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Abstract 

Passive immunization with an anti-tau monoclonal antibody to block seeding by extracellular tau 

aggregates is currently explored as a disease-modifying strategy for the treatment of Alzheimer’s 

disease (AD) and other tauopathies. As tau aggregates responsible for the spatio-temporal 

sequences of seeding events underlying disease progression are poorly defined, it is not yet clear 

which epitope is preferred for obtaining optimal therapeutic efficacy. The Janssen tau antibody 

collection has been generated by immunizations with different tau species: aggregated- and non-

aggregated tau and human post-mortem AD brain-derived tau fibrils. Evaluation of these 

antibodies in cellular- and in vivo seeding assays revealed clear differences in maximal efficacy 

suggesting different epitope exposure in both type of fibrils. Limited proteolysis experiments 

supported the hypothesis that some epitopes are more exposed than others in the tau seeds. In 

addition, sonication of tau fibrils, to improve seeding potency, not only caused a shift in size 

distribution of the tau seeds but also exposed more epitopes close to the microtubule binding 

domain. In particular for antibodies binding close to this domain, efficacy seems to depend on the 

structural properties of fibrils purified from tau Tg mice- and post-mortem human AD brain.  

Data in this thesis provided mechanistic insight on the improved seeding capacity of recombinant 

and in vivo generated tau seeds after sonication. On top of this, a number of epitopes that are 

differentially exposed in tau fibrils derived from human AD brain and tau transgenic mice could be 

identified. More research is needed to verify whether these differences are also seen in other 

tauopathies as suggested by the conformational templating hypothesis. 

 

Keywords: Alzheimer’s disease; Tau; immunotherapy; Aggregate characterization. 
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Resumo 

Imunoterapia com anticorpos monoclonais contra tau para o bloqueio da capacidade de 

aggregação de aggregados de tau extracelulares está atualmente a ser explorado como uma 

estratégia de tratamento para a doença de Alzheimer e outras patologias da proteina Tau. 

Devido ao baixo conhecimento sobre os agregados de tau responsáveis pelos eventos de 

agregação, não é possível identificar com certeza qual o melhor epítopo para obter a melhor 

estratégia terapêutica. A biblioteca de anticorpos produzidos na Janssen foi gerada com alvo a 

differentes espécies de tau: monómeros e agregados de tau humana recombinantes e também 

agregados extraídos de cérebros post-mortem humanos de pacientes com doença de Alzheimer. A 

caracterização destes antiorpos em testes de agregação celulares e em modelos animais mostrou 

claras diferenças na capacidade de inibição de agregação, sugerindo diferenças na exposição dos 

epítopos nos vários tipos de agregados. Testes de proteólise limitada de agregados de tau 

fundamentaram a hipótese de que alguns epítopos estão diferencialmente expostos nos agregados 

provenientes de diferentes fontes. Para complementar, sonicação de aggregados de tau 

provocaram um aumento da sua capacidade de induzir agregação mas também uma alteração do 

seu tamanho e aumento da exposeção de alguns epítopos, especialmente próximo do domínio de 

ligação aos microtúbulos. Particularmente, anticorpos que se ligam próximo a este domínio 

mostraram que a sua efícacia é dependente das propríedades estruturais dos agregados de tau 

extraídos de modelos transgénicos ou de cérebros humanos post-mortem com doença de 

Alzheimer.  

Os resultados apresentados nesta tese providenciam novo conhecimento sobre o efeito da 

sonicação na capacidade de agregação de agregados de tau producidos com proteína 

recombinante ou isolados de modelos animais. Além disso, sugere que vários epítopos estão 

diferencialmente expostos nos agregados de tau provenientes de modelos animais ou de cérebros 

humanos de pacientes com doença de Alzheimer. A continuação deste estudo poderá elucidar se 

estas diferenças podem ser superados pela teoria dos modelos de conformação. 

 

Palavras-chave: Doença de Alzheimer; Tau; imunoterapia; Caracterização de agregados. 
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1.1. Dementia 
 

Dementia is described as a chronic and progressive syndrome that results from neuropathological 

conditions in the brain. It affects cognitive function, impairing functions such as memory, thinking, 

language, learning and judgment. Dementia also has impact in daily tasks, affecting emotional 

control, social behaviour and motivation (1). Among others, Alzheimer’s disease (AD), vascular 

dementia, dementia with Lewy bodies and frontotemporal dementia (FTD) are the most common 

diseases with Alzheimer’s contributing with 60-80% of the cases (2,3). 

According to the World Health Organization (WHO), in 2015 there were more than 47 million 

people worldwide affected by dementia and projections point to an increase to 78 million in 2030 

and 145 million in 2050, causing voluptuous costs to the patients and governments, of about US$ 

1 200 000 million (4). 

 Although being one of the most expensive diseases combining health and social care, dementia 

research funding is still lower than other diseases with lower governmental bills (5). In figure 1, this 

is illustrated taking UK as example. 

Annual cost of health and social care (a) compared to research funding b) in UK in 2012 (CHD – coronary heart disease). Adapted 
from Luengo-Fernandez et al 2015  (5). 

 

  

a) b) 

Figure 1 - Comparison of annual costs to research funding in UK. 
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1.2. Alzheimer’s Disease 
 

Alzheimer’s is one of the most common neurological diseases worldwide. It was first described by 

Alois Alzheimer in 1901 after observing a 51 years old woman, Auguste Deter, with alterations in 

behaviour, daily routines and personality, who died after 4.5 year with severe symptoms of mental 

disability. In 1907, Alzheimer described another patient with similar symptoms  (6). With the in 

depth pathological investigation from the two patients, Alois Alzheimer wrote in 1911 a report (7) 

where he described what years later would be called Alzheimer’s disease (8). 

The neuropathological hallmarks of AD are the extracellular neuritic plaques of amyloid-β (Aβ) and 

intracellular neurofibrillary tangles of hyperphosphorylated tau protein (9). At the clinical level, 

this disease is characterized by loss of memory with impaired ability to recall recent events, 

deterioration of intellectual skills and progressing changes in behaviour. In the later stages of the 

disease loss of control in motor and body functions  is also observed (10). The clinical examination 

can be performed by using the Addenbrooke’s Cognitive Examination III (ACE-III), which scores 

multiple factors, such as attention, memory, vocabulary fluency, language and visuospatial skills. 

This test is scored from 0 to 100, where someone with a score of 100 will have no cognitive 

impairment (11). Risk factors for AD can be poor education, low mental activity, smoking, 

depression and traumatic head injury, anticipating the onset of the disease (10). 

By magnetic resonance imaging (MRI) it is observed that the brain of patients with AD shows loss 

of volume, mostly in hippocampal volume and grey matter density. This loss correlates with other 

AD biomarkers such as Aβ42 and Tau levels in the cerebrospinal fluid (CSF) (12). Tau pathology 

spreads throughout the brain by an apparent systematic spatio-temporal pattern. This is best 

described by dividing the affected areas according to their  “Braak stages” I-VI (13) as shown in Fig. 

2. It is now known that the pathology might start not in the transentorhinal layer as thought before 

but in the locus coeruleus, where AT8-positive soluble pre-tangles are found that will gradually 

became insoluble and create the neurofibrillary tangles (NFTs) (14). After that, the pathology 

spreads through synaptically connected regions from the locus coeruleus to the transentorhinal 

layers (stages I-II). It then starts to affect the limbic areas (stages III-IV) and finally the pathology 

reaches the isocortical areas (stages V-IV) with consequent destruction of the isocortical 

association areas (13).  
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Brain areas affected by pathology are identified by Braak staging (a). This can be observed in post-mortem brains from young 
individuals and correlates with aging (b). Adapted from Villemagne et al 2015 (15) and Braak et al. 2011 (14). 

 

Braak staging can be applied in people under 30-year-old that show no cognitive alteration but 

already shown Aβ plaques, fibrillary tangles of Tau and abnormally phosphorylated Tau (14). These 

also show that many years before the onset of AD, there are already some pathological changes in 

the brain. 

AD can be divided in familial Alzheimer’s disease (fAD) and sporadic Alzheimer’s disease (sAD). 

These two types of AD do not differ in clinical features (16,17). The most common form is sAD and 

occurs essentially due to a complex environmental-genetics interaction (18). fAD only counts for 

a)                                                                b) 

 

Figure 2 - Braak staging can be identified in brains from young post-mortem individuals. 

 



6 

~5% of AD cases and is caused by genetic inherited autosomal dominant mutations in amyloid 

precursor protein (APP) and presenilin genes(19). 

 

1.3. APP cleavage – Aβ production 
 

The production of Aβ occurs by a cascade of APP cleavages that can happen in one two manners, 

the amyloidogenic pathway and non-amyloidogenic pathway. The amyloidogenic pathway is 

characterized by two cleavages. β-secretase and ɣ-secretase. The last cleavage, which is made by 

ɣ-secretase, (composed by presenilin1 (PS1), presenilin2 (PS2), nicastrin, anterior pharynx-

defective-1 and presenilin enhancer-2), occurs in the intramembrane domain of APP (20,21) (Fig. 

3). From amyloidogenic pathway of APP cleavage, multiple products arise, among them Aβ (22). 

The amino acid length depends on the place that ɣ-secretase cleaves the product of β-secretase 

cleavage. This complex does not have a strictly precise place to cleave (23), resulting in a peptide 

that varies from 36 to 43 aminoacids. The most abundant are Aβ40 (~80-90%) and Aβ42 (~5-10%) 

(24). These ratios can be modified by presenilin and APP mutations, significantly increasing Aβ42- 

Aβ40 ratio, a hallmark of AD (25). 
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APP has two cleavage pathways depending on the complexes involved. α-secretase in the non-amyloidogenic pathway or β-

secretase followed by ɣ-secretase in the amyloidogenic pathway. From Cole et al 2007 (23). 

 

1.4. Mutations 
 

fAD can occur with mutations in genes such as presenilin1 and presenilin2 in chromosome 1 and 

APP in chromosome 21, leading the APP to the amyloidogenic way. 

Among the mutations that causes Alzheimer’s, a recent study (26) showed that in 18 patients with 

mutation, 10 of them were “de novo” mutations not inherited from the healthy parents. 

Mutations in presenilin1, presenilin2 and APP cause increase of Aβ42 and decrease of Aβ40, 

creating a change in Aβ42/40 ratio and inducing pathogenicity through changes in the catalytic 

subunit (27). These mutations affect the catalytic, impairing its function (28). These mutations 

which lead to Aβ aggregates cause not only a decrease in long-term potentiation (29) but also 

synaptic depression by disrupting glutamate reuptake, inducing long-term depression (30) 

impairing cognitive functions such as learning and memory. 

Figure 3 - Representation of amyloid precursor protein (APP) cleavage 
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In sAD, although not linked to genetic mutations, genome wide-association studies (GWAS), 

pointed to several loci associated to risk factors such as apolipoprotein E (APOE), CD2AP, CD33, 

EPHA1, ABCA7, EPHA1, CD33 and CD2AP (31,32). Those risk factors, although not sufficient neither 

necessary to the occurrence of AD, they are linked to the anticipation of the age-of-onset of sAD 

(33). Many other loci have been identified as potentially risk factors or protective factors but the 

real importance of those loci remain to be studied (34). Among all risk factors presented, the higher 

contributor for sAD are APOE polymorphisms.  ApoE is a major transport protein involved in lipid 

homeostasis by controlling lipid transport from a cell to another (35). APOEε4 polymorphic allele 

is known as the major risk factor for sAD. Heterozygotics for this allele have a 3-fold increase and 

homozygotics a 15-fold increase risk to develop sAD (33). This polymorphism is highly associated 

with the progression of mild cognitive impairment to AD (36).  

BACE-1 is the enzyme responsible for the β-cleavage and has all the functional properties of the β-

secretase complex. This means that BACE-1 cleavage is an important step in Aβ production (37). 

Mutations in APP can be responsible to make APP a better substrate for β-cleavage, increasing the 

efficiency of BACE-1, and therefore increased Aβ production. For example, the denominated 

Swedish mutation, a double mutation right after the BACE-1 cleavage site (LysMet → AsnLeu) 

significantly increases BACE-1 processing and Aβ production (38). On the other hand it has been 

found that there is another APP mutation that is linked to a decreased processing by BACE-1 in 

vitro leading to lower amyloid burden in and protects elderly people against Alzheimer’s disease 

and cognitive decline, constituting a protective factor for AD (39). 

 

1.5. Aβ oligomerization 
 

Since one of the hallmarks of AD is the presence of neuritic plaques of Aβ, it is important to study 

their production. Mutations involved in fAD such as presenilin and APP induce an increased 

production of Aβ42 resulting from the amyloidogenic proteolytic pathway (Fig. 3), working as a gain 

of function in Aβ42 production (25). Those fAD mutations affect the rate of APP proteolysis, 

precisely enhancing ɣ-secretase activity (40-42). Aβ42 is more prone to create oligomers than Aβ40 

(29) and consequently, with the increase of Aβ42 there are more oligomerization of Aβ and fibrils 

production (43) that is observed in patients with AD. In vitro studies showed that fibrils decrease 
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cell viability 40-fold more that monomeric peptides and 10-fold more than fibrils (44), being 

involved in neuronal loss. These findings indicate that oligomers are more neurotoxic than fibrils 

(45). Although, these oligomers and fibrils can be found in healthy people, with no cognitive 

alterations (46), suggesting a good biomarker and a therapeutic to prevent the triggering of the 

disease. It can be observed between 25 and 15 years before the expected age of onset (47). Aβ 

peptides have been claimed to interact with fibrinogen and factor XII that are involved in blood 

clotting and increase their clotting capacity and create abnormal clots, persistent fibrin deposition 

and generation of proinflammatory molecules, damaging neurons and possibly contributing to the 

worsening of cognitive function in AD patients (48). There are also research results showing that 

Aβ oligomers can spread in a prion-like manner where aggregation starts in one cell with an 

abnormal β-structure enriched protein oligomer and can spread to other cells, inducing misfolding 

of proteins and creating oligomers, protofibrils and amyloid fibrils, for example, Aβ plaques (49). 

There is however no significant evidence that this prion-like propagation of AD can occur from one 

person to another, even in the context of hemotherapy (50). These prions can transmit different 

strains according to how the prion originated and can be distinguished in in vivo experiments (51). 

This prion-like transmission opens the possibility of developing immunotherapies to prevent the 

spreading of oligomers, but the fact that different types of oligomers exist makes that the therapy 

should be adapted for each case. One of the sources of Aβ deposits recently found is the dura 

mater and although these Aβ seed are present in AD brains, this study suggested that those seeds 

are not enough to reproduce the full clinical observation in AD patients (52).  Aβ oligomers also 

seem to have not only a prion-like propagation but also other etiologies. For example, it has been 

found that in the pituitary-gland, in patients that received growth hormone treatment, there is 

observable Aβ seeding in the absence of the abnormal prionic protein (53). There still yet some 

questions to be answered such as why different characteristics such as conformation and size of 

aggregating proteins influence their pathogenic capacity. 

 

1.6. Tau 
 

Tau is a microtubule-associated protein essentially expressed in the axons and has the function of 

stabilizing the microtubules facilitating the transport inside the neuron between the soma and the 

distant parts as the synapses and it is encoded by the gene MAPT (54) located in the 17q21.3 locus 



10 

(55). It can also be found in somatodendritic compartment of neurons and oligodendrocytes (56). 

Besides the binding with microtubules, Tau also binds to APOE, especially APOE ε3 and ε4 (57). Tau 

can be divided in four regions, the N-terminal projection, regulating microtubule spacing and 

interacting with the cellular membrane, a proline-rich domain (PRD) where multiple 

phosphorylation sites exist, the microtubule binding domain (MTBD) which will unbind from 

microtubules when phosphorylation occurs, and a C-terminal region (58-60). Tau has 6 splicing 

variants, depending on the number of amino terminal inserts, 0N, 1N or 2N, and how many 

microtubule-binding domains are present, 3R or 4R, resulting in the 6 isoforms, 2N4R, 2N3R, 1N4R, 

1N3R, 0N4R and 0N3R. This is due to alternative splicing of exons 2, 3 and 10 (61-63), as described 

in Fig. 4. In humans, the most expressed isoforms are the 1N4R and 1N3R (64). In other species 

such as mouse, rat or guinea pig, the C-terminal changes are conserved where the three-repeats 

isoforms are present essentially in the foetus or neonate and the four-repeat isoforms increase 

with the development and are present in the adult’s brains (65). This change may be responsible 

for the synaptic plasticity alterations since the number of microtubule-binding domains control 

their dynamic instability. The 4R Tau has one more microtubule-binding domain than the 3R that 

increase the microtubule stability being more efficient to promote microtubule assembly. That 

way, the 3R Tau is important to allow the microtubules to suffer more changes that are needed 

during the development (66). However, the changes in the N-terminal are different depending on 

the species. In adult rats, the 1N and 2R are dominant while in mice 0N is the dominant isoform 

but the effect of these changes remains to be elucidated (65). Changes in Tau alternative splicing, 

phosphorylation and increased or decreased interaction with tubulin may contribute to the 

appearance of diseases named Tauopathies (67). For example, the phosphorylation in Serine 262 

decreases Tau’s interaction with microtubules and is highly associated with Alzheimer’s Disease 

(59,68) and strategies to reduce this phosphorylation are already being studied (69). 
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MAPT gene is located at 17q21.3 locus. The alternative splicing of exons 2, 3 and 10 originate different amino acids length Tau. 
Exon 2 and 3 are present in the N-terminal and are responsible for the N-terminal inserts that can be 0, 1 or 2. The exon 10 
splicing changes the microtubule binding domain repeats that can be 3 or 4, depending on the presence or absence of the exon 
10. It origins 6 Tau isoforms. Adapted from Luna-Muñoz et al 2013 (70). 

 

Phosphorylation is the most studied post-translational modification studied in Tau protein. It can 

occur in three types of amino acids: serine (S), tyrosine (Y) and threonine (T). In Tau protein there 

are 85 putative phosphorylation sites (71). Especially the phosphorylation in Serine 262, that as 

mentioned before, decreases Tau interaction with microtubules, inducing Tau conformational 

changes that impair its biological function (59). The same phosphorylation has been suggested to 

decrease Tau binding to APOEε4 (57). This means that Tau phosphorylation modulates Tau 

function, disrupting its binding to microtubules and other proteins and consequently inducing its 

aggregation (71). Tau phosphorylation is regulated by the balanced activity of kinases and 

phosphatases as shown in Fig. 5. The kinases involved in Tau phosphorylation are divided in 3 

groups: tyrosine protein kinases, proline-directed protein kinases (PDPK) and protein kinases non-

PDPK (72) and some phosphatases are PP2A, PP2B, PP1, PP2, STEP and all of them are known to 

be involved in AD (73). 

Figure 4 - Human Tau isoforms depend on the alternative splicing. 
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The unbalanced phosphorylation/dephosphorylation equilibrium leads to Tau aggregation. Tau protein stabilizes the 

microtubule while Tau phosphorylation leads to microtubule-affinity loss and consequent microtubule depolymerisation.  

Hyperphosphorylation also increases Tau-Tau binding affinity, producing aggregates. From Luna-Muñoz et al 2013 (70). 

 

The unbalanced phosphorylation/dephosphorylation equilibrium creates a hyperphosphorylated 

form Tau, an hallmark of AD and can be corrected by using selective kinase inhibitors (72) or by 

increasing phosphatase activity (74). On the other hand, hyperphosphorylation of aggregated tau 

can be a result of the increased stability of the phosphorylated residues in the aggregate, resulting 

in protection from phosphatases (75). 

 

1.7. Extracellular Tau 
 

Although Tau being an intracellular protein, it can be found in extracellular environment, for 

example in interstitial fluid (ISF) (76) and in the CSF. The release of Tau to the extracellular matrix 

was firstly thought to be a consequence of neuronal death but other studies suggest that it can 

occur in different ways such as exosomes (77), constitutively in an unconventionally mechanism as 

naked protein (78) and in other membrane vesicles (79). Increased neuronal activity also leads to 

Figure 5 – Hyperphosphorylation of tau leads to loss-of-function and pathologic aggregation 
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the increase of extracellular Tau, shown in healthy cortical neurons, where an increase of synaptic 

transmission through AMPA receptor activation leads to release of higher amounts of Tau (80,81). 

Although little is known about the mechanisms involved in Tau release, quantification of 

extracellular Tau content in CSF and ISF has been suggested to be a biomarker for preclinical 

diagnosis of AD (82). 

Extracellular Tau, depending on the species, can be responsible or not for the spreading of Tau 

toxicity. Studies suggest that extracellular Tau originated from neuronal death increased their 

toxicity to the neighbouring neurons but when extracellular Tau is derived from the overexpression 

of Tau, secreted Tau does not result in increased toxicity (79). It has also been reported that CSF 

Tau levels increase with age but this occurs in healthy individuals, which suggests that not all the 

CSF Tau is toxic (83). 

Extracellular protein also shows an ability to get into other cells by different mechanisms. 

Monomeric protein can enter via muscarinic receptor-mediated endocytosis (84), soluble Tau 

oligomers by bulk endocytosis (85) or even larger Tau aggregates by macropinocytosis (82). 

 

1.8. Tauopathies 
 

Tauopathies are known as a subtype of neurodegenerative diseases characterized by the 

deposition of misfolded Tau in brain tissues. Examples of such diseases are Alzheimer’s disease, 

progressive supranuclear palsy, dementia with Lewy bodies, Pick’s disease, and some fronto-

temporal dementias (FTD) (86). Recently, Huntington’s disease is being introduced in these 

subtype of neurodegenerative disorders since the patients show Tau aggregates in various brain 

structures, different cognitive dysfunction depending on the Tau haplotype and also because 

different Tau splicing, phosphorylation, oligomerization and subcellular distribution influenced by 

the mutant huntingtin protein (87).  

Since Tau is highly soluble and the in vitro solubility is much higher than the intracellular 

concentration, recruitment of Tau into aggregates is counterintuitive (88,89). There are two short 

motifs that are thought to be responsible for the initiation of aggregation. These hexapeptide 
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motifs are present at the microtubule binding domains, in two of the repeats. They have high 

propensity to form β-sheet structures that are needed to initiate Tau aggregation. In fact, the 

motifs are responsible for the rearrangement of Tau into fibrils composed by two tightly 

interdigitated β-sheets (90). Aggregation starts from monomeric Tau protein that can aggregate 

into dimers, small soluble oligomers, granular insoluble Tau oligomers (GTO), paired helical 

filaments (PHF) and neurofibrillary tangles (NFT) as shown in Fig. 6. 

 

Tau aggregates are originated from the monomeric soluble Tau, aggregating into dimers, small oligomers, insoluble granular Tau 
oligomers (GTO), paired helical filaments (PHF) and neurofibrillary tangles (NFT). From Cowan et al 2013 (91). 

 

The toxicity of Tau is dependent on the state of oligomerization. In several studies, it was observed 

that oligomers have impact in the fast axonal transport (FAT) at physiological levels but only the 

retrograde transport, mediated by dyneins. Soluble monomeric Tau, even 10 times more 

concentrated than the physiological level, did not affect none of the FAT. This effect was due to an 

interaction of oligomeric Tau that has an exposed sequence in the N-terminus called phosphatase 

activation domain (PAD) that activates a signalling cascade and inhibits the FAT. Soluble 

monomeric Tau, given the fact that the conformation changes when the protein aggregates, do 

Figure 6 - Progression of Tau aggregation. 
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not have the PAD exposed and do not have the same effect in the FAT (92). These studies have 

been important to show the impact that the protein conformation have on its toxicity. Also, 

contrarily to what was thought before, studies showed that NFT are not the ones directly related 

to neuronal loss and synaptic dysfunction but instead, they work as a protective mechanism to cell, 

decreasing the oligomeric (and toxic) concentration of Tau in cells (93). 

There is still disagreement about the true toxic Tau species. NFTs were thought to be the toxic Tau 

species since they were found and could correlate with the dementia severity and neuronal death 

but some data is now supporting that NFTs could be a defence mechanism since they can sequester 

other smaller toxic aggregates and delay neuronal death (94). Also, there are evidence supporting 

that NFTs are not sufficient neither necessary to induce dementia nor neuronal death  (91,95). 

PHFs were also thought to be the toxic specie since their presence in cells was related with 

neuronal loss but again further investigation shown that by inducing in vivo hyperphosphorylated 

Tau to aggregate into PHF, the neuronal toxicity decreased by decreasing their ability to sequester 

other microtubule-binding proteins (96). With the findings supporting that the fibrils were not the 

toxic species, the next specie thought to be toxic was the GTO. The hypothesis arrived only because 

of the increased presence of GTO with the AD progression but then in Drosophila models it has 

been shown that the presence of GTO does not lead to neuronal toxicity and it could even protect 

neurons from the hyperphosphorylated protein toxicity (97). There is remaining the soluble species 

of Tau, the monomeric and oligomeric Tau protein. Although monomeric, there are several 

different Tau species depending for example on the phosphorylation combinations and also the six 

splice variants and the small aggregates can differ on their sizer and also phosphorylation. Even 

knowing these differences, must of the research does not differentiate the effects of different 

species, only taking in account the monomeric or small oligomeric Tau. It could bring discrepancies 

in the results presented because depending on the phosphorylation or size variations, Tau protein 

can have or not toxic effects (91). For example, extracellular injection of monomeric Tau in cell 

cultures promotes the increase of intracellular calcium trough muscarinic receptors that leads to 

neuronal death (98). Also, in Tau transgenic mice, the soluble Tau impaired hippocampal function 

(95). The organelle trafficking is also impaired in mice overexpressing monomeric Tau and it leads 

to an erroneous mitochondrial distribution but when the soluble Tau overexpression is suppressed, 

those mice could recover and mitochondria distribution becomes normal (99). There are several 

other studies supporting that soluble small Tau oligomers, such as dimers, impair the fast axonal 
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transport (100), trimers can lead to synaptic and neuronal loss impairing memory (101), creating a 

well-accepted hypothesis that the soluble monomeric and small oligomeric Tau is responsible for 

the toxicity (91,93). Although, not all soluble Tau species appear to be toxic since many soluble Tau 

species are present in heathy individuals. Also, using two different mouse models expressing two 

different Tau forma differing on their propensity to create β-structure they had different tendency 

to aggregate and were named as pro-aggregant and anti-aggregant. The anti-aggregant model 

does not exhibited Alzheimer’s disease typical changes such as aggregation, hyperphosphorylation, 

cognition impairments and synaptic and neuronal loss but the pro-aggregant showed those 

features. It indicates that the β-sheet structure and the aggregation are key factors to produce the 

phenotype. Also, after inhibiting the expression of pro-aggregant Tau, mice could recover from the 

behavioural, learning and memory deficits. This could support that specific type of soluble Tau 

could not induce pathology (102) but again, although soluble Tau species, they have specific 

characteristics that might be responsible for the variations. 

Amongst all Tau species mentioned, the most accepted species that are thought to be causing 

toxicity are the soluble monomeric and small oligomeric Tau. Although, there are some research 

to be performed so that it is possible to distinguish which soluble species are responsible for Tau 

toxicity and which are not. 

Strong evidence suggests that depending on the Tau isoform, the pathology may differ. Using three 

transgenic mice strains with the same genetic basis, when mice expressed human 2N4R Tau, there 

was motor impairment and axonopathy with axonal dilatations even without the presence of 

aggregates. This pathology occurs because of the clogging of the axons by the excessive Tau binding 

to the microtubules since 4R Tau has more affinity to the microtubules. On the other hand, when 

other strain expressed human 4R2N Tau but with P301L mutation, there was no axonopathy but 

aggregates where present and mice developed high levels of NFTs. This might happen because 

mutated Tau has less affinity to bind the microtubules. Supporting the same hypothesis, the third 

strain only expressed human 4R2N Tau at the same level as the murine isoform is usually expressed 

without the expression of any mouse Tau isoform. That way, Tau expression is lower and it produce 

less axonopathy because there is less Tau over-binding to the microtubules yet severer than in the 

strain expressing mutated Tau. This suggested that overexpression of Tau may be pathologic 

because it leads to overstabilization of microtubules and consequent axonopathy, being important 
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to have this in account when using overexpressing strain, even in the absence of aggregates (103). 

But mice expressing P301L mutation had precocious death because of the strong Tau aggregation 

observed. Counterintuitively since hyperphosphorylation is associated with Tau pathology, in Tau 

P301L transgenic mouse strain, the increased phosphorylation by GSK3β (a kinase associated with 

Tau phosphorylation) increased life expectancy of this mouse strain. This happened because 

although generally accepted that the hyperphosphorylation leads to decreased microtubule 

binding affinity, the alteration is dependent on the phosphorylation site. Specifically, GSK3β 

phosphorylates S396 that increase Tua-microtubule binding affinity and consequently decreases 

aggregation (104). The same has already been found with other specific phosphorylation sites 

(105). It is important to be aware that the paradigm that phosphorylation decreases Tau-

microtubule bind affinity is actually dependent on the phosphorylation site and the 

phosphorylation may have the opposite effect, increasing microtubule binding affinity. 

Importantly, Tau aggregates can be obtained from different sources and recent research suggested 

that by isolating PHFs from human-AD brains, after sonication, the aggregates could induce Tau 

seeding in WT mice expressing physiological levels of Tau, in contrast to synthetic fibrils that are 

only able to promote seeding in mice overexpressing Tau. The seeds generated from AD-brain 

derived seeds shown unique conformational characteristics potentially demonstrating differences 

in seeding potency and seeds characteristics in models expressing physiological levels of Tau  (106). 

 

1.9. Tau seeding and spreading 
 

One of the biological functions of Tau is microtubule stabilisation. Kinase and phosphatase activity 

unbalances leads to hyperphosphorylated Tau that has a 20-fold decrease in tau-tubulin binding 

affinity. This will lead to more free Tau in the cell (107). Tau phosphorylation may be detected by 

using a panel of antibodies that bind to specific epitopes of Tau 

phosphorylation/dephosphorylation. Abnormal phosphorylation can start in young individuals, 

even under thirty, without clinical manifestation for years (14,108). Some studies claim that the 

base of Tau seeding was identified as a C-terminal truncated fragment of the repeat domain that 

could start the aggregation (109) and it could convert normal soluble protein into aggregated 

oligomers and fibrils (107). The mechanism of initiation is likely due to the progressive loss of 
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endosomal-lysosomal processing of neuronal proteins during patient’s life, especially 

mitochondrial membrane proteins. Mutations in APP and presenilin are likely responsible for the 

anticipation of this loss-of-function of endosomal-lysosomal but not directly create initiation 

complex (107). Also, the charge neutralization may be responsible to trigger Tau aggregation. For 

example, heparin can be used to accelerate aggregation of recombinant Tau proteins. In vivo, some 

acidic cofactors may be responsible for to initiate the nucleation, for example nucleic acids (89). 

Another important factor for aggregation is the β-structure propensity characterised by 

hexapeptide motifs in two of the repeat regions of the microtubule binding domain. This β-

structure is present in the core of PHFs (110).  

According to the spreading hypothesis, tau aggregates are transported through the cytosol and 

reach the synapse, damaging the synaptic terminal, and through different mechanisms are 

released to the extracellular matrix and can enter the neighbouring neurons, initiating the same 

seeding cascade and spreading the toxicity (107). It was indeed found that Tau pathology is more 

evident in neurons with synaptic connections rather than those in spatial proximity after seeding. 

This was demonstrated by unilateral injection of Tau aggregates in the brain of   Tau transgenic 

mice models  and observation of presence of aggregates in the contralateral part of the injection 

through synaptic connected neurons (111). Tau seeding has also been observed in vitro by a FRET-

based flow cytometry biosensor cellular assay. This seeding can be observed before histological 

detection of Tau aggregates. This way, it proposes a strong biomarker for early diagnosis of Tau 

seeding and consequent tauopathies (112). 

The entrance of Tau seeds in the cell may occur in different ways such as by inducing cell membrane 

stress and pore-formation, endocytosis, micropinocytosis, and non-traditional free protein 

secretion, not enclosed by a membrane (113).  

Braak stages suggest the spreading of Tau pathology through a sequence of structures that are 

gradually affected in a stereotypic and predictable manner. It also allows to detect the severity of 

the pathology depending on the areas affected (13,14). The aggregate pathology starts in a region 

without clinical manifestations but spreads to synaptic connected neurons and can propagate and 

spread in a prion-like manner. These aggregates also maintain their spreading ability when isolated 

in one mouse and injected into another and even if isolated from human brains who had 

tauopathies. Injecting brain extracts from tauopathies patients in transgenic mice expressing 
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human wild-type Tau resulted in Tau aggregation and spreading to connected brain regions 

(114,115). 

The spreading of Tau pathology, as Aβ plaques, can be measured by Braak staging, using for 

example tau positron emission tomography (PET) agent [18F]AV -1451 to obtain the area affected 

(13,116). There are many preclinical and clinical imaging results supporting the spreading ability of 

Tau seeds (117) but there still low sensitivity in this diagnosis method, not allowing to identify the 

early stages of Tau pathology which has to be defined post-mortem (118). 

 

1.10. Amyloid-β and Tau aggregation 
 

Tau aggregation can be found early in ageing, even before Aβ plaque deposition (14). There are 

Tauopathies that do not have the presence of Aβ aggregates, for example FTD, where it was found 

that Tau aggregates increase Aβ42 production but do not reach a level that induces Aβ deposition 

(119). In AD, the presence of Tau aggregates seems to be accelerated after Aβ deposition reaches 

a threshold, having a synergistic effect (120,121). This is known as the amyloid cascade hypothesis 

(122). Several studies have been showing the same process (123) and it was found that when 

crossing two transgenic mouse models overexpressing mutated human APP and human wild-type 

Tau, an acceleration in cognitive impairment, reduction of dendritic spines and Tau aggregation  is 

observed when compared to single transgenic mice expressing only the APP mutation or the 

human Tau (124). On the other hand, crossing a human APP transgenic mouse to a tau knockout 

mouse leads to an offspring less affected by behavioural deficits when comparing to when Tau is 

expressed (125). This supports the amyloid cascade hypothesis, but there are still several aspects 

to be understood, such as the mechanism underlying the Aβ-dependent Tau pathology 

acceleration, the increased neurotoxicity when combined both intracellular and extracellular 

aggregate stress by Tau and Aβ aggregates and the involvement of Aβ aggregates in Tau 

phosphorylation that may lead to increased aggregation. The hyperphosphorylation of Tau may 

occur by the activation of certain kinases by Aβ aggregates that increase the kinase activity and 

promotes a misbalanced phosphorylation/dephosphorylation ratio (126), as schematized in Fig. 7. 
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AD progression from the mutations in fAD and the failure mechanisms during life that triggers the pathology to the impact of Aβ 
pathology in the increase of Tau pathology. From Selkoe et al 2016 (28). 

 

Recent studies also suggest that the combined injection of Aβ and Tau seeds promotes higher Tau 

aggregation in neurons in culture. Also, the injection of Aβ seeds in mouse models accelerates the 

Tau pathology and increases the spreading of Tau aggregates by Aβ-induced Tau cross-seeding and 

strongly catalysing pre-existing Tau aggregation (127). In fact, this is such an important hypothesis 

that it is a potential treatment target to prevent the AD onset by disrupting the progression of Aβ 

pathology to prevent the acceleration of Tau pathology (123). The reverse has also been found 

after comparing the neuronal death and neurite degeneration in neurons derived from wild-type 

mice and neurons cultured from Tau knockout mice. After being treated with fibrillar Aβ, WT cells 

Figure 7 - Amyloid cascade hypothesis 
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had neuronal degeneration but in Tau-knockout mice cells, neuronal degeneration has not been 

observed. This suggests that Tau also plays an important role in Aβ induced neurodegeneration 

(128). Although the mechanisms are yet poorly understood, this data suggests that Aβ pathology 

accelerates Tau pathology in AD and triggers Tau aggregation by hyperphosphorylation but also 

that by a feedback loop, Tau enhances Aβ toxicity, increasing the toxicity observed in AD patients 

(129). 

 

1.11. Research models for Tau seeding and spreading 
 

The research in AD is mainly performed in mouse models but it is not possible yet to study the 

complete biochemical and behavioural changes combined in one mouse model. Until now, the 

study of AD is achieved by using transgenic mice that mimics some characteristics of the AD 

hallmarks. With this objective, mouse models that expresses with AD mutations such as APP, PS1 

and PS2 genes mutations have been developed, creating mice that develop Aβ pathology. For 

example, the APP23 mouse line has human amyloid protein overexpression with the Swedish 

mutation (K670N and M671L). It creates a model with observable amyloidosis progression with 

PET as well as neurites and synapses degeneration. This model has also been widely used because 

hyperphosphorylated Tau is also present, supporting the amyloid cascade hypothesis (130,131). 

Several other mouse models of Aβ pathology allows to study Tau pathology because in the 

sightings of senile plaque of amyloid β, these mice develop NFTs. For example, the injection of 

Aβ42 fibrils in P301L mutant Tau transgenic mice, a mouse model overexpressing aggregation 

prone mutant Tau, creates a 5-fold increase of NFTs production (132). Other study showed that 

combined injection of Aβ and Tau seeds produces an increased Tau seeding and spreading in P301S 

mice (127). All these findings allow the study of Aβ-induced Tau pathology (133). 

Other important model to study Tau pathology propagation has been proposed and it uses 

inducible overexpression of human Tau with P301L mutation. It only expresses human pathological 

Tau in the entorhinal cortex where it has been identified that the Tau pathology starts but in this 

model, even without the expression of pathological Tau in other brain areas, the pathology had 

the same pattern of spreading. It proposed that human pathological Tau aggregates originated in 
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the entorhinal cortex could induce aggregation of endogenous mouse Tau (134), while also 

spreading trans-synaptically across connected brain areas (135).  

To study Tau aggregation and the effect of therapeutic candidates targeting spreading and clinical 

features of Tau pathology, several transgenic mouse models are being used. One model expresses 

for example pro-aggregant full-length human Tau (hTau40/ΔK280) or a truncated Tau repeat 

domain (Tau(RD)/ΔK280) and it leads to a pre-tangle pathology, and a massive formation of NFTs 

and neuronal loss, respectively. With the same models, it is also possible to switch-off the 

expression of the pro-aggregant Tau protein, allowing synaptic and memory impairment recovery, 

supporting the possibility that by removing amyloidogenic Tau, Tau pathology can be reversed 

(136). The spreading of Tau pathology can also be studied by crossing a transgenic mouse 

expressing mutated Tau (for example P301S mutation) that exhibits Tau aggregation, and a 

transgenic line overexpressing human WT Tau, for example ALZ17, that does not show any Tau 

filaments. From this crossing, a mouse model with increased Tau aggregation is obtained, showing 

that there is a synergetic effect between both Tau species (114). This is important because it allows 

the study and comparison of different tauopathies. The same authors of this study also found that 

by injecting Tau seeds derived from different human tauopathies-brains creates a distinct pattern 

of Tau seeding in this the ALZ17 mouse. This suggested that different Tau seeds might be 

responsible for the distinct clinical phenotypes of tauopathies and in injection models they are 

conformational templates for the aggregates generated. The same study showed that using 

human-derived seeds allows the study of Tau aggregation in WT mice, inducing more aggregation 

than when seeds derived from transgenic mice are used (115). In this and many other in vivo and 

in vitro studies (85,137,138), sonication of tau aggregates is used. Although, the effect of this 

procedure in the biochemical, biophysical and functional characteristics of the aggregates is not 

well understood yet except that it produces smaller size aggregates. 

Tau seeds were, until recently, mostly synthetized by recombinant Tau, without the N/C- termini 

and only with one isoform of Tau, for example K18 with 4R Tau. These synthetic fibrils could only 

induce aggregation in transgenic mice overexpressing Tau. In WT mice expressing physiological 

levels of Tau, there were no observable Tau aggregation induction. A recent study showed that by 

isolating and purifying Tau seeds derived from human AD-brains, it is possible to induce Tau 

aggregation in WT mice. This allows to study Tau aggregation without the influence of 
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overexpressing Tau and to study the distinct aggregation potency between synthetic Tau fibrils and 

human AD-brains derived fibrils (106). As the Tau seeds described in the Guo et al., 2016 

manuscript are also derived from a sarkosyl insoluble preparation from post-mortem AD brain it 

remains to be determined what discriminates this preparation from a regular PHF preparation 

(139).  

Even with the improvement of the research models to study tauopathies, it was shown by 

Fitzpatrick and colleagues (140) with Cryo-electron microscopy (EM) that the structural differences 

observed between human AD-brain PHF and straight filaments such as the ones extracted from Tg 

tau mouse models can impact the exposure of antibody epitopes. It was observed that some 

regions were differently protected in the core of the PHF and straight filaments. Other study 

presented by Taniguchi-Watanabe and colleagues (141) showed that the core of the aggregates 

from different tauopathies are different. In this case, a limited digestion of the tau aggregates with 

trypsin showed that the proteolytic resistant core is different depending on the tauopathy. These 

findings suggest that although the mouse models to study tauopathies are improving, differences 

in the structure of the aggregates could change the exposure of antibody epitopes. Also, depending 

on the tauopathy, the aggregates can have different conformations and the regions that belong to 

the core of the aggregate, and consequently protected, can be different. This can prevent the 

binding of antibodies to their epitopes and therefore impair their immunotherapeutic effect. Even 

though injection models with conformational templating of aggregates can generate aggregates 

structurally similar to the ones present in the pathologic human brains (115), biochemical 

characterization of those aggregates was not performed yet.  

To understand the biochemical and structural differences of aggregates from different models and 

tauopathies is highly important to comprehend how reliable are the results from the pre-clinical 

studies and predict the effect in humans. This could elucidate whether the same antibody is able 

to target more than one Tauopathy. 
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1.12. Aim of the research project 
 

To fulfil this lack of knowledge on the field, the aim of this work is to characterize tau aggregates 

from research models such as P301S and P301L tau Tg mice, in vitro aggregated tau, and post-

mortem human AD-brain PHF regarding their biochemical, biophysical and functional features, 

clarify the effect of the widely used sonication procedure in those characteristics and also evaluate 

how the conformation templating in the injection models can change the biochemical 

characteristics of the generated aggregates.  
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2. Methods and Materials 
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2.2. In vitro K18-P301L aggregation 
 

K18 fibrils were prepared as described previously (138). Briefly, myc-tagged K18-P301L tau (Tebu 

Bio) (2 mg/mL) was incubated in the presence of 133 µM Heparin in 100 mM NH4COO- at 37 °C 

under gentle agitation. After 5 days, samples were centrifuged for 1 hour (h) (184 000 x g; TLA 100 

rotor, Beckman) and supernatant was kept for analysis of remaining monomeric K18. The pellet 

was washed twice in 1 mL Dulbecco’s Phosphate Buffered Saline (PBS) (Sigma-Aldrich cat #D8537) 

and finally resuspended in 400 µL PBS to obtain 5 mg/mL K18 fibrils which were directly aliquoted 

and frozen (-80 °C) or frozen after a sonication step (Branson probe sonicator, amplitude 15%, total 

sonication time was 2 min in pulses of 2 seconds). 

 

2.3. Sarkosyl extraction from mouse brain 
 

Tissue was weighed and homogenized in 6 volumes of buffer H (10 mM Tris, 800 mM NaCl, 1 mM 

EGTA and 10% sucrose/ pH 7.4). The homogenate was centrifuged at 34 000 x g (rotor TLA 100.2, 

Beckman Coulter) for 20 min at 4 °C. The supernatant was collected, an aliquot was kept as total 

homogenate and 1% N-lauroylsarcosine was added to the remaining fraction. After incubation at 

37 °C for 90 min under gentle agitation the solutions were centrifuged at 180 000 x g (TLA 100 

rotor, Beckman) for 1.5 h at 20 °C. The supernatants were kept as sarkosyl-soluble fraction, 

whereas the pellet containing the sarkosyl-insoluble material was resuspended in PBS, aliquoted 

and frozen at -80 °C. P301L brainstem sarkosyl insoluble fraction was resuspended in the same 

volume of the homogenate used for the extraction whereas P301S spinal cord sarkosyl insoluble 

fraction was resuspended in 66 times less volume than the homogenate used for the extraction, 

ending with a concentrated prep. 

 

2.4. Human AD-brain PHF extraction 
 

Frontal cortex brain tissue was homogenized in 6 volumes of cold buffer H (10 mM Tris, 800 mM 

NaCl, 1 mM EGTA and 10% sucrose/ pH 7.4) using a glass/Teflon Potter tissue homogenizer (IKA 

Works, Inc; Staufen, Germany) at 1.000 rpm. 
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The same volume of buffer H and homogenized tissue was added (final weight/volume ratio of 12 

times) and extract was centrifuged at 27.000 x g for 20 min. The pellet was discarded and the 

supernatant was adjusted to a final concentration of 1% (w/v) N-lauroylsarcosine and incubated 

with rotation for 1.5h at 37°C. Subsequently the extract was centrifuged at 184000 x g for 90 min 

at 20°C. The pellet was carefully washed in PBS and resuspended in 66 times less volume of PBS, 

aliquoted and frozen at -80°C. Adapted from Greenberg et al. 1990 (139) 

 

2.5. Direct ELISA 
 

Nunc MaxiSorp™ high protein-binding capacity 96 well ELISA plates were coated either with PT76 

or anti-MYC antibody (both produced at Janssen PRD) diluted in coating buffer (10mM Tris, 10mM 

NaCl pH 8.5; 50µL per well) at the concentration of 1 µg/mL and left overnight at 4°C. Plates were 

washed 5 times with 200µl of PBS/0.5%Tween-20 in an automatic washer (AquaMax 4000 

Microplate Washer, Molecular devices), overcoated with 75µL of blocking solution (0.1% Casein in 

PBS) (Themo Scientific cat# 37528) per well and left for at least 1 h at room temperature (RT). After 

blocking, plates were washed again. Calibrator and unknown samples were diluted in blocking 

buffer and 50 µL were added to the assay plate. After an overnight incubation at 4°C, plates were 

again washed and 50µL per well of HRPO-labelled PT76 antibody in blocking buffer was added. 

Another wash was made and detection was performed with TMB Peroxidase EIA Substrate kit 

(BioRad) according to the manufacturers’ instructions. After 5 minutes an equal volume of 2M 

H2SO4 was added to stop the enzymatic reaction. Detection was performed in Perkin Elmer 

EnVision® 2102 Multilabel Reader at OD450nm. Binding curves were generated using GraphPad 

Prism7.0 software. 

 

2.6. Western blotting 
 

To run SDS-PAGE under reducing conditions, the samples were diluted in NuPAGE™ LDS Sample 

Buffer 1X (Thermo Scientific) and NuPAGE™ Sample Reducing Agent 1X (Thermo Scientific) and 

loaded on 4-12% Criterion™ XT Bis-Tris protein gel (BioRad cat# 3450124) in MOPS SDS running 

buffer 1X (Thermo Scientific, cat# NP0001-02) at 90V in the stacking gel and 130V during the 
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separation gel. After the separation, the gel was blotted on a nitrocellulose membrane (Trans-Blot® 

Turbo™ Midi Nitrocellulose Transfer Packs #1704159, BioRad). Under non-reducing conditions, the 

samples were diluted in NativePAGE™ Sample Buffer 1X (cat# BN2003 Thermo Scientific) and 

NativePAGE™ 5% G-250 Sample Additive (cat# BN2004 Thermo Scientific) and loaded in 

NativePAGE™ 3-12% Bis-Tris Protein Gels (cat# BN1001BOX Thermo Scientific) with NativePAGE™ 

Running Buffer 1X (Thermo Scientific, cat# BN2001) in the anode chamber and with 0.1X 

NativePAGE™ Cathode Additive (Thermo Scientific, cat# BN2002) in running buffer in the cathode 

chamber. Empty wells were loaded with sample buffer. The running was performed at constant 

150V. After the separation, the gel was incubated 20 min in Tris/Glycine/SDS transfer buffer 1X 

(10x Tris/Glycine/SDS cat#1610732 BioRad) and blotted on a PVDF membrane (Trans-Blot® Turbo™ 

Midi PVDF Transfer Packs cat# 1704157 BioRad). After the transfer, the blot was destained in 100% 

methanol to remove excess of Coomassie, that was present during the run, and rinsed twice in 

MilliQ water. In both reducing and non-reducing conditions, membranes were blocked with TBS-T 

containing 5% Non-fat dry milk (Blotto NFDM, Santa Cruz biotechnology cat# SC-2325) for 1h and 

incubated with non-labelled primary antibody solutions (overnight at 4°C) and detected by HRP-

labelled anti mouse antibodies or with HRP-labelled anti-tau antibodies at the concentration of 1 

µg/mL during 2h at RT with gentle agitation. In both cases detection was done with ECL West Dura 

(Thermo Scientific).  

For fluorescent detection of Western blots in reducing conditions, the steps were similar with 

exception of the blocking step which was performed with 5% BSA in TBS-T instead of 5% NFDM. 

The membranes were incubated with a non-labelled primary mouse anti-tau antibody and 

detected with Pierce™ Gt anti-Ms IgG (H+L) SuperClonal™ secondary antibody Alexa Fluor® 555 

conjugate (Thermo Scientific) for 2h at RT, protected from light. The membrane was washed with 

TBS-T 3 times for 5 minutes and rinsed 3 times with TBS without Tween-20 to prevent fluorescence 

from the detergent.  

Chemiluminescence and fluorescence imaging was performed with Amersham Imager 600 (GE 

Healthcare Life Sciences). 
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2.7. CFP/YFP FRET cell-based assays 
 

HEK293-FRET CFP/YFP cells kindly provided by the group of Prof. Marc Diamond (142), were 

maintained as an adherent culture with cell culture medium Gibco™ DMEM supplemented with 

10% Fetal Bovine Serum (BioWest, cat# S-1810), 1% Penicillin Streptomycin (Sigma-Aldrich), 1X 

GlutaMAX™ (Thermo Scientific cat# 35050061) and sodium pyruvate (Thermo Scientific cat# 

11360070) at 37 °C, 5% CO2 and controlled humidity. At 80% confluency, cells were splitted twice 

a week by trypsinization, centrifugation at 1000 x g (Centrifuge 5810, Eppendorf), resuspension in 

cell culture medium and plating at a density of 1x106 cells/flask (Fisher Scientific, cat# 10-126-13). 

To run a functional seeding assay, HEK293-FRET CFP/YFP cells were plated into a 96 well poly-D-

lysine coated (Greiner Bio-One, cat# 655946) at a density of 2500 cells per well in a volume of 130 

µL of cell culture medium and kept overnight in the incubator.  On the second day, the standard 

curves and samples were diluted in PBS and co-incubated with the cells. Total volume of each well 

was adjusted to 150 µL with PBS. After 7 days of incubation, the cells were washed once with PBS 

and trypsinized with 50 µL for 5 min and transferred to a polypropylene 384 well-plate (Thermo 

Scientific, cat# CLS3657) containing 30 µL of Hank’s Balanced Salt Solution (Sigma-Aldrich cat# 

H8264). FRET analysis was performed with BD FACSCanto™ II (Becton Dickinson, New Jersey, USA) 

as described in Marreiro et al (manuscript in preparation). 

 

2.8. Biosensor cells imaging 
 

HEK293-FRET biosensor cells were plated at the density of 25250 cells per well in a 96 well poly-D-

lysine coated (Greiner Bio-One, cat# 655946) and with Lipofectamine™ 2000 transfection reagent 

(Thermo Scientific, cat# 11668019) were transfected with 12.5 ng of sonicated aggregated K18 per 

well. After 48h of incubation at 37 °C, 5% CO2 and controlled humidity. Before the imaging the 

plasma membranes were stained with CellMask™ Deep Red (Thermo Scientific, cat# C10046) and 

Hoechst 33342 (Thermo Scientific, cat# H1399) both at the final dilution of 1/15000 in the medium 

already present in the cells in culture. After 10 minutes of incubation the cells were imaged in the 

Opera Phenix™ High Content Screening System (PerkinElmer) in confocal mode, with 40x water NA 

1.1 objective and according to manufacture instructions.   
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2.9. Sucrose gradient separation 
 

A discontinuous sucrose gradient was prepared by applying 1ml of PBS containing 60% sucrose, 

followed by 2ml layers of 50%, 40%, 30% and 20%, covered by a 1ml layer with 10% sucrose in a 

Thinwall Polypropylene Tube (Beckman Coulter, cat# 331374). Sample was diluted in a total 

volume of 500µL of PBS without sucrose and added on top of the gradient. This was followed by 

centrifugation for 16 h at 200.000 x g and 4 °C, rotor SW 40 Ti and ultracentrifuge Optima XL-100K 

(Beckman Coulter). After the run, 19 fractions of approximately 500µL were collected from the 

bottom to the top of the sucrose gradient with a peristaltic pump (Gilson MINIPULS® 3) using a 

glass capillary. The pellet of the ultracentrifugation was resuspended in 500 µL. The fractions were 

aliquoted and frozen at -80 °C. 

 

2.10. Biochemical analysis MesoScale Discovery (MSD)  

Coating antibodies were diluted in PBS (1µg/ml) and aliquoted into MSD plates (30 µL per well) 

(L15XA, MSD, Rockville, MD, USA), and incubated overnight at 4°C. After washing 5 times with 200µl 

of PBS/0.5%Tween-20, the plates were blocked with 0.1% casein in PBS for 2 h and washed again 5 

times with 200µl of PBS/0.5%Tween-20 in an automatic washer (AquaMax 4000 Microplate 

Washer, Molecular devices). After adding samples and standards (both diluted in 0.1% casein in 

PBS), the plates were incubated overnight at 4°C. Subsequently, the plates were washed 5 times 

with 200µl of PBS/0.5%Tween-20 and 25 µL of SULFO-TAG™ conjugated detection antibody diluted 

in 0.1% casein in PBS was added and incubated for 2 h at RT while shaking at 600rpm. After a final 

wash 5 times with 200µl of PBS/0.5%Tween-20, 150µl of 2 X buffer T (MSD) was added, and plates 

were read with MESO SECTOR S 600 (MSD). Signals were divided by the background of each plate. 

Background corresponds to the signal of the wells incubated with casein 0.1% instead of sample. 

Statistical analysis was performed with GraphPad Prism7.0 software (GraphPad Software, La Jolla 

California, USA). 
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2.11. Limited proteolysis of tau seeds 

 

Limited proteolysis analysis of human PHF samples and P301S Tg mouse sarkosyl insoluble 

fractions was performed as previously described with minor modifications (143). Briefly, after 

protein quantification using the BCA method, 0.85 µg/µL of the different samples were incubated 

with 0, 5 and 25 µg/mL of Pronase (Roche, cat# 10165921001). The digestion reactions were 

performed during 1h at 37 °C, before quenching with LDS sample buffer 1X (Life Technologies) and 

boiling for 5 min at 95 °C. Quenched samples were then added (30 µL) to a 4-20% Criterion TGX 

stain-free gel (Bio-Rad) and blotted onto a nitrocellulose membrane (Bio-Rad). Blocking was 

performed during 1h with TBS-T containing 5% non-fat dry milk, before probing with HRPO labelled 

Tau specific antibodies for 2h at RT. Blots were then detected with West Dura (Thermo Scientific) 

and image acquisition was performed in Amersham Imager 600 (GE Healthcare Life Sciences). 

 

2.12. Antibody epitopes 
 

Overview of Janssen collection of anti tau antibodies and some of the competitor lead antibodies (IPN002 (144), HJ8.5 (145) and 
PHF1 (146))  used in this thesis. PT antibodies have been generated by immunzations with human AD PHFs as antigen while hTau 
antibodies were raised against recombinant human tau. 
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3. Results 
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3.1. Effects of sonication on biochemical and functional properties of 

K18(P301) fibrils 
 

Several studies demonstrated that tau fibrils, derived from recombinant tau or from post-mortem 

brain tissue, are taken up by cells and recruit intracellular tau into the template tau seed to 

recapitulate the pathology (114,138). In many cellular and in vivo tau seeding procedures, 

sonication of fibrils is performed (138,147,148) but it is not clear which of the new formed species 

is responsible for seeding potency. Sonication of tau aggregates fractionates large aggregates into 

smaller size oligomers (137) and is described to increase aggregation capacity in cells. MYC-tagged 

K18 P301L, a 4 MTBD tau fragment carrying the P301L mutation (149), can be aggregated in vitro 

and the pellet can be collected by ultracentrifugation.  The effect of sonication on the resuspended 

K18(P301L) pellet was analyzed with a MSD aggregate selective assay and with a HEK293-FRET 

CFP/YFP cell-based assay, to have a biochemical and a functional readout respectively. Aggregate-

selective “self-sandwich” MSD assays use the same antibody for capture and detection. This setup 

creates epitope competition between capture and detection antibody excluding the detection of 

monomers but allowing the detection of aggregated forms of the analyte. Accordingly, in-vitro 

aggregated K18 can be analyzed by a “self-sandwich” MSD assay using an antibody with its epitope 

in the MTBD. Several antibodies are suitable for this and data in Fig. 8a, show that in a PT76 “self- 

sandwich” MSD assay, aggregate signals of the sonicated K18 dilution curve (red) overlap with the 

non-sonicated K18 dilution curve (blue) (Fig. 8). 

A dilution curve of monomeric K18(P301L), did not reveal a substantial signal in the aggregate-

selective assay while a PT76-anti-MYC assay confirmed the presence of monomeric K18-MYC (Fig. 

S1). Furthermore, the supernatant of the centrifugation after the in vitro aggregation showed a 

modest signal in (Fig. 8a), demonstrating that the centrifugation procedure deposited the majority 

of the K18 aggregates in the pellet and that sonication of the fibrils did not increase epitope 

exposure in the aggregates. The cell-based assay uses HEK293-FRET biosensor cells expressing 

P301S-K18/CFP and -/YFP fusion proteins (142). Upon induction of aggregation by adding tau 

seeds, both fusion proteins are incorporated in the de novo formed aggregates. As a consequence, 

CFP and YFP labels come in proximity and produce FRET fluorescence, quantified by cell flow 
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cytometry (142). Tau seeds can be applied to the cells in the presence- or absence of transfection 

reagent to make the model independent- or dependent on cellular uptake respectively. 

 

In vitro-aggregated K18 was collected from the supernatant (green) after high-speed centrifugation and from the resuspended 

pellet non-sonicated (blue) and sonicated (red), different dilutions of these fractions were analysed with a PT76/PT76 “self-

sandwich” MSD assay (a) and with a cell based seeding assay in HEK293-FRET cells (b). HEK293-FRET biosensor cells were plated 

at the density of 25250 cells/well and not treated (c,d,e) or transfected with 12.5 ng of aggregated and sonicated K18(P301L) 

(f,g,h). 48h later cells were imaged via confocal microscopy in live-cell imaging. Cells without aggregation show green basal 

fluorescence of CFP/YFP non-aggregated K18 (c), CellMask™ stained cellular membranes in red (d) and Hoechst 33342 staining 

the nuclei in blue (d). In the presence of K18 aggregates there is the recruitment and aggregation of the intracellular expressed 

K18 (d,e,f; white arrows show aggregation). 40x magnification, scale = 50 µm. 

 

Figure 8 – Sonication effect of aggregated K18 in PT76/PT76 MSD assay and in seeding potency. 
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Data in Fig. 8B assay show that in a curve of increasing concentration of K18(P301L) fibrils co-

incubated with the cells, the sonicated aggregated K18 curve displayed stronger seeding capacity 

than the non-sonicated K18 fibrils. The difference became more evident at intermediate fibril 

concentrations (Fig. 8b) and is less prominent in the presence of transfection reagent (Marreiro et 

al, manuscript in preparation) suggesting that sonication produces smaller aggregates with 

enhanced uptake and subsequent seeding in the biosensor cells. Imaging of HEK293-FRET 

biosensor cells showed a basal CFP/YFP fluorescence signal that displayed a homogeneous 

distribution in the cells (Fig. 8 c,d,e) but after transfection with 12.5 ng of sonicated K18 aggregates, 

the cytosolic expressed  CFP- and YFP tagged K18 monomers were shown to be recruited and 

assembled into intracellular aggregates  (Fig. 8 f,g,h, white arrows). 

As stated above, fragmentation of large tau aggregates into small fibrils by the sonication process 

is a plausible explanation for the observed increased seeding potency of K18(P301L) fibrils 

(138,150). To evaluate this hypothesis, these aggregates were separated by size in a discontinuous 

sucrose gradient ultracentrifugation. Both sonicated and non-sonicated K18(P301L) fibrils and non-

aggregated K18(P301L) monomers were loaded on such a gradient from which 19 fractions were 

collected and the pellet (P) of the ultracentrifugation was resuspended in the same volume as one 

fraction (500 µL). The collected fractions and the pellet were analysed by MSD aggregate selective 

assays, cell-based functional seeding assay in HEK293-FRET cells and by native PAGE.  
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Monomeric and in vitro aggregated sonicated and non-sonicated K18 species were separated by sucrose gradient 

ultracentrifugation. 19 fractions were collected and the pellet of the ultracentrifugation resuspended. Sucrose gradient fractions 

were analysed in Native PAGE and detected with PT76-HRPO antibody. Representative images of at least two independent 

experiments show that the non-aggregated K18 species are present in 3 lowest density fractions of the sucrose gradient (a1); 

Gradient fractions from the non-sonicated K18 fibrils (a2) showed weak signals in the high-density fractions and a strong signal 

in the resuspended pellet of the ultracentrifugation. Gradient fractions from the sonicated K18 fibrils (a3) showed strong signals 

in the high to intermediate density fraction (3-12) with the presence of gradually smaller size K18 fibrils. Aggregation signal was 

detected with PT76 “self-sandwich” MSD assay and data are represented as logarithmic transformation of the mean signal 

divided by background +/- SD, N=2 (b) and it showed that in gradient fractions of the non-sonicated K18 fibrils (blue) there are 

modest signals in the high-density fractions and a strong aggregate signal in the pellet. In the gradient fractions of the sonicated 

K18 fibrils (red) strong aggregate signals were detected in the intermediate-density fractions. In the fractions from the gradient 

of the non-aggregated K18 (green) no measurable aggregate signals were detected. Functional analysis of the gradient fractions 

was assessed in HEK293-FRET cell based assay and data are represented as mean % of FRET positive cells that have aggregation 

+/- SD, N=2 (c). Fraction from the non-aggregated K18 gradient (green) did not show aggregation capacity; Fractions of the 

gradient with non-sonicated K18 fibrils (blue) showed modest aggregation capacity in high-density fractions of the gradient and 

strong aggregation capacity in the resuspended pellet; Fractions from the gradient of sonicated K18 fibrils (red) demonstrated 

strong seeding capacity in the intermediate-density fractions of the gradient. 

 

From the native PAGE immunoblot detected with HRPO-labelled PT76, it is observed that gradient 

fractions from non-aggregated K18(P301L) only showed signal in the lower-density region (Fig. 

9.a1) while the non-sonicated K18(P301L) fibrils showed moderate signals in the higher-density 

fractions and a very strong signal in the resuspended pellet (Fig. 9.a2). Interestingly, the sonicated 

Figure 9 – K18 species separation by sucrose gradient ultracentrifugation 
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K18(P301L) fibrils displayed strong PT76-HRPO signals distributed in high and intermediate density 

fractions (2-11) of the gradient, and no signal was detected in the pellet (Fig. 9a.3). These data 

show that the sonication procedure is indeed affecting the size-distribution of the K18 aggregates 

from large into smaller fibrillary species. This was also confirmed by analysing the same sucrose 

gradient fractions with the PT76 “self-sandwich” MSD assay. As expected, in the fractions from the 

non-aggregated K18(P301L) gradient no aggregation signal was detected. In the fractions of the 

gradient with non-sonicated K18 fibrils, low aggregate signals were detected in high-density region 

but a strong signal was displayed in the resuspended pellet. In the gradient with sonicated K18 

fibrils, aggregate signals were distributed in a bell-shaped manner between the fractions 1 and 10 

(Fig. 9b). Next, we wanted to correlate aggregate signals of the sucrose gradient fractions to their 

seeding properties in the FRET-biosensor cell-based assay.  Data in Fig. 9c show that non-sonicated 

fibrils have low seeding capacity in the lower fractions of the gradient and a strong seeding capacity 

of the species present in the pellet while sonicated K18 gradient fibrils show strong seeding 

capacity in the fractions 1 to 10 and no seeding is observed in the cells treated with the 

resuspended pellet. 

The seeding induced by the pellet fraction from the non-sonicated fibrils was unexpected as we 

hypothesized that these large MW fibrils are not taken up by the cells. This could be explained by 

partial fragmentation of the large aggregates by the resuspension into aggregates that can induce 

FRET positive cells similar to the sonicated fibrils described in Fig. 8B. Altogether, biochemical and 

functional data suggest that the sonication is breaking large K18(P301L) fibrils into smaller 

aggregate species with stronger seeding potency, probably because of their improved uptake by 

the cells. 

 

3.2. Differences between tau seeds derived from Tg-mice and human AD 

brain 
 

To translate the findings obtained with recombinant tau fibrils to fibrils extracted from mouse and 

human brain, similar experiments with tau fibrils derived from P301S, P301L tau Tg mice and from 

post-mortem human AD brain were performed. As structural and biochemical studies suggested 

that some epitopes are differentially exposed in the different types of tau fibrils (140,141,143), it 

was verified whether this was reflected in the detection of these fibrils by use of aggregate 
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selective MSD assays using antibodies binding to different tau epitopes. Therefore, tau aggregates 

in sarkosyl insoluble fractions from P301S and P301L Tg mice and from human AD-brain, were 

analysed in a PT76 “self-sandwich” MSD assay next to WT and tau KO mouse brain total 

homogenates to evaluate the specificity on one hand and signal strength of the assay with human 

and mouse extracts on the other hand.  

 

Dilution curves from human AD-brain PHF (blue), P301S (red) tau Tg mice sarkosyl insoluble fractions, brain homogenates from 
wild-type mouse (green) and tau knock-out mouse (purple) were loaded in PT76 “self-sandwich” MSD assay. Tg mouse and 
human AD-brain PHF starting dilution were corrected to the total tau present in the extracts. A stronger detection of human PHF 
was observed when comparing to Tg mouse seeds (a). Comparison of P301S (red) and P301L (yellow) tau Tg mice aggregates 
binding in PT76 “self-sandwich” MSD assay shows that aggregates from the 2 Tg models behave the same way in this assay (b).  
Data are represented as logarithmic transformation of signal divided by background +/- SD and N=2. 

 

Interestingly, in the PT76/PT76 assay, human AD seeds seemed to produce much stronger signals 

in comparison to P301S tau Tg mice fibrils with a 300-fold difference of the highest signal. WT and 

tau KO mouse brain total homogenate displayed minor to no binding which confirmed the 

specificity of this assay to tau aggregates (Fig. 10a). Similar analysis of tau seeds derived from P301L 

and P301S tau Tg mice showed very low binding in these fibril fractions comparing to human tau 

PHFs (Fig. 10b). This experiment suggests that tau fibrils derived from P301L and P301S tau Tg mice 

have a different PT76 epitope exposure compared to human AD derived PHFs, suggesting 

structural differences between those tau aggregate species. 

 

Figure 10 – PT76 “self-sandwich” MSD assay characterization 
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Fluorescent hTau10 - Alexa 555 (represented with green fluorescence) Western Blot total tau quantification of tau seeds derived 
from P301S tau Tg mouse brainstem (3.83 µL (1) or 0.96 µL (2)) and spinal cord (3.93 µL (3, 5) or 0.96 µL (4)) or from human AD-
brain (3.83 µL (6) or 0.96 µL (7)). Indicated amounts of 2N4R tau are used as calibration curve (a). Extracts 3/4 and 5 are from 
different pools of spinal cords. Individual bands were quantified using ImageQuant™ as shown in the interpolation curve (b) with 
the final total tau concentrations of 113.7 ng/µL in P301S Tg mouse brainstem extract, 259.2 ng/µL in P301S Tg mouse spinal 
cord extract and 232.8 ng/µL in human AD-brain seeds. Detection comparison of human AD-brain seeds (blue), P301S Tg mouse 
sarkosyl insoluble fraction from spinal cord (red), wild-type mouse (green) and tau KO mouse (purple) total brain homogenates 
with hTau43 (N-term), PT51 (mid-term), PT3 (PRD), PT83 (MTBD) and PT69 (C-term) antibodies in “self-sandwich” MSD assay 
allows to detect only aggregate signals and not monomeric tau (c) showing that the binding of human and Tg mouse seeds is 
similar in N-terminal, mid-term and C-terminal antibodies but stronger to human aggregates in PRD and much stronger in MTBD 
antibodies. Data are show as logarithmic transformation of signal divided by background +/- SD and N=2. 

 

Figure 11 – Comparison of Tg P301S mouse seeds and human AD-brain seeds detection in MSD assays with total tau loading 
control determined by Western blotting 
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To confirm that the total tau protein content in P301S and human extracts are the same, both 

extracts were quantified by Western blot detected with hTau10 (anti-human tau) and secondary 

anti-mouse Alexa Fluor 555 antibody. Six different concentrations of recombinant 2N4R tau were 

loaded as calibrants. P301S brain stem and spinal cord sarkosyl insoluble fractions and human PHF 

were quantified by analysing two different extract volumes. (Fig. 11a). Quantification of the signals 

in Fig. 11a revealed that the final tau concentration in the extracts was 113.5 ng/µL in the P301S 

brainstem sarkosyl insoluble fraction, 259.2 ng/µL of tau in the P301S Tg mice spinal cord sarkosyl 

insoluble fraction and 232.4 ng/µL of tau in the human PHF (Fig. 11b). This quantification allowed 

to compare the binding of the extracts of P301S Tg mouse spinal cord and human PHF in MSD 

assays and reassured that any difference in signals was not a consequence of different amounts of 

tau protein in the tau fibril samples from mouse and human brain. To characterize these tau 

aggregate species further, “self-sandwich” MSD assays involving tau epitopes outside the MTBD 

were used to compare the binding of human and mouse aggregates. Data in Fig. 11c show that, in 

contrast to the PT76/PT76 assay, hTau43 (N-terminal), PT51 (mid-term) and PT69 (C-terminal) 

antibody assays have similar signals when different dilutions of human and P301S Tg mouse seeds 

were analysed suggesting a similar exposure of these epitopes in tau fibrils derived from the 2 

sources. Interestingly, PT3, a phospho-tau-selective antibody binding in the PRD showed slightly 

higher signals for human seeds when compared to P301S Tg mouse seeds suggesting that the PT3 

epitope is differentially phosphorylated or that the PRD region is somewhat shielded in fibrils from 

tau Tg mice and more exposed in human AD-derived fibrils. Similar to the PT76/PT76 assay, use of 

the PT83 “self-sandwich” MSD assay displayed a strong difference between dilution curves of 

human and P301S seeds suggesting that the epitope of PT83 in the MTBD is also differentially 

exposed in the two types of seeds. The binding to WT mouse brain homogenates, and to a lesser 

extent to tau KO mouse homogenates, is explained by sequence homology between the PT83 

epitope with the MTBD of other MAPs, (e.g.  MAP2 and MAP4) that can also assemble into straight 

filaments (151).    

Overall, the differences in detection of the human and P301S tau Tg mouse-derived fibrils by “self-

sandwich” MSD assays using antibodies binding to the MTBD (i.e. PT76 and PT83) and to the PRD 

(i.e. PT3) suggested that the aggregates from the 2 sources have different structural properties. 
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3.3. Aggregate structure analysis by limited proteolysis 
 

Due to the differences in the signal of human and mouse seeds that were observed in the MSD 

assays, it is likely that the aggregates from the 2 sources have different conformations and that 

some antibody epitopes are differentially exposed by these species. To investigate that further, a 

limited proteolysis with pronase was performed as described by Sanders et al. 2014 (143). The 

limited proteolysis technique involves a proteolytic digestion to remove all accessible fragments. 

In the case of tau aggregates, such an enzymatic reaction is expected to remove the well exposed 

fuzzy coat and all the antibody epitopes in those fragments while the core of the aggregate is 

protected and will stay intact. The undigested parts of the aggregate are analysed by Western blot 

and detected with antibodies binding to different epitopes of the tau protein. This approach allows 

to determine epitopes protected in the core of the aggregates and epitopes exposed to the outside 

of the aggregates (140). A similar approach combining limited proteolysis and mass spectrometry 

revealed substantial differences in the core region of fibrils from different tauopathies (141). To 

optimize this procedure, untreated human PHF and incubated with 3 pronase concentrations of 5, 

25 and 50 µg/mL for a total protein concentration of 0.85 µg/µL were used and after the enzymatic 

reaction, samples were analysed with Western blotting under non-reducing conditions and 

detected with antibodies binding to different epitopes in the tau protein. The lower concentration 

of 5 µg/mL of pronase partially digested the exposed fragments of the aggregates, while in the 

presence of 25 µg/mL of pronase only the proteolytic-resistant core remained undigested but the 

50 µg/mL concentration of pronase digested the entire aggregate species (Fig. S2). These 

observations experiment allowed to select the optimal pronase concentrations. Human AD-brain 

PHF and P301S Tg mice spinal cords sarkosyl insoluble fractions were incubated in the absence of 

enzyme or with 5 and 25 µg/mL of pronase. 
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Total protein of sarkosyl insoluble extracts from human AD-brains (H) and P301S Tg mouse spinal cord (Tg) were quantified by 
BSA method (data not shown) and 0.85 µg/µL of total protein was incubated with 0, 5 or 25 µg/mL of pronase. Analysis was 
performed by Western Blotting under non-reducing conditions, using hTau43 (N-term), PT51 (mid-term), PT3 (PRD), PT76 
(MTBD), PT83 (MTBD), hTau21 and PT69 (C-term) antibodies for detection. The intermediate pronase concentration (5 µg/mL) is 
capable to increase the exposure of some regions of P301S Tg mouse aggregates (green boxes). The higher pronase concentration 
(25 µg/mL) only leaves the core of the aggregate undigested and identifies what regions are protected in the aggregates (blue 
and red boxes) being more evident in MTBD with PT76 in Tg mouse aggregates and hTau21 with human derived seeds. 

 

Western blots in Fig. 12 showed that hTau43 (N-terminal) and PT69 (C-terminal) epitopes are easily 

accessible since the overall signal disappeared already by incubation with 5 µg/mL pronase 

indicating that N- and C-terminal epitopes are completely hydrolysed under those conditions. Also 

the PT51 (Mid-term) and the PT3- and PT74 (phospho-epitope in PRD) (Fig. S3) antibody epitopes 

are removed by 25 µg/mL of pronase but seemed to be still present in P301S tau Tg seeds after 

Figure 12 – Antibody epitope exposure analysis in P301S Tg mouse and human AD-brain seeds 
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treatment with 5 µg/mL pronase (Green rectangles in Fig. 12). Under the same reaction conditions, 

PT51, PT3 and PT74 (Fig. S3) epitopes were removed in human seeds suggesting that mid-region 

and PRD are more exposed in the human AD seeds compared to the Tg mice seeds. A similar 

observation was made for epitopes of PT76 and PT83, antibodies binding to the MTBD. After 

digestion with 5 µg/mL of pronase, an increased signal was detected in the Tg mice seeds but not 

in the human PHF. After treatment with 25 µg/mL of pronase, both antibodies detected 2 low 

molecular weight (MW) bands (6 ≤ MW ≤ 22) corresponding to the proteolytic-resistant core of the 

aggregates. This was seen in both human and Tg mice seeds but for the PT76 antibody with a 

stronger signal in the mice seeds (Fig. 12, blue and red boxes). These observations confirmed that 

the core of the aggregates is constituted by the MTBD. However, in Tg mice seeds the PT76 epitope, 

which is situated N-terminal from the MTBD (251-254), is more protected than in the human PHF 

while the inverse is observed with the hTau21 epitope situated more C-terminal from the MTBD 

(375-380). The latter hTau21 epitope was digested more efficient in fibrils from tau Tg mice 

compared to human AD brain-derived PHFs demonstrating that this region belongs to the core of 

the human PHF but not to the core of the Tg mice seeds. These observations suggest that the N-

terminal side of the MTBD is more protected in Tg mice seeds whereas the C-terminal end of the 

MTBD is more protected in human PHF. 

This observed difference in epitope protection of regions adjacent to the MTBD between human 

AD and tau Tg mice-derived fibrils explains their different binding properties in PT76 and PT83 

“self-sandwich” MSD assays. To validate further, a hTau21 “self-sandwich” MSD assay was 

developed and dilution curves of human PHF, P301S Tg mice sarkosyl insoluble fraction and WT 

and tau KO mice total brain homogenates were analysed. 
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Human AD-brain (blue), P301S Tg mouse spinal cord sarkosyl insoluble fraction (red), wild-type mouse (green) and tau knock-
out mouse (purple) total brain homogenate dilution curves were loaded in hTau21 “self-sandwich” MSD assay. Data is 
represented as logarithmic average +/- SD of the signal divided by background, dependent on the dilution of the extract. N=2.  

 

The obtained detection curves showed that the signals in human PHF dilutions (close to 

background) were lower than the same dilutions of fibrils from tau P301S Tg mice, with 9-fold 

background intensity, without any signal from WT and tau KO mouse total brain homogenates (Fig. 

13). This suggests that the region that comprises the epitope of hTau21, C-terminal to the MTBD, 

is more protected in the core of human PHFs than in the core from tau Tg mouse fibrils. 

 

3.4. Effect of sonication in human AD-brain and Tg mouse seeds 
 

Since the epitope exposure seems to be dependent on the structure of the aggregate and 

sonication has been shown to fragmentize large aggregates, it was evaluated how the sonication 

can have an impact in the size and epitope exposure of tau aggregates from human AD-brain and 

P301S Tg mouse aggregates. The impact of sonication in the biochemical and functional properties 

of the aggregates was analysed further by comparing distribution patterns of non-sonicated and 

sonicated fibrils on a sucrose gradient ultracentrifugation experiment. 

 

2 4 6 8

0 .0

0 .5

1 .0

L o g  d ilu tio n

L
o

g
 s

ig
n

a
l 

/ 
B

G

Figure 13 – hTau21 “self-sandwich” MSD assay characterization 
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Sonicated (red) and non-sonicated (blue) tau fibrils from human AD-brain were separated in a sucrose gradient 
ultracentrifugation experiment as described in the “materials and methods” section. The obtained fractions were analyzed in 
“self-sandwich” MSD assays with hTau43 (N-terminal), PT51 (mid-term), PT3 (PRD), PT76 (MTBD), hTau21 (C-terminal) and 
hTau60 (C-terminal) antibodies. Data are representative of at least 2 independent experiments and presented as mean signal 
divided by background +/- SD (a). Representative images of the Native PAGE analysis of sucrose gradient fractions detected with 
PT76-HRPO show differences in aggregates weight and distribution in fractions of sonicated (top) and non-sonicated (bottom) 
human tau aggregates (b). Seeding capacity of dilution curves of sonicated (red) and non-sonicated (blue) human PHF were 
analyzed in cell-based assay with HEK293-FRET cells, suggesting higher aggregation capacity after sonication. Data are 
represented as mean percentage of FRET positive cells, who have aggregation, +/- SD, N=4 (c). 

 

Analysis of gradient fractions with MSD aggregation assays using antibodies binding to various 

epitopes (i.e. hTau43, PT3, PT51, PT76, hTau21 and hTau60), showed that non-sonicated human 

PHF fractions (blue) display high aggregate signals in the 2 highest-density fractions while the 

sonicated PHFs signals (red) showed maximal intensity in fractions 3 and 4 (Fig. 14a). This again 

Figure 14 – Effects of sonication in human AD-brain seeds separated by sucrose gradient ultracentrifugation 
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suggests that the sonication is affecting the size distribution of the aggregates. In hTau21 assay, 

there is no detectable tau aggregate signal in both sucrose gradients. This confirms lower 

sensitivity of this assay due to the protection of this epitope in the human tau aggregate 

conformation. To confirm that MSD aggregate signals in fractions with a different density indeed 

correspond to a different MW of the aggregates, all sucrose gradient fractions were analysed by 

Native PAGE and immunoblot detection with HRPO-labelled PT76. The sonicated PHF gradient has 

tau multimeric species of gradually lower molecular weight from the fraction 2 towards lower MW 

fractions (Fig. 14b top panel) while the non-sonicated PHF sucrose gradient only showed higher 

molecular weight tau species in the five highest-density fractions with the strongest signals in the 

first two samples (Fig. 14b bottom panel). This confirmed that sonication affects the size 

distribution of the tau species in the gradient by breaking larger aggregates into smaller fibrils or 

oligomeric tau species. The functional analysis in biosensor cells was not successful due to low 

seeding capacity or low concentration of the human PHF present in the fractions. Although, 

sonicated and non-sonicated PHF concentration curves were analysed and results suggest an 

increase in aggregation capacity of the PHF after sonication (Fig. 14c), supporting the hypothesis 

that the sonication is producing smaller aggregates that are more easily taken up by cells to trigger 

aggregation. 

The same experimental setup was used to analyse sonicated and non-sonicated fibrils from P301S 

Tg mice. 
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Sonicated (red) and non-sonicated (blue) tau fibrils from P301S tau Tg mouse sarkosyl insoluble fraction were separated in a 
sucrose gradient ultracentrifugation experiment as described in the “materials and methods” section. Biochemical analyses of 
the obtained fractions was performed in “self-sandwich” MSD assays with hTau43 (N-terminal), PT51 (mid-term), PT3 (PRD), 
PT76 (MTBD), hTau21 and hTau60 (C-terminal) antibodies. Data are representative of at least 2 independent experiments and 
presented as mean signal divided by background +/- SD (a). Representative images of Native PAGE analysis of sucrose gradient 
fractions detected with PT76-HRPO show differences in aggregate weight and distribution in the fractions of the sonicated (top) 
and no-sonicated (bottom) Tg mouse seeds (b). Seeding capacity of dilution curves of sonicated (red) and non-sonicated (blue) 
Tg mouse seeds were analyzed in cell-based assay with HEK293-FRET cells, suggesting higher aggregation capacity after 
sonication (c).  Seeding capacity of the fractions from the gradients with sonicated (red) and non-sonicated (blue) Tg mouse seeds 
was assessed in the cell-based assay, suggesting higher aggregation capacity in the sonicated seeds gradient fractions (d). Data 
are represented as mean percentage of FRET positive cells, who have aggregation, +/- SD, N=4 (c, d). 

 

The gradients of sonicated and non-sonicated extract were analysed by MSD with antibodies 

binding to various epitopes of the tau protein (i.e. hTau43, PT51, PT3, PT76, hTau21 and hTau60). 

Figure 15 – Effects of Tg P301S mouse tau seeds sonication in sucrose gradient ultracentrifugation 
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The biochemical analysis showed that the sonication is affecting the distribution of the aggregates 

in the fractions of the gradient in hTau43, PT51, PT3 and hTau60 “self-sandwich” MSD assays but 

also that the signals detected are stronger in PT3 assay after sonication in a 2.5-fold increase of 

area under curve. Also in PT76 and even stronger in hTau21 assays, the non-sonicated sucrose 

gradient did not generate detectable signals but the sonicated P301S Tg mouse extract sucrose 

gradient was detected by this assay (Fig. 15a). These data suggest that sonication is exposing the 

epitope of PT3 antibody in the PRD and this effect was even more prominent for the PT76 and 

hTau21 antibody epitopes in the MTBD and C-terminus, respectively. All the factions of the 

gradients were then analysed by Native PAGE and detected with PT76-HRPO antibody to confirm 

that the differences in distribution of the aggregates in the biochemical assay were a consequence 

of the effect of sonication on the size of the aggregates. As expected, the sonicated Tg mouse 

aggregates showed a gradually decreasing size of the aggregates present in fractions with the 

stronger signals between fractions 3 and 13 (Fig. 15b top panel) whereas the non-sonicated Tg 

mouse sucrose gradient only displayed signals in the high-density fractions of the gradient (Fig. 15b 

bottom panel). Dilution curves of non-separated fibrils from tau Tg mice were also analysed in 

biosensor cells with (red) and without sonication (blue) (Fig. 15c) and showed higher overall 

capacity of aggregation after sonication. Next, the seeding potency of sucrose gradient fractions 

were also analysed in the biosensor cells and data showed higher percentage of FRET-positive cells 

in the sonicated Tg mouse aggregates sucrose gradient (red) than in the non-sonicated (blue) with 

a 3.7-fold increase in the area under the curve (Fig. 15d). These data support the hypothesis that 

sonication produces smaller aggregates present in the intermediate-density fractions of the 

sucrose gradient that have higher seeding potency. 

Data in Fig. 10, 12 and 13 allowed to hypothesize that tau fibrils derived from different sources, 

have different conformations which on its turn explains why some epitopes are more exposed by 

others. To assess how the conformation of the aggregates can be dictated by “conformational 

templating” (115,152), human PHFs were used to trigger aggregation in in vivo models such as 

P301L Tg mice by stereotactic injection (Vandermeeren et al 2018 (153)). The aggregates 

generated 2 months after the injection of human AD PHF, were extracted and analysed with PT51 

and PT76 self-sandwich MSD assays (Fig. 16, orange curves) and compared to the sarkosyl insoluble 

fraction of aged P301S Tg mice (red curves) along with a curve with human PHF (blue). 
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Sarkosyl insoluble fractions from P301L Tg mice intracranially injected with human AD-brain seeds or from aged P301S tau Tg 
mice were diluted as indicated and loaded in PT51 and PT76 “self-sandwich” MSD assays. The concentrations of AD-brain ePHF 
(blue), P301S Tg mouse seeds (red) and P301L Tg mouse seeds after stereotactic injection of human AD-brain seeds (orange) 
were normalized to ePHF arbitrary units of concentration and are represented in logarithmic transformation of signal divided by 
background +/- SD and are representative of at least 2 independent experiments. 

 

As the PT51 self-sandwich assay shows similar detection of human AD and tau Tg mice-derived 

fibrils (Fig. 11), this assay was used to normalize the signals and confirmed that differential 

detection of both types of fibrils by the PT76/PT76 assay, are not due to differences in tau 

aggregate content. The human PHF curve was used to make a relative quantification. In the PT76 

“self-sandwich” assay, human AD tau seeds displayed strong binding while corresponding dilutions 

from the P301S Tg mice fibrils showed very poor binding. Interestingly, the insoluble fraction of 

the P301L Tg mice injected with human PHF have stronger signals in corresponding dilutions of 

fibrils derived from aged P301S tau Tg mice (Fig. 16). Comparing with the results from Figure 10.b 

in which was observed that P301S and P301L fibrils are similarly detected in PT76 MSD assay, it 

suggests that the fibrils generated in the P301L mice after seeding with human AD PHFs indeed 

display the biochemical properties of these human tau seeds more than those from the Tg mouse 

seeds. 

The results presented in this thesis suggest that sonication affects biochemical, biophysical and 

functional properties of tau aggregates from different sources such as in vitro aggregated K18, 

human AD-brain and P301S tau Tg mouse by breaking large aggregates into smaller size fibrils 

and exposing epitopes that were protected in the aggregates before sonication. It was also 

observed that human AD-brain PHF and Tg mouse fibrils have differences in structure that 

influence their detection in biochemical immunoassays. These differences could be overcome by 
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Figure 16 – Effect of human AD-brain seeds injection in P301L Tg mouse seeds binding in PT76 “self-sandwich” MSD assay 
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using human PHF as conformational template in injection models. The importance of these 

finding will be further discussed in the next section. 
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4. Discussion 
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To date, prevention of tau seeding by active- and passive immunotherapy approaches, is one of 

the most advanced therapeutic approaches for AD and other tauopathies (154). To align with the 

clinical working hypothesis, pre-clinical evaluation of tau antibodies involves cellular and rodent 

models of tau seeding. In many of these in vivo and in vitro studies, sonication is applied to tau 

aggregates but the effects of this procedure in the biochemical, biophysical and functional 

characteristics of the fibrils are yet poorly understood. Moreover, there is limited insight in the 

similarities and differences between the aggregates from different research models and human AD 

but also between aggregates from different human tauopathies. As a consequence, answering 

these questions will impact the translational value of preclinical models and will shed light on the 

applicability of therapeutic antibodies to different tauopathies. Therefore, this project aimed to 

compare biochemical, functional and structural characteristics of tau aggregates from in vitro 

aggregated K18, post-mortem human AD-brain PHF and P301S and P301L tau Tg mice and the 

effect of sonication in those properties. 

By using aggregate-selective PT76/PT76 MSD assays, it was shown that detection of in vitro 

aggregated K18 fragment with the pro-aggregating P301L mutation (155,156) was not affected by 

sonication (Fig. 8). On the other hand, seeding experiments in FRET-biosensor cells, clearly 

demonstrated an increased seeding potency of K18 fibrils after sonication. This effect of sonication 

on the functional capacity of the aggregates suggested that the sonication is facilitating the uptake 

of those aggregates into the cells and consequent recruitment of the endogenous CFP/YFP tagged 

K18. It is plausible to assume that the sonication-driven increased uptake of K18 (P301L) fibrils in 

cells is a consequence of conversion of large aggregates into smaller fibrils. This was investigated 

further by separating sonicated and non-sonicated K18 (P301L) fibrils by a sucrose gradient 

ultracentrifugation experiment (Fig. 9) which suggested a profound change in size distribution after 

sonication of the fibrils. Most striking was the observed shift from the pellet fraction, present in 

non-sonicated fibrils, into smaller fibrils that are distributed throughout the intermediate density 

fractions of the gradient. Data is supporting the hypothesis that sonication fragmentizes larger 

recombinant or human AD tau aggregates into smaller size fibrils with increased seeding potency 

(157). The same effect was already proposed for α-synuclein fibrils, where in cellular seeding 

experiments, recombinant protein fibrils were extracted, sonicated and analysed by atomic force 

microscopy and direct stochastic optical reconstruction microscopy (dSTORM). In these 

experiments,  it was observed that the sonicated fibrils are smaller (158). It was also shown that in 
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α-synuclein, shorter fibrils (but not oligomers) are the species with stronger aggregation capacity 

(159).  

The observed lack in seeding potential of monomeric K18 (P301L) in the biosensor cells, confirmed 

that the aggregated conformation of K18 is important for the seeding potency of the aggregates. 

Small oligomeric species with potent seeding activity, as suggested by other 2 groups (137,148), 

were not observed which was in accordance with work from Jackson and colleagues (160) who also 

demonstrated  that short fibrils are the seeding-competent tau species that are present in brain 

homogenates from P301S tau Tg mice. 

To translate our findings made with K18 fibrils to in vivo-produced tau aggregates from human AD-

brains and Tg mouse research models, a number of different “self-sandwich” MSD assays were 

used for biochemical characterization. For self-sandwich MSD assays using N- and C-terminal 

antibodies, detection was similar for human AD-brain seeds and Tg mouse seeds. On the other 

hand, assays using PT76 and PT83 antibodies which epitopes are close or within the MTBD, 

displayed differences in detection of aggregates from the two sources. In fact, P301S and P301L Tg 

mouse aggregates are both poorly detected in these assays compared to human PHFs (Fig. 10). 

Furthermore, PRD antibodies such as PT3, PT25 and AT8 (161) (Fig. S4) showed a weaker detection 

of fibrils from tau Tg mouse. On the other hand, assays using hTau21 antibody (Fig. 13), binding to 

a C-terminal epitope, close to the MTBD, showed stronger detection of aggregates from tau Tg 

mice when compared to human AD fibrils aggregates. These results suggest that human and Tg 

mouse aggregates have structural differences that do not allow the antibodies to bind equally to 

both types of aggregates.  

Further, in depth, analysis of the aggregates by the use of limited proteolysis, showed that some 

epitopes are differentially exposed in tau fibrils from human AD and tau Tg mouse brain. Pronase 

treatment of tau aggregates digests all accessible protein fragments in the aggregate.  

Consequently, the epitopes of antibodies binding to exposed regions, and the proteolytic resistant 

cores can be discriminated by Western blotting using tau antibodies with epitopes from N- to C-

terminus. In figure 12 it is possible to observe that the PRD and especially MTBD are protected 

regions that become exposed after the enzymatic digestion. The same experiment in the 

supplementary figure 5 using 25 different antibodies binding to several regions in the Tau protein, 

showed that PRD is indeed more protected in Tg mouse aggregates than in human PHF. 
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Furthermore, it was shown that the MTBD is protected in both types of seeds although the PT76 

epitope (N-terminal from MTBD) appeared more protected in Tg mouse seeds while hTau21 

epitope (C-terminal from MTBD) is more protected in human PHF. These data support the “self-

sandwich” MSD assays results since highly exposed epitopes such as N- and C-termini can be easily 

detected while the protected PRD and MTBD have lower detection in the biochemical assay. On 

the other hand, it also supports lower detection of human PHFs by hTau21 since its epitope is more 

protected in this type of seeds. This means that the structure of the aggregates from the two 

sources is different, affecting the exposure of protein regions and consequently the binding of 

antibodies. These findings agree with what is described in the literature. Fitzpatrick and colleagues 

(140) showed by mass spectrometry that the core of the tau aggregates comprises the MTBD and 

10 amino-acids more in the C-terminal direction. This stretch includes the epitopes of PT76, PT83 

and hTau21. By electron microscopy it was observed that the anti-4R antibody having its epitope 

in the same region of PT76, could detect PHF before the pronase treatment but after the digestion 

the epitope of this antibody was almost completely absent, supporting that in PHF, this epitope is 

at least more exposed compared to Tg mouse seeds. Together, the mass spectrometry and electron 

microscopy results support a subtle protection of PT76 epitope in PHF as observed in the 

experiments in this thesis. In the same publication, Fitzpatrick showed by mass spectrometry that 

the MN423 antibody epitope (which is close to the hTau21 epitope) is strongly protected in the 

core of human PHFs. Immuno-electron microscopy detection showed that the MN423 antibody 

could not bind in untreated PHFs due to the protection of this epitope that becomes exposed after 

proteolysis with pronase. MN423 and hTau21 antibody epitopes are in close proximity supporting 

the observations in this thesis that in human PHFs, the hTau21 epitope is strongly protected. Also 

limited proteolysis experiments using trypsin (141) showed that the hTau21 epitope is part of the 

trypsin resistant core in human AD PHFs.  

These results allow to hypothesise about the differences in epitope protection and as schematized 

in Fig. 17, from the results in Fig. S5, in P301S tau Tg mouse seeds the Mid-term and PRD are 

partially shielded while the MTBD is strongly protected. Also, in human AD-brain PHF, the MTBD 

belongs to the core of the aggregates and also the early region of the C-terminus. 
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From the results obtained with the limited proteolysis experiment, it is observed that in Tg tau mouse seeds the end of the Mid-
domain and the PRD are partially shielded (green box) while the core of the aggregate comprises the entire MTBD (red box). In 
human AD-brain seeds, the core of the aggregate includes the MTBD and the early C-terminus (blue box). 

 

In addition to the differences in epitope exposure between tau fibrils from tau Tg mice and from 

human AD brain, it was also investigated how this exposure was also altered by sonication, (Fig. 

14, 15). Aggregates from sonicated and non-sonicated extracts were separated by sucrose gradient 

ultracentrifugation where it was observed that the sonication fragmentizes the large aggregates in 

smaller fibrils with altered size distribution. Native PAGE analysis confirmed that the fibrils 

produced after sonication are indeed gradually smaller, correlating with the fraction-density within 

the gradient. Biochemical analysis in “self-sandwich” MSD assays confirmed a shift in the 

distribution of the aggregates in the sucrose gradient fractions. Antibodies binding to the highly 

exposed N- and C-termini detected similar signals in the sonicated and non-sonicated gradients. 

Interestingly, antibodies binding to PRD and MTBD, showed differences in epitope exposure after 

sonication of human AD-brain PHFs and more pronounced fibrils from in tau Tg mice. Also the early 

C-terminal antibody hTau21 displayed an increase of signals detected in the self-sandwich assay. 

This is suggesting that because of the conformation of these aggregates, these antibodies could 

not bind to their epitopes which are only exposed after sonication. A similar outcome was expected 

in the assay using hTau21 on human PHF sucrose gradient fractions, but the sensitivity of this assay 

did not allow to detect the aggregates even after sonication. Increasing the total extract loaded in 

the sucrose gradient could possibly allow to have a stronger detection of the aggregates present 

in the fractions. The same limitation was observed for the functional analysis of sucrose gradient 

fractions from human PHFs where it was not possible to determine the seeding capacity of the 

species present in the fractions. To overcome this, dilution curves of non-separated sonicated and 

non-sonicated extracts were analysed and in these samples from both human and Tg mouse tau 

aggregates, the seeding capacity was enhanced after sonication. Further observations in sucrose 

gradient fractions from sonicated and non-sonicated fibrils from tau Tg mice showed a 3.7-fold 

increase of seeding capacity by the sonication procedure. The increased exposure of the epitopes 

of PT3, PT76 and hTau21 after sonication suggests that also other epitopes might become more 

Figure 17 – Epitope protection is different in P301S tau Tg mouse seeds and human AD-brain PHF 
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exposed after sonication which could point to additional hypothesis to explain the increased 

seeding capacity upon sonication. Epitopes of PT76 and hTau21 are close to the MTBD in which the 

hexapeptide sequences 275VQIINK280 and in particular the 306VQIVYK311 stretch (162)  have been 

described to have strong propensity for  β-Sheet formation and assembly into aggregates (163) 

and therefore also being considered as a target for the development of tau aggregation inhibitors 

(164). The increased PT76- and hTau21 epitope exposure after sonication could also increase the 

exposure of the above described pro-aggregation motifs which can be an additional explanation 

for the increased seeding potency of sonicated fibrils. A study with sucrose gradient separation of 

P301S Tg mouse seeds (160) also demonstrated that small fibrils, but not monomeric or small 

oligomeric tau species, are the most seeding competent species in vitro and in vivo. In that study, 

seeding competent species were present in the 40% sucrose gradient, while the fibrils present in 

the 50% sucrose fraction where no longer seeding competent. This suggests a limit size of the 

aggregates that allows to be taken up by the cells. Also, Wu and colleagues (85) demonstrated that 

in cells recombinant tau firstly misfolds into low MW aggregates that further assembly into fibrils. 

While the low MW aggregates can be taken up by neuronal cells, the long fibrils extracted from 

human brains were not taken up by the cells. The authors hypothesized that internalization of tau 

aggregates in cultured neurons is dependent on the conformation and size of the aggregates which 

is in accordance with the findings described in this thesis and explain the need for the sonication 

of tau seeds in in vitro and in vivo studies that are in use to investigate pre-clinical evaluation of 

tau antibodies. 

In that respect, PT76 showed concentration-dependent reduction in K18 (P301L) fibril-induced 

seeding in HEK293-FRET biosensor cells and demonstrated that it reduces the aggregation capacity 

(Fig. S6). However, the mechanism of action is yet to be understood both in cells and in Tg tau 

mouse models. Even so, it was already observed to be also effective with in-house produced 

antibodies that are in phase 1 clinical trials and also in other studies described in the literature with 

P301L tau Tg mouse (165), for example IPN002 antibody (144) and HJ8.5 (145). However, the 

differences in epitope exposure of Tg tau mouse and human AD-brain seeds observed in this thesis 

can impact the translatability of the results from the pre-clinical models to the clinical trials. 

To overcome this challenging issue, injection models using human tauopathy-derived fibrils are 

used for antibody evaluation in vivo. As demonstrated by Clavaguera and colleagues (115), 

aggregates form post-mortem human tauopathy brains recapitulated the tau aggregation upon 
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intracranial injection in Alz17 mice, suggesting a conformational templating in these research 

models. To  confirm this for the injection models used at Janssen, young P301L tau Tg mice were 

injected with sonicated human AD-brain PHFs as described in a study from Vandermeeren and 

colleagues (153). The aggregates generated 2 months after seeding where extracted and 

characterized by MSD self-sandwich assays showing more signals in the PT76 “self-sandwich” MSD 

assay which showed almost no signal in samples containing fibrils from aged P301S tau Tg mouse, 

suggesting that by using human PHF as templates for aggregation, the generated fibrils resemble 

more the structure of the human AD-brain PHFs. Further structural studies on these aggregates 

are needed to confirm this hypothesis. Since the P301S tau Tg mouse model only expresses 0N4R 

human tau protein (166) and P301L tau Tg mouse model only expresses 2N4R human tau protein 

(103), both with mutations linked to frontotemporal dementia and parkinsonism linked to 

chromosome 17 (FTDP-17) (167,168), it could be relevant to compare structural properties of fibrils 

derived from different human tauopathies which are, in a number of cases, composed by 6 

isoforms of tau (thus 0N3R, 1N3R, 2N3R, 0N4R, 1N4R, and 2N4R). 

This could be further assessed by limited proteolysis of aggregates generated by conformational 

templating in injection models to verify the exposure of PT76 and hTau21 epitopes in the 

aggregates. Furthermore, comparing the detection of these aggregates in MSD assays with 

antibodies binding to other protein regions could help to better understand how the 

conformational templates are generating AD-brain-like PHF structures.  

To summarize, the results presented in this thesis revealed that sonication of tau aggregates is 

producing smaller size aggregates with stronger seeding capacity but also facilitates exposure of 

MTBD epitopes that are protected in non-sonicated aggregates. This epitope exposure was also 

proven to be different in aggregates from post-mortem human AD-brains and Tg tau mouse 

models, which is of high importance for the identification of optimal candidate antibodies for 

immunotherapy which are not necessarily the same for different tauopathies.  

Further studies comparing epitope exposure in aggregates from these tauopathies are needed to 

shed more light on this, possibly leading to a deeper understanding on tau aggregation process. 

This knowledge could be invaluable for the development of newer and more personalized 

medicines. 
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5. Supplementary data 
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Figure S1: Sandwich ELISA analysis of K18(P301L) preps. 

 

 

Dilution curves of monomeric (orange), in vitro aggregated (red), aggregated and sonicated (blue) 

K18(P301L) and the supernatant of the centrifugation after the in vitro aggregation protocol 

(green) were loaded in ELISA plates pre-coated with either anti-MYC antibody for a total K18 assay 

or PT76 for an aggregate selective assay at the concentration of 1 µg/ mL. Detection was performed 

with PT76-HRPO labelled antibody in both cases. Data is represented as logarithmic transformation 

of the signal subtracted by the background of the plate, dependent on the dilution of the analytes. 

Background is the signal correspondent of the wells incubated with blocking buffer instead of 

sample. Data suggest that PT76/PT76 is an aggregate selective assay with strong similar signals 

with sonicated and non-sonicated in vitro aggregated K18 whereas monomeric signal is not 

substantial. Signal in the supernatant of the aggregation protocol is also low suggesting high 

aggregation and sedimentation efficiency after the centrifugation. On the other hand, anti-

MYC/PT76 assay confirms the presence of K18 MYC-tagged in all the analytes and that there is low 

remaining protein in the supernatant of the aggregation protocol centrifugation. 

 



64 
Confidential 

Figure S2: Evaluation of enzyme concentration for limited proteolysis of human AD-brain PHF. 

 

To optimize enzyme concentration for the limited proteolysis assay, human AD-brain PHF was 

incubated either without or with 5, 25 or 50 µg/mL of pronase (143) and analyzed by Western blot 

under non-reducing conditions and detected with antibodies for different regions of the Tau 

protein hTau10 (N-terminal), PT3 (PRD) and PT76 (MTBD). Detection with PT76 showed that 5 

µg/mL of enzyme produced an intermediate state with undigested material and a band with the 

molecular weight between 22 and 36 kDa (green box). Treatment of sample with 25 µg/mL of 

enzyme generated a band with MW of 16 kDa corresponding to the aggregate core region (blue 

box). The highest concentration of enzyme (50 µg/mL) seems to be enough to entirely digest the 

aggregates and only very low signals can be detected. 
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Figure S3: Limited proteolysis of human AD-brain and P301S Tg mouse seeds 

 

Human AD-brain PHF (H) and P301S Tg mouse sarkosyl insoluble fibrils (Tg) were incubated either 

without or with 5 or 25 µg/mL of pronase and analyzed by Western blot under non-reducing 

conditions and detected with antibodies for different regions of the Tau protein. hTau10 and PT93 

(N-terminal), PT51 (mid-term), PT74 (PRD, phosphorylation dependent). 

It is observed that the N-terminal antibody epitopes were digested with the lower enzyme 

concentration, suggestion that the epitopes are easily accessible in the fuzzy coat of the 

aggregates. Mid-term and PRD antibody epitopes were also easily accessible in human PHF. 

Conversely, in Tg mouse aggregates, epitopes of PT51 and PT74 displayed an increased signal after 

digestion with 5 µg/mL of Pronase (green boxes), suggesting that those regions are somewhat 

shielded and become more exposed after the digestion with the lower concentration of enzyme in 

Tg mouse aggregates. Nevertheless, none of those epitopes are present in the core of the 

aggregates since they cannot be detected after digestion with the higher concentration of enzyme. 
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Figure S4: Comparison of detection in MSD aggregate selective assays of human AD-brain PHF and 

P301S Tg mouse seeds. 

Dilution curves of human AD-brain PHF (blue), P301S Tg mouse seeds (red), wild-type (green) and 

tau knock-out (purple) mouse total brain homogenate were analyzed by MSD aggregate selective 

assay with AT8 and PT25 binding to the PRD, PT84, PT66 and hTau60 binding to the C-terminus, 

where the capture and detection antibody competition for the same epitope allows to only detect 

aggregates. Dilution curves were adjusted to the same total tau loading to ensure that differences 

observed are not associated with different total tau content in the samples. Results show stronger 

detection of human PHF with antibodies for the PRD (AT8 and PT25), slightly stronger detection 

with PT84 antibody and similar detection with PT66 and hTau60 C-terminal antibodies. Data are 

show as logarithmic transformation of signal divided by background +/- SD and N=2. 
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Figure S5: Limited proteolysis of human AD-brain PHF and P301S Tg mouse seeds, analysed by 

Western blot and detected with tau antibodies from N- to C- termini. 
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Human AD-brain PHF and P301S Tg mouse seeds were incubated either without pronase or with 5 

and 25 µg/mL and the proteolytic resistant fragments were analysed by Western blot and detected 

with antibodies from N- to C- terminal. It was observed that the mid-term and PRD (orange and 

golden boxes, respectively) is more protected in the Tg mouse seeds that in human PHF since it 

can be strongly detected after the incubation with the lower concentration of pronase but not part 

of the core of the aggregate since they were not detectable with the higher concentration of 

pronase. On the other hand, MTBD (light blue boxes) seems to be part of the core of both types of 

aggregates but much strongly protected in Tg mouse aggregates. Interestingly, hTau21 and hTau24 

antibodies who share the same epitope (C-terminal close to the MTBD, golden boxes) seems to be 

protected in both types of aggregates but strongly in human PHF. 
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Figure S6: PT76 antibody effect in aggregation potency of K18(P301L) sonicated aggregates in 

HEK293-FRET biosensor cells. 

HEK293-FRET biosensor cells were co-incubated with aggregated and sonicated K18(P301L) and 

either with PT76 or IgG2a (ctrl) antibodies. Dilution curves of the antibodies were taken along with 

a constant amount of 25 ng of K18/well, starting at a 1:1 Mole ratio at the highest concentration 

of antibody. Data suggest a 2-fold reduction in the aggregation capacity of K18 aggregates at the 

highest concentration of PT76 when compared to the control antibody IgG2a. Data is represented 

as % of FRET-positive cells (with aggregation) +- SD. 
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