril fragmentation (Cliffe et al., 2019; Dimou et 
al., 2023). Furthermore, the valosin-containing protein (VCP) was identified to disaggregate 
Tau aggregates in a ubiquitin- and proteasome-dependent manner in primary mouse neurons, 
generating seeding-competent Tau species (Saha et al., 2023). This shows that proteasomal 
degradation can be beneficial in preventing Tau aggregation and detrimental in 
neurodegeneration, as the proteasome can either clear aggregation-prone Tau monomers or 
enhance Tau propagation. How cells perceive the increased propensity of Tau to aggregate 
spontaneously at high protein levels needs to be further investigated. The HEK cells stably 
expressing the cryoEM Tau core fragments could be used to examine the molecular 
mechanisms that promote and prevent spontaneous aggregation.  
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6.2.3 4R:3R seeding barrier between Tau 3R variants and Tau 4R variants that lack parts of 
R2 

To study if Tau 4R seeds could induce aggregation of Tau 4R variants and whether a Tau 
4R:3R seeding barrier exists, we used recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 
1N4RS (0-412) brain homogenate as Tau 4R seeds. Although recombinant Tau fibrils have been 
widely used to investigate the prion-like aggregation of Tau, many of these fibrils have been 
assembled using heparin. Heparin assists and stabilises the formation of Tau aggregates 
(Goedert et al., 1996; Kampers et al., 1996; Pérez et al., 1996). Yet, this results in a 
heterogeneous structure of the fibrils that differs from the structure of amyloid fibrils found in 
patients (Fichou et al., 2018; Zhang et al., 2019). To address this issue, we used cofactor-free 
assembled recombinant Tau 2N4RL (0-441) fibrils, which have a rigid core similar to CBD patient 
fibrils, as shown by NMR (Chakraborty et al., 2021). It remains to be determined if the cryoEM 
structures confirm the NMR data. The PS19 Tau 1N4RS (0-412) amyloid fibril core was resolved 
by cryoEM and resembled an intermediate core length of heparin-induced and AD Tau fibrils 
(Schweighauser et al., 2023). We have shown that with the cofactor-free recombinant Tau 
2N4RL (0-441) fibrils and the PS19 Tau 1N4RS (0-412) brain homogenate, solely the induction of 

mutated full-length Tau 4R variants and Tau 4R RD fragments was possible. This finding is 
supported by the observation that recombinant Tau 4R(244-372) can seed recombinant Tau 
4R(244-372) monomers but not recombinant Tau 3R(244-372, ΔR2) monomers in vitro (Dinkel et al., 
2011; Yu et al., 2012). Seeds composed of fibrillised Tau 4R peptides that include R2 and R3 
also induced only Tau variants in cells expressing full-length Tau 2N4R(0-441) but not full-length 
Tau 2N3R variants (Longhini et al., 2024). This suggests different conformations of Tau 4R 
seeds that contain R2 and Tau 3R monomers that lack R2, resulting in a 4R:3R seeding 
barrier. Our wildtype Tau 2N4R(0-441) variant was an exception, which the Tau 4R seeds could 
not aggregate. This confirmed previous studies showing that recombinant P301L mutated 
Tau 2N4R(0-441) fibrils cannot induce wildtype full-length Tau 2N4R(0-441) (Aoyagi et al., 2007). 
Conversely, it has been shown that recombinant full-length wildtype Tau 2N4R(0-441) fibrils can 
recruit full-length wildtype Tau 2N4R(0-441) and also Tau 0N3R(0-352) monomers. Still, 
recombinant P301L mutated Tau 2N4R(0-441) fibrils cannot seed wildtype full-length Tau 
2N4R(0-441) or Tau 3R variants (Kumar and Udgaonkar, 2018; Weismiller et al., 2018). Stepwise 
truncation of the C-terminus of recombinant wildtype Tau 2N4R(0-441) fibrils eliminated its ability 
to seed Tau 3R monomers. Deletion of the N-terminus increased the 4R:3R seeding barrier 
between recombinant full-length wildtype Tau 2N4R(0-441) fibrils and Tau 3R monomers (Kumar 
and Udgaonkar, 2018; Weismiller et al., 2018). This suggests a synergistic role in Tau 
aggregation for N- and C-terminal residues. In our cell panel, the 4R:3R seeding barrier 
between recombinant mutated Tau 2N4RL (0-441) fibrils or PS19 Tau 1N4RS (0-412) fibrils and Tau 
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3R isoforms is further supported by the finding that the insertion of P301 mutations, such as 
P301L and P301S, creates a strong 4R:3R seeding barrier (Kumar and Udgaonkar, 2018; 
Weismiller et al., 2018). P301 mutations alter the Tau 4R conformation, making surface 
contact with Tau 3R monomers nearly impossible (Hilary Ann Weismiller, 2019). P301 
mutations are frequently found in familial 4R Tauopathies, highlighting their crucial role in 
forming specific conformers during aggregation (Goedert, 2005). P301L increases the 
aggregation propensity of Tau by lowering the energetic barriers, allowing cross-β-sheet 
formation. This facilitates the formation of intermolecular hydrophobic contacts for fibril 
assembly (Vigers et al., 2023). It has also been shown that Tau 3R seems to be protected 
against aggregation by an extensive hydrogen bonding network, which is less stable in Tau 
4R (Longhini et al., 2024). This instability lowers the energy barrier of Tau 4R, which facilitates 
its aggregation. Surprisingly, in our cell model, the aggregation of cryoEM Tau 4R(CTE 305-379) 

and Tau 4R(AD 304-380) core fragments containing only 1-2 residues of R2 was impossible with 
recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 1N4RS (0-412) brain homogenate. The R2-R4 
are buried in the fibril cores of recombinant Tau 2N4RL (0-441) fibrils and PS19 Tau 1N4RS (0-412) 
fibrils. In contrast, cryoEM Tau 4R(CTE 305-379) and Tau 4R(AD 304-380) core fragments lack most of 

R2 at the beginning of the core fragment, except for 1-2 residues. This may make them 
structurally incompatible with the fold of the Tau 4R seeds that contain all of R2-R4 in their 
fibril core. The presence of different core units within the fibril structure, with or without 
mutations, and the fragment length might lead to different fibril conformations and create 
4R:3R seeding barriers, as well as a seeding barrier between Tau 4R seeds that contain all of 
R2 and Tau 4R variants with a truncated R2. Thus, expressing the cryoEM Tau core and Tau 
RD fragments in cells can help to determine the essential roles of the N-, C-terminus and the 
RD in Tau seeding barriers, structural compatibility, aggregation, and propagation.  
 

6.2.4 Conformational differences between recombinant Tau 0N3R(0-352) fibrils and Tau seeds 
formed by brain homogenate-seeded cryoEM Tau 3R(PiD 254-378) core fragments could 
explain different seeding barriers 

The observed 4R:3R cross-seeding barrier was asymmetric in our cell panel, as recombinant 
Tau 0N3R(0-352) fibrils induced aggregates in all cell lines except in cells expressing Tau 
4RLM (243-375) RD fragments. This is in line with the finding that recombinant Tau 3R(244-372, ΔR2) 

fibrils can seed both recombinant Tau 4R(244-372) and Tau 3R(244-372, ΔR2) monomers in vitro (Dinkel 
et al. 2011). The reasons for the asymmetric cross-seeding barrier have not yet been solved. 

In contrast to the findings that recombinant Tau 3R fibrils can seed recombinant Tau 3R and 
4R monomers, it was shown that Tau 3R fibrils from brain homogenate of PiD patients had a 
3R:4R seeding barrier (Tarutani et al. 2021). We studied if the cryoEM Tau 3R(PiD 254-378) core 
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fragments expressed in our cell panel can be seeded with Tau 3R fibrils derived from PiD 
patients. Recombinant Tau 0N3R(0-352) fibrils contain the same amino acid residues in the rigid 
core (~260-380, ΔR2) that also form the cryoEM PiD core (254-378, ΔR2) in PiD patients 
(Chakraborty et al., 2023). We used cell extract from HEK cells expressing cryoEM Tau 
3R(PiD 254-378) core fragments stably propagating Tau 3R(PiD 254-378), agg. Tau 3R(PiD 254-378), agg was 
initially seeded with 3R PiD brain homogenate. The exact structure of the core of fibrils 
propagated in these cells is unknown. Interestingly, Tau 3R(PiD 254-378), agg cell extract induced 
only aggregates in cell lines expressing Tau 4RS (246-378) RD fragments and cryoEM Tau 
3R(PiD 254-378) core fragments, albeit to different degrees. Tau 3R(PiD 254-378), agg cell extract seeded 
best cells expressing cryoEM Tau 3R(PiD 254-378) core fragments and only a few cells expressing 
Tau 4RS (246-378) RD fragments. The cryoEM Tau 3R(PiD 254-378) core fragment expressed in cells 

covers the exact residues of the Tau amyloid core found in PiD patients. Therefore, it may 
only enable selective intramolecular interactions similar to the ones within the cryoEM core 
fragment of the Tau 3R(PiD 254-378), agg in the cell extract. Thus, the Tau 3R(PiD 254-378), agg seeding 
pattern differs from that of recombinant Tau 0N3R(0-352) fibrils. Even though recombinant Tau 
0N3R(0-352) fibrils and Tau 3R(PiD 254-378), agg contain the same residues that form the amyloid core 

in PiD Tau fibrils, the length of the whole construct and the residues included within the fibril 
core might result in different intramolecular interactions and thus amyloid folds. Tau 
3R(PiD 254-378), agg more closely resembles the pattern of Tau 3R fibrils from PiD patients by mainly 
seeding the Tau 3R variant. Still, we do not know the conformation of the aggregated cryoEM 
Tau 3R(PiD 254-378) fragments within our cells. Tarutani and colleagues showed that the fibril 
conformation of Tau 1N3R(0-381) or 1N4R(0-412) expressed in cells is similar but not identical to 
Tau fibrils derived from patients (Tarutani et al., 2023). However, our cryoEM Tau core 
fragments might allow only specific intramolecular interactions that potentially adopt the 
original Tau fibril conformation found in patients more closely. Therefore, future experiments 
will include cryoEM of the aggregated cryoEM Tau core fragments obtained from our cells. 
We conclude that the length of the Tau seeds and the residues within the fibril core play an 
important role in seeding barriers. The shorter the Tau variant, the more selective the 
conformation of the amyloid cores will be, likely because of the decreased possibility of 
intramolecular interactions. Combining the exact polypeptide sequence of the fibril core 
region with patient-derived fibrils might enable replication of the specific amyloid core 
conformation of the Tau fibrils isolated from Tauopathies. 
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Table 15 Seeding barriers between Tau 3R and 4R variants. 

Fibril Source Tau variant In 

vitro/ 

In 

cellula 

Seeding 

barrier 

Seeding Reference 

Tau 3R(244-372, ΔR2) Recombinant 

Tau 3R(244-372, ΔR2) In vitro - Yes 
(Dinkel et 

al. 2011) 

Tau 4R(244-372) In vitro - Yes 
(Dinkel et 
al. 2011) 

Tau 4R(244-372) Recombinant 

Tau 3R(244-372, ΔR2) In vitro 4R:3R  No 
(Dinkel et 
al. 2011) 

Tau 4R(244-372) In vitro - Yes 
(Dinkel et 
al., 2011) 

3R PiD brain 

homogenate  

(all six Tau 

isoforms) 

PiD patient 

Tau 1N3R(0-381) 
In 

cellula 
- Yes 

(Tarutani 

et al. 
2021) 

Tau 1N4R(0-412) 
In 

cellula 
3R:4R  No 

(Tarutani 
et al., 

2021) 

Tau 0N3R(0-352)  Recombinant 

Tau 0N3R(0-352) 

Tau 3RM (244-400) 

Tau 3R(PiD 254-378) 

In 

cellula 
- Yes Our study  

Tau 2N4R(0-441) 

Tau 2N4RLM (0-441) 

Tau 2N4RS (0-441) 

Tau 4RS (246-378) 

Tau 4R(AD 304-380) 

In 

cellula 
- Yes Our study 

Tau 

3R(PiD 254-378), agg  

cell extract 

Cell line 
propagating 

Tau 
3R(PiD 254-378), agg  

after seeding 
with PiD BH 

Tau 4RS (246-378) 

RD fragments 
In 
cellula 

- 
Minimal 
seeding  

Our study 

cryoEM Tau 

3R(PiD 254-378) core 
fragments 

In 

cellula 
- Yes Our study  
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6.2.5 3R:4R seeding barrier between Tau 3R fibrils from PiD brain homogenate and Tau 4R 
variants expressed in cells 

Patient brain homogenates can be used to study Tau aggregation and propagation to avoid 
the uncertainty of the given structure of recombinant Tau fibrils, Tau aggregates induced in 

cellula, and formed in Tau transgenic mice. In this project, cells expressing Tau 3RM (244-400) RD 
fragments, cryoEM Tau 3R(PiD 254-378) core fragments, Tau 4RS (246-378) RD fragments and cryoEM 
Tau 4R(AD 304-380) core fragments were exposed to brain homogenate from PiD patients with 
Tau 3R fibrils. Only the cell lines expressing Tau 3R variants showed a high number of cells 
with aggregates. In contrast, cells expressing Tau 4R variants showed a 3R:4R seeding barrier 
with only minimal numbers of cells with aggregates. This is consistent with previous studies 
reporting that PiD brain homogenate can induce mainly Tau 3R and only minimal Tau 4R 
variants expressed in cells (Nonaka et al., 2010; Woerman et al., 2016; Tarutani et al., 2021). 
In contrast, recombinant Tau 0N3R(0-352) fibrils could seed Tau 3R and Tau 4R aggregation in 
the cells. This suggests that although the recombinant fibrils were assembled in vitro without 

cofactors (Chakraborty et al., 2023), the PiD Tau fibril conformation in the brains of the 
patients might still differ from the core conformation of the recombinant Tau 0N3R(0-352) fibrils. 
As the cell extract containing cryoEM Tau 3R(PiD 254-378), agg, initially induced with PiD brain 
homogenate, mainly induced cryoEM Tau 3R(PiD 254-378) core fragment aggregates, it more 
closely resembles the seeding pattern of 3R PiD patient fibrils. This suggests that the initial 
Tau seed from the PiD patient imprinted its conformation onto cellular cryoEM Tau 3R(PiD 254-378), 
leading to a conformation-dependent seeding pattern. Conformation-dependent Tau seeding 
was also observed when Tau aggregates were isolated from the PiD patient's brain and 
introduced into cells expressing Tau 1N3R(0-381) (Tarutani et al., 2021). The Tau 3RM (244-400) 
variant has been used in a real-time quaking-induced conversion (RT-QuIC) seed 
amplification assay to detect 3R and 3R/4R Tau seeds (Metrick et al., 2020). In our cell assay, 
the Tau 3RM (244-400) variant also faithfully detected 3R PiD and 3R/4R AD seeds, independent 
of the V337M mutation. Interestingly, seeding of the cryoEM Tau 3R(PiD 254-378) core fragment 
PiD brain homogenate was comparable to the seeding of the Tau 3RM (244-400) RD fragments. 
Independent of the truncated R1 and the shorter C-terminus in Tau 3RM (244-400) RD. Therefore, 
we suggest using the cryoEM Tau 3R(PiD 254-378) core fragment instead of the Tau 3RM (244-400) RD 
fragments as it might not make a difference in 3R or 3R/4R Tauopathy fibril-induced 
aggregation but may play a role in spontaneous aggregation as cryoEM Tau 3R(PiD 254-378) core 
fragments spontaneously aggregate and Tau 3RM (244-400) RD fragments do not spontaneously 
aggregate. The challenge is to determine why in vitro assembled recombinant Tau 0N3R(0-352) 
fibrils do not discriminate between Tau 3R and 4R monomers and what contributes to the 
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selective seeding of Tau 3R by 3R PiD brain homogenate. This highlights the importance of 
using physiologically relevant Tau seeds to understand Tau aggregation and propagation. 

 

6.2.6 Seeding with 4R CBD and 4R PSP brain homogenates results in a 4R:3R seeding 

barrier in our cell model 
In line with the finding that 3R PiD brain homogenate preferentially seeded Tau 3R variants 
expressed in the cells, 4R CBD and 4R PSP brain homogenate induced mainly Tau 4RS (246-378) 

RD fragments and only minimally aggregation of Tau 3R variants in the cell lines. This is in line 
with a general Tau 4R:3R seeding barrier between Tau 4R seeds and Tau 3R monomers, as 
described by others (Nonaka et al., 2010; Dinkel et al., 2011; Woerman et al., 2016; Tarutani 
et al., 2021; Longhini et al., 2024). In our cell models, for the 4R:3R seeding barrier, it does 
not seem to make a difference if recombinant full-length Tau 2N4RL (0-441) fibrils, PS19 Tau 
1N4RS (0-412) fibrils, or 4R CBD/4R PSP Tauopathy brain homogenates were used to induce 
seeding. Strikingly, the cryoEM Tau 4R(AD 304-380) core fragment was not aggregating when cells 
were exposed to 4R CBD or 4R PSP brain homogenates. This is in line with our previous 
results, showing that recombinant full-length Tau 2N4RL (0-441) and PS19 Tau 1N4RS (0-412) fibrils 
could also not induce the aggregation of cryoEM Tau 4R(AD 304-380) core fragments. CBD(274-380) 
and PSP(272-381) cryoEM fibril cores incorporate all residues of R2, R3 and R4 plus 12 residues 
of the C-terminus (Zhang et al., 2020; Shi et al., 2021; Mishra, 2023). The R2 of the cryoEM 
Tau 4R(AD 304-380) core fragment is truncated and includes only the last two residues of R2. This 
might lead to a transmission barrier between Tau 4R fibrils with a more extended amyloid 
core and the R2 truncated cryoEM Tau 4R(AD 304-380) core fragments expressed in cells. The 
correct fibril conformation may not be adopted due to the mismatch of repeats incorporated 
into the fibril core. Furthermore, CBD has a four-layered fibril core, and PSP has a three-
layered fibril core (Zhang et al., 2020; Shi et al., 2021; Mishra, 2023). In contrast, the AD core 
is only two-layered (Fitzpatrick et al., 2017). This might enhance the conformational barrier 
between the cryoEM Tau 4R(AD 304-380) core fragment and Tau fibrils derived from CBD and PSP 
patients. The cryoEM Tau 4R(AD 304-380) core fragment might not be able to form the 
intramolecular interactions which are needed for the specific CBD (106 residues)/PSP (109 
residues) fibril core conformation, as fewer residues are included within the AD fibril core (67 
residues). The cell panel lacks a cell line that expresses a patient-derived cryoEM Tau 4R core 
fragment that includes all residues of R2, can be stably expressed by the cells without 
spontaneous aggregation and can be seeded by Tau fibrils. So far, with the Tau 4RS (246-378) RD 
fragments, we can only discriminate between 3R and 4R Tauopathies, but not within 4R 
Tauopathies, like CBD and PSP. Thus, it is important to include other cryoEM Tau 4R core 
fragments. For example, cryoEM Tau 4R PSP(272-381) or cryoEM Tau 4R Argyrophilic Grain 
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Disease(273/279-381) core fragments. Including more cell lines that express the extended cryoEM 
Tau 4R core fragments, it can be investigated whether the cryoEM Tau 4R core fragments are 
generally prone to spontaneous aggregation and if they can be selectively seeded by the 
corresponding Tau 4R fibrils isolated from Tauopathy patients.  
 

6.2.7 CryoEM Tau 4R(AD 304-380) core fragments are selectively seeded by 3R/4R AD brain 

homogenate  
Besides 3R and 4R Tauopathies, there are mixed 3R/4R Tauopathies, such as AD. AD brain 
homogenate induced Tau 3R and 4R variants expressed by our cells, as expected, but with 
a preference for Tau 3R variants. Of all seeds used, the cryoEM Tau 4R(AD 304-380) core fragments 
were seeded best by the 3R/4R AD brain homogenate. This contradicts the finding that AD 
seeds require Tau 3R and 4R co-expression to induce aggregation (Woerman et al., 2016). 
Our finding that the expression of either Tau 3R or 4R is sufficient for AD brain homogenate-
induced aggregation is supported by studies that demonstrated aggregation of either Tau 
1N3R(0-381) or 1N4R(0-412) in cells exposed to AD brain homogenate (Tarutani et al., 2021). 
Results from other groups also revealed that full-length Tau 3R isoforms have faster 
aggregation kinetics when exposed to AD brain homogenate than full-length Tau 4R isoforms 
(Wu et al. 2022; He et al. 2020; Tarutani et al. 2021; Tarutani et al. 2023). The reason for the 
increased aggregation kinetics of Tau 3R isoforms in the presence of 3R/4R AD seeds from 
patient brains is unknown. However, it is suggested that R2 may play a critical role, as it is 
the major structural difference between Tau 3R and 4R isoforms. Recent NMR data revealed 
that AD fibrils recruit either Tau 3R and 4R monomers alone or Tau 3R and 4R monomers in 
a 40:60 ratio in vitro (Dregni et al., 2022). The single and mixed fibrils were found to have the 
same structure. A mouse line expressing equal amounts of all six Tau isoforms showed that 
Tau seeds from human Tauopathy brains retained isoform-specific seeding with 4R:3R and 
3R:4R seeding barriers in vivo (He et al. 2020). When human AD seeds were injected into mice 

expressing only Tau 3R or 4R, and the resulting AD-3R or AD-4R seeds were reintroduced 
into mice expressing all six Tau isoforms, Tau 3R and 4R isoforms aggregated. Therefore, He 
and colleagues suggest that disease-specific seeding is independent of the isoform but 
somewhat dependent on seed conformation, supported by the cryoEM data (He et al., 2020). 
In our study, we showed that 3R PiD, 4R CBD, and 4R PSP seeds could only minimally induce 
the aggregation of the cryoEM Tau 4R(AD 304-380) core fragments, whereas 3R/4R AD seeds 
induced the most cells with cryoEM Tau 4R(AD 304-380) core fragment aggregates. The more 
extended two-layered 3R PiD, four-layered 4R CBD, and three-layered 4R PSP fibril core folds 
are stabilised by more intramolecular interactions (Zhang et al., 2020; Shi et al., 2021; Mishra, 
2023), which the shorter cryoEM Tau 4R(AD 304-380) core fragments might not be able to adapt. 
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The length of the cryoEM Tau 4R(AD 304-380) core fragments may allow only the adoption of the 
specific conformation of the one-layered AD amyloid core. This confirms that the seed 
conformation plays an important role in disease-specific seeding. If this is precisely the case 
for 3R/4R AD brain homogenate, it remains to be seen, as other 3R/4R Tauopathies, such as 
brain homogenate of 3R/4R CTE patients, need to be tested in our cell model. We 
demonstrated that the expression of the exact length of the core regions is essential as the 
shorter cryoEM Tau(AD 306-378) core fragment was more prone to spontaneous aggregation 
compared to the more extended cryoEM Tau 4R(AD 304-380) core fragment when transiently 
expressed. Stable expression of the cryoEM Tau(AD 306-378) core fragment was only possible at 
weak protein levels as it was cleared by the proteasome to probably prevent spontaneous 
aggregation. Thus, two more residues at the beginning and the end of the cryoEM Tau 
4R(AD 304-380) core fragment made it less prone to spontaneous aggregation, demonstrating the 
importance of the length of Tau constructs in aggregation. Further, the stable expression of 
the cryoEM Tau 4R(CTE 305-379) core fragment was possible without spontaneous aggregation in 
the cells. Still, we could not detect cryoEM Tau 4R(CTE 305-379) core fragment aggregation when 
exposed to brain homogenate of 3R, 4R or 3R/4R Tauopathy patients (data not shown). It 

could be that cryoEM Tau 4R(CTE 305-379) core fragments can only be seeded by 3R/4R CTE brain 
homogenate. As for the cryoEM Tau 4R(AD 304-380), core fragment seeding was mainly possible 
with 3R/4R AD brain homogenate. Interestingly, there is only one residue difference at the 
beginning and the end between the cryoEM Tau 4R(CTE 305-379) core fragments and the cryoEM 
Tau 4R(AD 304-380) core fragment. Compared to the AD(304-380) core fold, the β-helix region of the 
CTE(305-379) core fold is less tightly packed, which leads to differences in intramolecular 
hydrophobic interactions. The more open CTE fold enables a hydrophobic cavity with an 
unknown proteinaceous density at the tip of the C-shaped CTE fibril core, which is absent in 
the AD fibril core. Further, they differ in their protofilament-protofilament interface packing 
(Falcon et al., 2019). These findings highlight that forming different fibril conformations is 
possible despite similar protein sequences, like in AD and CTE fibril cores. The different fibril 
core conformations might explain why the cryoEM Tau 4R(CTE 305-379) core fragment could not 
be seeded by the 3R/4R AD brain homogenate. This demonstrates that the length of the fibril 
core, cellular environment, and incorporation of cofactors might play an important role in Tau 
aggregation. Yet, the forces dictating the disease-specific fold remain to be elucidated. 
Nevertheless, the cryoEM Tau 4R(AD 304-380) core fragment may provide a unique opportunity to 
selectively identify 3R/4R AD aggregates, as it may have features that only allow the selective 
seeding by 3R/4R AD brain homogenate. 
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6.2.8 Cell panel allows discrimination of some Tauopathies 
The unique seeding patterns of Tauopathy patient fibrils described above in our cell lines 
expressing Tau 3R and 4R variants can be used to discriminate between 3R, 4R, and 3R/4R 
Tauopathies if sufficient amounts of seeds are present in the sample for seed induction. 
Strikingly, the FTA signal of the patient’s brain samples did not always correlate with the 
seeding activity in the cell panel. This might be due to the differences in the total protein to 
which the cells were exposed or the fact that the FTA reflects only the amount of 
amyloidogenic Tau. Soluble seeding competent Tau intermediates, like monomers or 
oligomers, pass through the membrane. Therefore, the FTA only reproduces parts of seeding 
competent Tau. In PS19 mice, seed-competent Tau monomers were detected with 
associated dimers and trimers and only a few larger species formed before oligomeric or 
fibrillar Tau (Mirbaha et al., 2022). These soluble Tau monomers induced seeding in the cells 
expressing Tau. The heat-shock protein 70 (HSP70) disaggregation machinery can 
disassemble pathological Tau extracted from human AD brain tissue, producing mono- and 
oligomeric Tau species still seeding competent when added to Tau expressed in cells 
(Nachman et al., 2020). This confirms that amyloidogenic Tau and soluble monomeric, high, 

and low molecular Tau fragments that the FTA does not capture can induce Tau aggregation. 
This might explain the high seeding activity of Tauopathy samples despite low FTA signals. 
Another factor that could influence the total Tau in a given biological sample is the stage of 
the patient's disease. Here, we used samples from the hippocampus, pons and the superior 
frontal gyrus (SFG). For example, for PiD, we only obtained hippocampal samples in which 
PiD bodies can be found at the earliest stage of Braak III (Lee et al., 2001; Kovacs et al., 2013). 
As the Braak stages for our PiD samples were only available for samples 3 and 6 (Braak stage 
III), it is possible that there was less Tau overall in the samples as the hippocampus was only 
starting to be affected by PiD bodies. Although the disease stage of PiD sample 1 (2.8 µg) is 
unknown, there is likely more total seeding competent Tau within sample 1 than in sample 3 
(2.6 µg), as sample 1 induced above 20 % cells with aggregates more than sample 3 (Table 
S1). In further experiments, the total amount of Tau should be adjusted, for example, by 
immunoprecipitation, to compare the amount of seeding competent Tau between different 
disease stages in each sample.  
Based on the previously discovered 3R:4R seeding barrier (Tarutani et al., 2021), 3R 
Tauopathies can be identified in our model by using the Tau 3R cell lines expressing Tau 
3RM (244-400) RD fragments and cryoEM Tau 3R(PiD 254-378) core fragments in comparison to cells 
expressing the Tau 4RS (246-378) RD fragments. The cells expressing Tau 3R variants will 
predominantly show cells with aggregates, while cells expressing the Tau 4R variants will 
have minimal amounts of cells with aggregates. The Tau 3RM (244-400) RD fragment was 
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previously used in an RT-QuIC assay and effectively detected 3R PiD aggregates (Metrick et 
al., 2020), which we confirm in our cell model. The truncated R1 and C-terminus of the cryoEM 
Tau 3R(PiD 254-378) core fragments did not affect the aggregation potential compared to the 
longer Tau 3RM (244-400) RD fragments. Therefore, both Tau 3R variants are suitable for Tau 3R 
aggregate detection. Vice versa, the 4R:3R seeding barrier can be used to identify 4R 
Tauopathies, as mainly cells expressing Tau 4RS (246-378) RD fragments will show cells with 
aggregates. In contrast, the cells expressing Tau 3R variants show only minimal numbers of 
cells with aggregates. Since Tau 4RS (246-378) RD fragments were the only ones that included 
the residues of the entire four repeats of the RD (R1-R4), we conclude that the entire R2 is 
essential for Tau 4R seeding. Truncation or the lack of R2 diminished Tau 4R aggregation 
when exposed to Tau 4R seeds from Tauopathy patients. In line with previous experiments 
(Tarutani et al., 2021; Longhini et al., 2024), AD brain homogenate seeded Tau 3R and 4R in 
our cell lines expressing either Tau 3RM (244-400) RD fragments, cryoEM Tau 3R(PiD 254-378) core 
fragments, Tau 4RS (246-378) RD fragments, or cryoEM Tau 4R(AD 304-380) core fragments. Still, AD 
brain homogenates mainly seeded Tau 3R variants, also shown by others (He et al., 2020; 
Tarutani et al., 2021; Wu et al., 2022; Tarutani et al., 2023). Interestingly, cells expressing the 

cryoEM Tau 4R(AD 304-380) core fragment were seeded best by the 3R/4R AD brain homogenate. 
This suggests that cryoEM Tau core fragments may be selectively incorporated into growing 
fibrils induced by disease-specific conformers, as the length of the expressed cryoEM Tau 
core fragment might dictate the possible specific conformations the monomer can adopt. 
More cryoEM Tau core fragments must be expressed in cells, and more Tau fibrils from 
different Tauopathies must be used for aggregate induction to confirm this hypothesis. The 
various seeding patterns in cells expressing full-length Tau, Tau RD fragments and the 
cryoEM Tau core fragments exposed to recombinant Tau fibrils, transgenic mouse or patient 
brain homogenate highlight the importance of using disease-relevant models. The fibril 
assembly conditions in vitro and in vivo and the Tau fibril and monomer length could impact 
conformation-dependent seeding. So far, we cannot discriminate between 4R Tauopathies, 
like 4R CBD and 4R PSP. Nevertheless, the combination of the four cell lines Tau 3RM (244-400) 
RD fragments, cryoEM Tau 3R(PiD 254-378) core fragments, Tau 4RS (246-378) RD fragments, or 
cryoEM Tau 4R(AD 304-380) core fragments can be used to discriminate between 3R, 4R and 
3R/4R Tauopathies.  

 

6.2.9 Sensitivity and specificity of our cell panel in comparison to other cell and in vitro 
models 

Spontaneous aggregation, proteasomal clearance, spontaneous self-assembly, and a 
seeding barrier between Tau 3R and 4R isoforms represent important features of Tauopathies 



91 
 

that can be further investigated using our cell panel. But what is the difference between our 
cell panel and existing in vitro and cell models? To the best of our knowledge, this is the first 

cell panel that includes the cryoEM Tau core fragments: Tau(AD 306-378), Tau 4R(AD 304-380), Tau 
4R(CBD 274-380), Tau 3R(CTE 274-379), Tau 4R(CTE 305-379) Tau 3R(PiD 254-378). Previous studies have often 
used the well-established FRET-based Tau seeding assay (Furman and Diamond 2017). This 
assay is based on the expression of the Tau 4R RD(244-372) harbouring the P301S mutation, 
tagged with either CFP or YFP. Exposure to exogenous Tau seeds results in a FRET signal, 
which is detected and quantified by flow cytometry. An advantage of our model is that it is 
optimised for a semi-automated workflow. This means that instead of using a 96-well format, 
as in the FRET assay, we use a 384-well format, which reduces the amount of valuable 
biological Tau seeds required. We also used a shorter protocol for the incubation times. 
Specifically, we added the Tau seeds 1 hour after plating the cells, compared to the Diamond 
protocol, where the cells were incubated for 24 hours before exposure to the Tau seeds 
(Furman and Diamond, 2017). Seed incubation with the cells was comparable to other groups, 
requiring 24-72 hours when recombinant fibrils and patient brain homogenate were used (Guo 
and Lee, 2011; Woerman et al., 2016; Furman et al., 2017; Kaufman et al., 2017; Tanaka et 
al., 2019; Shin et al., 2019; Annadurai et al., 2023). A highlight of our workflow is an automated 
confocal microscope and an automated image analysis pipeline. This simplifies and shortens 
the protocol, as the cells do not need to be detached from the plate after seeding but can be 
directly fixed and scanned. In addition, with the semi-automated workflow, we can monitor 
how toxic the experiments are for the cells to ensure that only viable cells are selected for the 
analysis. A further advantage is that we express the exact residues of the amyloid cores 
associated with different Tauopathies in the cells. Since the disease-specific Tau fibril cores 
were identified by cryoEM (Goedert et al., 2024), we know that not all residues of R1 (244-
274) are present within the fibril core for Tau 3R and not all residues of R2 (275-305) are 
included within the Tau 4R fibril core. Additionally, the number of residues of the C-terminus 
varies between Tauopathies. Woerman and colleagues were among the first to express the 
Tau 3R(243-375, ΔR2) in cells (Woerman et al., 2016). Tau 3R(243-375, ΔR2) includes all residues of R1-
R4. In contrast, in the 3R PiD(254-378) fibril core, not all residues of R1 and three additional 
residues of the C-terminus are included compared to the Woerman construct (Falcon et al., 
2018b). The P301S mutated Tau 4R(246-378) and Tau 3R(243-375, ΔR2) include more residues than the 
cryoEM Tau fragments, which might allow for more intramolecular interactions that potentially 
lead to amyloid conformations that are not disease-specific. We have shown that the cryoEM 
Tau fragments can only be selectively seeded by patient-derived Tau fibrils. This argues that 
the length of the Tau constructs probably affects the fibril conformation and its intramolecular 
interactions that might enable disease-specific fibril conformations. Therefore, the widely 
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used P301S mutated Tau 4R(244-372) and Tau 3R(243-375, ΔR2) might not be the most suited for 
studying intracellular Tau spreading and propagation.  
The assays used to study Tau aggregation vary in their sensitivity. The Diamond group’s 
ultrasensitive next-generation cells expressing the P301S mutated Tau RD(244-372) detected Tau 
aggregates seeded with 153 pg to 1.2 ng total protein of immunoprecipitated 3R/4R AD 
patient fibrils (Hitt et al., 2021). We did not immunoprecipitate the Tau from our samples. 
Instead, we used 1.5 µl of 10 % Tauopathy brain homogenate. Due to the FTA assay, we 
know the total protein (1.4-2.8 µg) (Table S1) but do not know how much total Tau or seeding-
competent Tau was added to the cells. According to other studies, about 0.5-1.2 ng normal 
Tau/µg protein and 0.07-0.49 ng abnormally phosphorylated Tau/µg protein, depending on 
the brain region, can be detected in patient brain samples (Khatoon et al., 1994; Han et al., 
2017). Hence, we would have added approximately 700 pg to 3.36 ng normal Tau and 98 pg 
to 1.37 ng abnormally phosphorylated Tau protein to the cells, similar to the amount the 
Diamond lab used. However, we need to immunoprecipitate the Tau in future experiments to 
validate the sensitivity of our cell panel. So far, we can only estimate the amount of total Tau 
and seeding competent Tau added to the cells. More reasons for differences in sensitivity 

could also be based on expression levels, as codon usage optimisation, the promotor, the 
linker, mutations, and the transfection method that affects the plasmid copy number impact 
the amount of soluble Tau that can be aggregated (Hitt et al., 2021; Fus-Kujawa et al., 2021). 
Moreover, whether recombinant Tau fibrils, brain homogenate or immunoprecipitated Tau is 
used could account for differences in the number of cells with aggregates. However, our cell 
lines expressing Tau 3RM (244-400) RD fragments and cryoEM Tau 3R(PiD 254-378) core fragments 
showed 30-35 % cells with aggregates when seeded with 1.5 µl of 10 % Tauopathy brain 
homogenate. We are the first to use the cryoEM Tau fragments in cells and show that cryoEM 
Tau 3R(PiD 254-378) core fragments can be predominantly seeded by 3R Tauopathy brain 
homogenate compared to Tau 4R variants and that the cryoEM Tau 4R(AD 304-380) core fragment 
is seeded best by 3R/4R AD brain homogenate. This enables an effective detection method 
for Tau 3R aggregates based on the 3R:4R seeding barrier and confirms the disease-specific 
seeding of the cryoEM Tau 4R(AD 304-380) core fragment by 3R/4R AD brain homogenate. Future 
experiments could include validating the sensitivity of the cell panel by using 
immunoprecipitated Tau from brain homogenate and CSF from patients. 
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6.3 Limitations of the study 

Tau aggregates have been associated with various neurodegenerative diseases known as 
Tauopathies. Despite extensive research, the mechanism of inter- and intracellular prion-like 
Tau propagation and transmission remains to be elucidated. Here, we demonstrated that HEK 
cells expressing Tau 4RLM (243-375) RD fragments can be used for a semi-automated high-
throughput screen to identify compounds that inhibit Tau aggregation. C22 and C57 were 
identified as potent Tau aggregation inhibitors. One major challenge is that C22 is too large 
to pass the blood-brain barrier. While C57 passes the blood-brain barrier and has a 
comparable IC50 to C22. Thus, it would be important to identify the target of C57 and screen 
for further derivates that pass the blood-brain barrier and are as effective as C22 and C57.  
Since cryoEM has shown that Tau can fold into different amyloid conformers associated with 
different Tauopathies (Fitzpatrick et al., 2017; Falcon et al., 2018b; Falcon et al., 2019; Zhang 
et al., 2020), we generated HEK cells expressing Tau fragments of the length of the cryoEM 
Tau cores of fibrils from AD, CBD, CTE and PiD patients. By expressing the exact residues of 
the amyloid core, we hypothesised that disease-specific Tau aggregates might be formed. 
One limitation might be that the cryoEM Tau cores of AD, CBD and CTE are prone to 
spontaneous aggregation. Another is that proteasomal clearance results in weak protein 
levels when stably expressed in cells, which renders them unsuitable for investigating Tau 
fibril-induced aggregation. Still, they can be used to study the mechanisms involved in 
spontaneous aggregation.  

One limitation of this study is that we do not know the cryoEM structures of the recombinant 
Tau 2N4RL (0-441) and Tau 0N3R(0-352) fibrils or the cryoEM structures of the fibrils formed by our 
cryoEM Tau core fragments in cells. It has been shown recently that Tau 1N3R(0-381) or 
1N4R(0-412) expressed in cells could be seeded with AD and CBD brain homogenate, but the 
induced-fibril structure differed from the disease-specific folds identified by cryoEM (Tarutani 
et al. 2023). In our assay, the truncation of R2 and more residues at the C-terminus in cryoEM 
Tau 4R(AD 304-380) core fragments diminished Tau 4R seeding by Tau 4R brain homogenates. 
However, it was seeded best by 3R/4R AD brain homogenate. This could be due to the same 
intramolecular interactions upon aggregation, which enforce a core structure similar to the 
Tau amyloid core of fibrils derived from AD patients. It remains to be seen whether the cryoEM 
Tau core fragments adopt the same fibril core conformation as the Tau fibrils isolated from 
Tauopathy patients. 
Further, we can only discriminate between 3R, 4R and 3R/4R Tauopathies but not within 
Tauopathies that involve the same Tau isoform. So far, the panel misses a cryoEM Tau 4R 
core fragment to investigate disease-specific 4R fibril-induced aggregation. 4R CBD and 4R 
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PSP brain homogenate induced a similar seeding pattern in cells expressing the Tau 
4RS (246-378) RD fragment. Therefore, the Tau 4RS (246-378) RD fragments cannot be used to 
differentiate between these two Tauopathies. CBD and PSP are 4R Tauopathies but differ in 
the layer number of their core fold and their protofilament number. This conformational 
difference might be helpful in selectively seeding their corresponding cryoEM Tau core 
fragments. Future experiments could include the expression of the cryoEM Tau core fragment 
of PSP in cells to study whether it shows the most cells with aggregates when it is exposed 
to 4R PSP brain homogenate. Additionally, 3R/4R CTE brain homogenate could validate the 
selective seeding of 3R/4R Tauopathy brain homogenate in combination with the respective 
cryoEM Tau core fragment. Thus, it would be of great interest to investigate whether the 
cryoEM Tau disease folds can be replicated in our cell model to discriminate between and 
within 3R, 4R and 3R/4R Tauopathies. 
Another limitation is the sensitivity of cell based assays. The Marc Diamond ultrasensitive HEK 
cells expressing the P301S mutated Tau 4R RD(244-372) detect Tau in the pico- to nanogram 
range when Tau seeds are immunoprecipitated (Hitt et al., 2021). In contrast, RT-QuIC can 
detect pico- to femtograms of Tau seeds in the brain(Saijo et al., 2017; Kraus et al., 2019; 

Saijo et al., 2020; Metrick et al., 2020). Nevertheless, RT-QuIC may not amplify the original 
Tau fibril fold as seen for α-synuclein (Burger et al., 2021; Lövestam et al., 2021). Replication 
of the correct fibril fold in the cells is also challenging. Tarutani and colleagues showed that 
3R/4R AD and 4R CBD patient brain homogenate template Tau 1N3R(0-381) and 1N4R(0-412) in 
cells, but the resulting fibril structure differed from the disease-specific folds identified by 
cryoEM (Tarutani et al., 2023). Our cell model depends on sufficient seeds to induce Tau 
aggregation to differentiate between 3R, 4R and 3R/4R Tauopathies. So far, we do not know 
the amount of total Tau added to the cells and, therefore, do not know the assay's sensitivity. 
We used different amounts of total protein to test the sensitivity of our cell model. We 
demonstrated that the total amount of protein does not necessarily correlate with the amount 
of seeding competent Tau. Future experiments could focus on increasing the sensibility by 
immunoprecipitating the seeding competent Tau to determine if the cell panel assay can 
detect femto-to nanogramme of Tau.  
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6.4 Relevance 

Tauopathies such as AD are a significant burden to our society. AD affected approximately 
55 million people in 2019, rising to 139 million by 2050 (Alzheimer's Association, 2024). 
Despite extensive research, most Tau-targeting therapies have failed in later-stage clinical 
trials (Cummings et al, 2024). Definitive clinical diagnosis of AD and other Tauopathies is only 
possible through post-mortem neuropathological evaluation (Caselli et al., 2017). Tauopathies 
are clinically heterogeneous diseases characterised by neuronal loss, cognitive decline and, 
finally, death. The mechanisms of Tau aggregation and propagation remain to be elucidated. 
In this study, we have generated a cell panel based on full-length Tau, Tau RD fragments, and 
cryoEM Tau core fragments, which can be used to understand spontaneous amyloid 
formation, clearance of Tau aggregates and fibril-induced Tau aggregation. We can further 
use the cell panel to discriminate between Tauopathies. Our cell panel may help define the 
pathological Tau isoform (3R, 4R, 3R/4R) of the corresponding Tauopathy by testing the 
seeding ability of patient samples in a cell panel expressing Tau RD fragments and cryoEM 
Tau core fragments. Testing more brain homogenates from patients with different 
Tauopathies, such as CTE, will validate the results. CryoEM can be used to determine whether 
the conformation of the seeds is faithfully reproduced within our cell lines or whether the Tau 
variant expressed influences the conformation of the induced amyloid. We can also use the 
cell panel to investigate the cellular mechanisms underlying Tau 3R, 4R, and 3R/4R seed 
dissemination and propagation. Spontaneous aggregation of the cryoEM Tau core fragments 

allows the study of cellular mechanisms that favour or prevent Tau aggregation. Further, we 
have successfully established a semi-automated high-content screen for Tau inhibitors in our 
lab and identified C22 and C57 as potent Tau aggregation inhibitors. The cryoEM Tau core 
fragments may help to identify compounds with potential selective inhibitory effects on Tau 
3R or 4R aggregation. Spontaneously aggregating Tau variants can be used to rapidly screen 
for Tau aggregation inhibitors without the need for exogenous Tau fibrils. While we have 
focused on patient brain homogenate in this work, it would be interesting to test whether our 
cell panel can detect Tau aggregates from CSF and the blood of Tauopathy patients. This 
would make it a valuable tool for the pre-mortem discrimination between Tauopathies. 
Findings from this study might help to develop new therapeutic strategies to inhibit or reduce 
the aggregation of Tau by compounds.  
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Appendix  
 

Supplementary table 1 Total protein in 1.5 µl of 10 % Tauopathy brain homogenate used in screen and 
percentage of cells with aggregates induced in cell panel. 

Patient 

BH No. 

Total protein 

[µg] in 1.5 µl 

[%] cells with aggregates 

Tau 

3RM (244-400) 

 

Tau  

3R(PiD 254-378) 

 

Tau  

4RS (246-378) 

 

Tau  

4R(AD 304-380) 

 

C 1.6 0.0-0.3 0.0-0.8 0.0-0.9 0.1-0.4 

1 PiD 2.8 32.3 26.0 0.8 4.6 

2 PiD 2.1 14.0 10.6 0.4 2.8 

3 PiD 2.6 8.3 7.0 1.9 0.6 

4 PiD 2.0 13.6 6.0 1.3 1.1 

5 PiD 2.5 4.6 5.3 2.4 0.2 

6 PiD 1.6 2.2 1.5 0.7 0.3 

7 CBD 2.1 0.0 0.2 8.3 0.3 

8 CBD 2.4 0.0 0.2 6.9 0.3 

9 CBD 2.6 0.0 0.0 5.8 0.0 

10 CBD 1.7 1.4 0.8 8.9 1.5 

11 CBD 2.0 2.3 1.6 11.4 3.0 

12 CBD 2.2 1.0 3.6 11.5 2.4 

13 PSP 2.2 0.7 0.6 6.2 2.2 

14 PSP 2.0 1.0 0.2 14.7 2.1 

15 PSP 2.8 1.0 0.7 8.1 0.6 

16 PSP 2.0 1.1 1.7 6.1 3.5 

17 PSP 3.0 2.5 3.2 18.1 1.7 

18 PSP 2.8 1.0 1.3 20.0 1.1 

19 AD 1.4 6.8 3.5 1.9 2.9 

20 AD 2.1 6.7 3.4 4.1 0.3 

21 AD 1.8 11.6 4.2 2.1. 2.3 

22 AD 2.0 34.7 32.4 5.5 13.0 

23 AD 1.8 14.7 9.3 1.5 5.0 

24 AD 2.1 4.5 9.2 0.7 5.7 
 


