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SUMMARY

Tau accumulation is a major pathological hallmark of Alzheimer’s disease (AD) and other 

tauopathies, but the mechanism(s) of tau aggregation remains unclear. Taking advantage of the 

identification of tau filament cores by cryoelectron microscopy, we demonstrate that the AD tau 

core possesses the intrinsic ability to spontaneously aggregate in the absence of an inducer, with 
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antibodies generated against AD tau core filaments detecting AD tau pathology. The AD tau core 

also drives aggregation of full-length wild-type tau, increases seeding potential, and templates 

abnormal forms of tau present in brain homogenates and antemortem cerebrospinal fluid (CSF) 

from patients with AD in an ultrasensitive real-time quaking-induced conversion (QuIC) assay. 

Finally, we show that the filament cores in corticobasal degeneration (CBD) and Pick’s disease 

(PiD) similarly assemble into filaments under physiological conditions. These results document an 

approach to modeling tau aggregation and have significant implications for in vivo investigation of 

tau transmission and biomarker development.

In brief

Carlomagno et al. demonstrate the AD tau filament core is able to spontaneously aggregate and 

recruit full-length wild-type tau to filaments. They also show that abnormal tau species in brain 

and CSF from AD patients template the AD core in a real-time QuIC assay.

Graphical Abstract

INTRODUCTION

Alzheimer’s disease (AD) is characterized pathologically by the presence of amyloid-beta 

(Aβ) plaques and tau neurofibrillary tangles (NFTs), with tau NFT burden correlating better 

with neurodegeneration and clinical symptoms than Aβ plaque pathology in patients with 

AD (Arriagada et al., 1992; Josephs et al., 2008). As such, significant research efforts have 
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been devoted to understanding the mechanism(s) by which tau polymerizes into paired 

helical filaments (PHFs) and straight filaments (SFs), the building blocks of NFTs in AD. 

Recent studies utilizing cryoelectron microscopy (cryo-EM) to resolve the structures of 

PHFs and SFs have discovered that both are derived from the same filament core 

encompassing residues 304/306–378/380 of the tau protein (Falcon et al., 2018b; Fitzpatrick 

et al., 2017). Moreover, despite the clinical and pathological heterogeneity associated with 

AD, the filament core structure is remarkably consistent (Falcon et al., 2018b), suggesting 

common underlying mechanism(s) may drive tau filament formation in AD.

As tau pathology has been shown to spread transsynaptically in vivo (de Calignon et al., 

2012; Wu et al., 2016) and follow a stereotypical pattern of progression through the brain 

along anatomically connected pathways in AD (Adams et al., 2019; Braak and Del Tredici, 

2016), abnormal forms of tau are believed to act as seeds to recruit and convert normal tau to 

a pathologic species in a prion-like manner. This idea is supported by studies injecting AD 

brain homogenates (Ahmed et al., 2014; Boluda et al., 2015; Clavaguera et al., 2013; Guo et 

al., 2016) or synthetic tau filaments (Iba et al., 2013, 2015) into mice and demonstrating 

propagation of tau pathology through the brain from the site of injection. Moreover, this 

unique self-propagating prion-like property of abnormal tau has been exploited for 

developing a diagnostic biomarker using an ultrasensitive real-time quaking-induced 

conversion (QuIC) assay (Saijo et al., 2017). While recent studies have demonstrated that 

real-time QuIC is able to differentiate abnormal from normal tau by enhancement of 

thioflavin positivity, the assays rely on a His-tagged recombinant tau substrate and the 

presence of heparin as an inducer (Kraus et al., 2019a; Saijo et al., 2017), which may 

influence filament structure and negatively impact assay sensitivity (Falcon et al., 2015; 

Zhang et al., 2019).

In the current study, to characterize and evaluate potential seeding activity of the AD tau 

filament core sequence (referred to hereafter as the AD tau core), we first generated 

recombinant protein and demonstrated enhanced aggregation propensity relative to full-

length tau. Notably, we discovered that the AD tau core exhibits a potent ability to 

spontaneously form filaments that is not observed with full-length tau. The AD tau core was 

also able to recruit normal, full-length tau to filaments to create a pathogenic species with 

enhanced seeding capability. Taking advantage of the unique assembly properties of the 

recombinant AD tau core, we generated an antibody against AD tau core filaments that 

detects tau pathology in postmortem brain tissue from patients with AD, as well as other 

tauopathies. We also explored diagnostic potential by using the recombinant AD tau core as 

a substrate to seed onto abnormal tau species present in postmortem brain tissue and 

antemortem cerebrospinal fluid (CSF) from patients with AD. Finally, we generated the 

filament core from the primary tauopathies corticobasal degeneration (CBD) and Pick’s 

disease (PiD) and demonstrated that similar to the AD tau core, the CBD and PiD tau cores 

also spontaneously form filaments. In characterizing the assembly properties and seeding 

capacity of the AD tau filament core, demonstrating that antibodies produced from AD tau 

core filaments recognize AD tau pathology, and revealing the CBD and PiD tau cores can 

also form filaments under physiological conditions, the current study uncovers an approach 

to model tau seeding in vitro and investigate disease pathogenesis in tauopathies.
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RESULTS

The AD tau filament core exhibits unique assembly properties

To investigate the inherent aggregation properties of the AD tau filament core 

(corresponding to amino acids 306–378 of full-length 4R2N tau isoform), we cloned this 

sequence into a recombinant protein vector and optimized the purification protocol to obtain 

a highly pure protein yield of the AD tau core (Figure S1A, lane 6). Following purification, 

we assessed polymerization and filament assembly of the AD tau core, with full-length tau 

included as a positive control for aggregation. Using either dextran sulfate or heparin to 

induce assembly, we observed a significant increase in aggregation of the AD tau core 

relative to full-length tau as revealed by incorporation of thioflavin (Figures S1B, S1E, and 

S1G–S1J), a shift from the soluble to the pellet fractions in ultracentrifugation analysis 

(Figures S1C and S1F), and filament formation by EM (Figure S1D). Notably, similar 

results were observed with an equal concentration (0.4 μg/μL; Figures S1B–S1F) or molar 

ratio (10 μM; Figures S1G–S1J) of the AD tau core and full-length tau. While these results 

indicate that the AD tau core is very aggregation prone, given that heparin-induced tau 

filaments have been shown to be structurally distinct from AD brain-derived tau filaments 

(Zhang et al., 2019), the standard approach to stimulate tau filament assembly and model 

aggregation in vitro with the presence of an inducer reduces physiological relevance.

As such, we next tested various incubation conditions in the absence of an inducer. 

Remarkably, we discovered that continuous agitation of the recombinant AD tau core 

protein at 37°C leads to spontaneous filament assembly. We confirmed this finding with two 

different preparations of the recombinant AD tau core protein and demonstrated that no 

filaments are detected if the protein is incubated at 37°C in the absence of shaking (Figure 

S2A). In addition, we found that while agitation is required to promote filament assembly, 

the incubation temperature is more flexible, with filaments detected when shaking was 

performed at either room temperature or 37°C (Figure S2B). Moreover, AD tau core 

filaments are also stable following assembly, with storage at 4°C or frozen at −80°C for 48 h 

having no significant impact on filament formation (Figure S2B). Finally, while AD tau core 

filaments typically clump together, we demonstrate that sonication can be utilized to disrupt 

the large clumps and break the long filaments into smaller, shorter filaments (Figure S2C).

Following the initial characterization and determination of ideal assay and storage 

conditions, we then wanted to determine the time course of polymerization and filament 

formation. To do so, we incubated the AD tau core at 37°C with continuous agitation and 

examined aggregation by thioflavin, ultracentrifugation analysis, and EM at the indicated 

time points (Figures 1 and S3A). With three different preparations of the recombinant AD 

tau core protein, a slight increase in thioflavin was detected as early as 4–6 h, with a robust 

increase observed at 8 h (Figure 1A). Similarly, ultracentrifugation analysis revealed a subtle 

increase in the amount of AD tau core in the pellet at 4–6 h, with a striking shift from the 

soluble supernatant fraction to the insoluble pellet fraction at 8 h (Figures 1B and S3A). The 

pellet fraction was also evaluated by immunoblotting with an antibody that recognizes the 

AD tau core (77G7), which mirrored the Coomassie-blue-stained pellet fraction, and 

revealed the gradual increase in higher molecular weight tau species across time (Figure 
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1C). In addition, we verified the presence of filaments as early as 6–8 h with EM (Figure 

1D), in agreement with the thioflavin and ultracentrifugation analysis. Finally, we observed a 

dose-dependent increase in lactate dehydrogenase (LDH) release from M17 neuroblastoma 

cells treated with increasing concentrations of AD tau core filaments, indicative of toxicity 

(Figures S3B and S3C). Collectively, these results demonstrate that the recombinant AD tau 

core possesses a remarkable ability to polymerize and form toxic filaments in the absence of 

an inducer, which may increase physiological relevance.

AD core antibodies detect tau pathology in AD

To develop an antibody to detect the AD tau filament core, we utilized our optimized 

assembly paradigm to generate filaments derived from the AD tau core in the absence of an 

inducer, which was subsequently used as an immunogen. Serum collected from immunized 

rabbits (called ADC1 and ADC2) was first examined for the presence of AD tau core 

antibodies by western blotting (Figure S4A). As the AD tau core sequence is also present in 

full-length tau, the detection of both recombinant full-length tau and the AD tau core by 

ADC1 and ADC2 confirms the presence of AD tau core antibodies in serum from both 

rabbits, while the lack of immunoreactivity toward recombinant alpha-synuclein was 

assessed for specificity. Moreover, as the AD tau core is resistant to pronase digestion of AD 

tau filaments (Fitzpatrick et al., 2017), we treated the sarkosyl-insoluble tau fraction from 3 

different patients with AD with pronase and examined ADC1 and E1 (N-terminal epitope/

antibody that detects full-length tau, but not the AD tau core) immunoreactivity (Figure 

S4B). Unlike E1, which detects an N-terminal epitope that is located on the fuzzy coat of tau 

filaments in AD and is sensitive to pronase treatment (Figure S4B, right), the ADC1 epitope 

is completely resistant to pronase (Figure S4B, left). We also confirmed that similar to the 

sarkosyl-insoluble fraction from patients with AD, polymerized recombinant AD tau core is 

resistant to pronase treatment, while monomeric AD tau core is sensitive to pronase 

digestion (Figure S4B, left). Next, we examined ADC1 and ADC2 immunoreactivity in the 

sarkosyl-insoluble fraction from AD postmortem brain tissue by western blotting (Figure 

S4C), which revealed the accumulation of various tau core-containing species across 

different patients.

In order to evaluate whether antibodies generated against recombinant AD tau core filaments 

detect tau pathology in paraffin-embedded tissue sections from patients with AD, we 

performed immunohistochemistry. Consistently across brain regions, aberrant tau 

accumulation was labeled by ADC1 and ADC2 in patients with AD (Figures 2A–2C and 

2G–2I; Table S1), but not in healthy controls (Figures 2D–2F and 2J–2L), confirming 

specificity for pathological forms of tau. In addition, ADC1 and ADC2 detected pathologies 

characteristic of AD tau, including NFTs, neuropil threads, and neuritic plaques. Moreover, 

we also verified colocalization with the well-validated tau antibody PHF1 (specific for 

phosphorylation on serine 396/404) and thioflavin using confocal microscopy (Figures S5A 

and S5B). To determine the ability of ADC1 and ADC2 to recognize early versus late forms 

of tau pathology in AD, as well as to compare with the well-characterized pathological tau 

antibody CP13 (detects tau phosphorylated on serine 202), we stained hippocampal sections 

ranging in disease severity (Figures 3A–3Dd; Table S1). Notably, while CP13 labeled 

pretangles in the CA4 field of the hippocampus (Figures 3A and 3B), this early form of tau 
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pathology was not detected by ADC1 (Figures 3F and 3G) or ADC2 (Figures 3K and 3L). 

By contrast, as the CA4 becomes more affected in Braak stages IV–VI, ADC1 (Figures 3H–

3J) and ADC2 (Figures 3M–3O) detect tau pathology that is not recognized by CP13 

(Figures 3C–3E), consistent with previous observations that CP13 preferentially labels early, 

but not late, forms of tau pathology (Espinoza et al., 2008). Similar results were obtained in 

the entorhinal cortex, with the increasingly robust pathology across Braak stage detected by 

ADC1 (Figures 3U–3Y) and ADC2 (Figures 3Z–3Dd), but not recognized by CP13 (Figures 

3P–3T).

Finally, to examine whether ADC1 and ADC2 are selective for AD tau pathology, we 

performed immunohistochemistry on brain tissue from patients with progressive 

supranuclear palsy (PSP) and PiD. Similar to CP13, both antibodies detected neuronal 

inclusions and oligodendroglia coiled bodies in the basal ganglia in PSP (Figures S5C, S5E, 

and S5G) as well as Pick bodies in the frontal cortex in PiD (Figures S5D, S5F, and S5H). 

Collectively, these results indicate that antibodies generated against AD tau core filaments 

detect a pronase-resistant late stage of pathology in AD, with the filament core epitopes for 

ADC1 and ADC2 common across tauopathies.

Full-length tau increases aggregation and seeding potential of the AD tau core

Given that the AD tau core spontaneously assembles into higher ordered structures that are 

seeding competent and antibodies generated against AD tau core filaments detect tau 

pathology in AD, we wanted to further assess potential disease relevance by elucidating 

whether the AD tau filament core possesses the ability to stimulate polymerization of full-

length wild-type tau in the absence of an inducer. To do so, we utilized the assembly 

protocol we developed and incubated recombinant full-length wild-type tau (4R0N isoform) 

in the presence or absence of the AD tau core. Following 3 days of shaking at 37°C, we 

evaluated aggregation by ultracentrifugation analysis (Figure 4A) and incorporation of 

thioflavin (Figure 4B). Full-length tau and associated degradation products (due to the 

prolonged incubation at 37°C) remained localized to the soluble fraction when incubated in 

the absence of the AD tau core, as detected by E1, ADC1, and Coomassie blue staining 

(Figure 4A). By contrast, the AD tau core incubated alone remained predominantly localized 

to the pellet fraction by ADC1 immunoreactivity and Coomassie blue staining (Figure 4A). 

However, the AD tau core was able to stimulate the transition of full-length tau from the 

soluble to the pellet fraction as revealed by E1, ADC1, and Coomassie blue staining (Figure 

4A). Moreover, a dramatic increase in thioflavin signal was observed when full-length tau 

was incubated with the AD tau core (Figure 4B), indicating that the AD tau core promotes 

aggregation of full-length wild-type tau. To confirm that full-length wild-type tau forms 

filaments in the presence of the AD tau core, we performed immuno-EM using E1 and MC1 

(conformational antibody that recognizes a discontinuous epitope formed when tau’s N 

terminus interacts with the third microtubule-binding repeat domain [Jicha et al., 1997, 

1999]). Notably, we observed filaments positive for both E1 (Figure 4C) and MC1 (Figure 

4D) in reactions that contained both full-length wild-type tau and the AD tau core, indicating 

that the AD tau core acts as a seed to promote aggregation and filament formation of full-

length wild-type tau.
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Next, we examined tau seeding potential in a well-characterized biosensor cell line, in which 

stable expression of cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP)-

tagged tau fragments (amino acids 244–372) containing the P301S mutation enable 

quantification of tau seeding activity by monitoring inclusion formation and measuring 

fluorescence resonance energy transfer (FRET) (Holmes et al., 2014; Sanders et al., 2014). 

Consistent with previous reports (Holmes et al., 2014; Sanders et al., 2014), we observed a 

significant increase in FRET signal in biosensor cells exposed to the sarkosyl-insoluble 

fraction prepared from postmortem brain tissue from a patient with AD (AD P3) (Figure 

4E). Following development of assay conditions that detect seeding activity in AD P3 

material, we assessed seeding potential in the pellet fraction from the AD tau core assembled 

across time. While no seeding activity was observed in the AD tau core pellet at or prior to 8 

h of assembly, a sudden increase in FRET was detected in cells exposed to the AD tau core 

pellet assembled for 16 h, indicative of tau seeding (Figure 4F). Notably, as higher molecular 

weight tau species are detected by immunoblotting (Figure 1C) and robust filament 

assembly is observed by EM (Figure 1D) at this time point, these features may be linked to 

seeding competency of the AD tau core.

To quantitate seeding activity of AD core-induced full-length tau filaments and determine 

whether the presence of full-length wild-type tau alters the seeding potential of 

homogeneous AD tau core filaments (Figure 4F), we exposed tau biosensor cells to 

assembly reactions following 0 (monomeric protein) or 3 days of incubation. While no 

inclusions were detected in cells treated with assembly reactions from day 0 (Figures 4G–

4I), there was a marked increase in inclusion formation upon treatment with day 3 reactions 

containing both AD core and full-length tau compared with either protein alone (Figures 4J–

4L). Consistent with observations by confocal microscopy, although there was an increase in 

FRET signal detected in cells exposed to aggregated AD core compared with full-length tau 

alone, there was a dramatic increase in FRET following exposure to day 3 assembly 

reactions containing both AD core and full-length tau (Figure 4M). By contrast, there was 

no FRET signal detected in cells treated with the same concentrations of AD core and/or 

full-length tau protein prior to the 3-day assembly reaction (Figure 4M; day 0), indicating 

that polymerization into higher-ordered structures rather than just monomeric protein is 

required for FRET and seeding activity.

Pathologic, brain-, and CSF-derived AD tau species seed the AD tau core

Considering that the AD tau core can recruit wild-type tau to filaments and possesses potent 

seeding activity, we wanted to determine whether the recombinant AD tau core could be 

utilized as a substrate for a real-time QuIC assay with enhanced sensitivity and diagnostic 

potential for AD. We first identified the optimal concentration of AD tau core to enable 

template-driven seeding detection and quantification. In particular, as continuous agitation at 

37°C leads to self-assembly of the AD tau core (100 μM) within 6–8 h as reflected by the 

incorporation of thioflavin (Figure 1), new assay conditions were required to ensure minimal 

assembly of the AD tau core in the absence of test samples (e.g., brain homogenates, patient 

biofluids, etc.). Therefore, we monitored aggregation by thioflavin positivity with reduced 

concentrations of AD tau core, which revealed that while increased thioflavin is detected 

with the AD tau core alone at 25 μM, no thioflavin signal is observed at 12.5 μM (Figure 
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S6A). Following identification of 12.5 μM as the optimal concentration of recombinant AD 

tau core for the assay, we next tested different dilutions of brain homogenates to determine 

the ideal conditions. We prepared brain lysates from the frontal cortex of people with AD 

and controls (Table S1) and evaluated templating of the AD tau core in dilutions ranging 

from 10−1 to 10−9 (Figure S6B). While increased aggregation of the recombinant AD tau 

core was observed with both control and AD samples in concentrated brain homogenates, 

there was a clear separation between AD and controls at more dilute concentrations (10−8–

10−9) in the real-time QuIC assay (Figure S6B). After confirmation that no thioflavin signal 

is observed in brain homogenates diluted to 10−9 in the absence of the recombinant AD tau 

core (Figure S6C), we selected a concentration of 12.5 μM for the recombinant AD tau core 

and a dilution of 10−9 for brain homogenates as the ideal assay conditions for the real-time 

QuIC reaction. We then assessed the ability of our optimized real-time QuIC assay to 

differentiate between control and AD brain homogenates. Notably, we observed a significant 

increase in thioflavin positivity with brain lysates from the affected frontal cortex of patients 

with AD, with minimal thioflavin signal in frontal cortex lysates from controls (Figure 5A). 

Given that the cerebellum is unaffected by tau pathology in AD, we also evaluated brain 

lysates prepared from the cerebellum of people with AD as an additional control. As 

expected, we observed no increase in thioflavin positivity upon incubation of cerebellar AD 

brain lysates with the recombinant AD tau core (Figure 5A), indicating that the presence of 

pathologic AD tau species is required to stimulate aggregation of the recombinant AD tau 

core in our assay. In addition, we observed a significantly reduced thioflavin signal in brain 

lysates from patients with the tauopathies CBD, PSP, and chronic traumatic encephalopathy 

(CTE), demonstrating specificity of the assay for AD (Figure 5B; Table S1).

In order to assess biomarker potential, we modified the real-time QuIC assay to include both 

recombinant AD tau core and full-length tau (4R0N isoform) as a substrate given our finding 

that the AD core induces aggregation of full-length tau (Figure 4), as well as previous 

reports that tau species in antemortem CSF are truncated and lack the AD tau core sequence 

(Barthélemy et al., 2019; Sato et al., 2018). Following optimization of the ideal protein 

concentrations that showed no amplification of thioflavin signal in the absence of CSF, we 

determined that a volume of 2.5 μL of CSF per reaction provided the greatest separation 

between control and AD CSF samples (Figures S6D and S6E). We then tested a collection of 

10 antemortem CSF samples from people with AD compared with 10 age- and sex-matched 

controls (Table S2), which revealed a significant increase in thioflavin signal in AD CSF 

compared with control CSF (Figure 5C). These results indicate that seeding-competent tau 

species are present in AD CSF and are capable of templating mixed full-length:AD tau core 

filaments.

The CBD and PiD tau filament cores spontaneously form filaments under physiological 
conditions

Following characterization of the AD tau core, we wanted to determine whether the filament 

core in the primary tauopathies CBD and PiD would exhibit a similar tendency to assemble 

into filaments with constant agitation. To do so, we cloned the CBD core (amino acids 274–

380 corresponding to full-length 4R2N tau isoform) (Arakhamia et al., 2020; Zhang et al., 

2020) and PiD core (amino acids 254–274; 306–378 corresponding to full-length 4R2N 
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isoform; PiD core is 3R, so residues 275–305 encoded by exon 10 are missing) (Falcon et 

al., 2018a) into a recombinant protein vector, and we optimized the purification protocol for 

each core protein. In addition, we also purified the K18 tau fragment (amino acids 244–368 

of full-length 4R2N isoform; corresponds to the microtubule-binding domain of 4R tau) to 

determine how filament assembly compares with the CBD and PiD cores, as the K18 

fragment is widely used to model tau aggregation (Barré and Eliezer, 2013; Holmes et al., 

2014; Iba et al., 2013; Kaniyappan et al., 2020; Karikari et al., 2017, 2019; Sanders et al., 

2014; Shammas et al., 2015; Weismiller et al., 2018; Zhang et al., 2019). We first monitored 

thioflavin signal with shaking at 37°C to assess the kinetics of aggregation of the different 

core proteins (Figure 6A). While the assembly of the PiD core was faster than the AD core, 

the CBD core and K18 fragment exhibited a much slower rate of aggregation (Figure 6A). 

We also used EM to monitor filament formation after shaking reactions for 24 h (Figures 

6B–6E). Consistent with the thioflavin data, all tau proteins polymerized into filaments to a 

varying degree, with the AD (Figure 6B) and PiD (Figure 6D) cores driving robust filament 

assembly, while filaments derived from the K18 fragment (Figure 6C) or CBD core (Figure 

6E) were sparsely distributed across the grid. These results indicate that tau aggregation and 

filament assembly with the complete microtubule-binding domain of tau are less efficient 

than the shorter tau core proteins under physiological conditions.

DISCUSSION

In this study, we demonstrate that the potent aggregation propensity of the AD tau filament 

core drives spontaneous self-assembly into filaments, even in the absence of an inducer to 

facilitate aggregation. We also reveal that antibodies generated against recombinant AD tau 

core filaments detect AD tau pathology in patients. Providing support for the idea that the 

AD tau core can act to seed pathology, we show that the AD tau core recruits full-length 

wild-type tau to filaments, generating an abnormal tau species with enhanced seeding 

activity. Capitalizing on the unique aggregation propensity and seeding potential of the AD 

tau core, we demonstrate that abnormal forms of tau present in dilute AD brain homogenates 

and CSF template the AD tau core (combined with full-length tau for CSF) in an 

ultrasensitive real-time QuIC assay. Finally, we reveal that similar to the AD tau core, the 

CBD and PiD tau cores also spontaneously assemble into filaments albeit with different 

characteristics, while the K18 tau fragment exhibits minimal assembly under similar 

conditions. Collectively, our findings have significant implications for modeling tauopathy 

in vitro and in vivo, providing a different approach to produce tau filaments in vitro under 

more physiological conditions, which may also generate the ideal tau seed to evaluate 

propagation in vivo.

Since the initial resolution of AD tau filament structure and identification of the core 

sequence cryo-EM (Fitzpatrick et al., 2017), the field has rapidly evolved with subsequent 

discoveries, including the development of structural models for tau filaments in the primary 

tauopathies PiD (Falcon et al., 2018a), CBD (Arakhamia et al., 2020; Zhang et al., 2020), 

and CTE (Falcon et al., 2019). Therefore, while the current study has primarily focused on 

defining the aggregation and seeding propensity of the AD tau filament core, future studies 

will need to expand on this initial characterization of the CBD and PiD cores and assess how 

the three filament cores compare. As tau has been shown to undergo liquid-liquid phase 
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separation (LLPS) following phosphorylation or in the presence of RNA (Wegmann et al., 

2018; Zhang et al., 2017), it would also be intriguing in future studies to assess the 

interaction between each tau core with RNA, as well as the impact on LLPS dynamics. In 

addition, it will be particularly exciting to evaluate whether each tau core exhibits 

preferential amplification of brain- and/or CSF-derived tau species from its corresponding 

tauopathy. Considering that filaments formed by inducing tau aggregation with heparin do 

not accurately recapitulate brain-derived tau filaments (Fichou et al., 2018; Zhang et al., 

2019), it will also be important to determine whether the protocol developed in the current 

study to generate AD core-stimulated filaments (either homogeneous or heterogeneous 

filaments with full-length wild-type tau) more closely resemble the structure of AD brain-

derived tau filaments. Of note, although the AD tau core spontaneously assembles into 

filaments within 6–8 h, it is interesting that only SFs are detected, despite the fact that the 

same sequence forms the core of both straight and PHFs in AD (Fitzpatrick et al., 2017). 

Given that aggregated tau has been shown to be hyperphosphorylated and ubiquitinated in 

AD (Arakhamia et al., 2020; Cripps et al., 2006), and posttranslational modifications 

(PTMs) have been implicated in the regulation of tau filament structure (Arakhamia et al., 

2020), the lack of PTMs on the AD tau core in the current study may favor SF over PHF 

formation. In addition, as a longer tau fragment consisting of the microtubule-binding 

domain of 3R tau (244–274; 306–394) has been shown to form PHFs in vitro (Schweers et 

al., 1995), it is possible the additional flanking regions may also be required to support the 

formation of PHFs. Resolution of these key questions could illuminate critical epitopes to 

target to prevent PHF formation, as well as provide the means to generate PHFs in a high-

throughput and reproducible manner for screening purposes. This would significantly 

advance the field, providing a simple yet accurate in vitro model of tau filaments to guide 

future research efforts, such as PET ligand development, small-molecule identification and 

binding affinity optimization, and generation of new antibodies with an increased focus on 

conformational epitopes for biomarker and immunotherapy approaches. Moreover, as 

studies investigating tau propagation in vivo rely on either brain-derived insoluble tau or 

heparin-induced tau filaments (both full-length [Iba et al., 2013, 2015] and the K18 tau 

fragment [Iba et al., 2013] have been used), our results suggest the tau filament cores 

provide an alternative approach to generate abnormal tau species for in vivo propagation 

studies without the confounding effect of heparin. Given the recent identification of the low-

density lipoprotein receptor-related protein 1 (LRP1) as a master regulator of tau 

endocytosis (Rauch et al., 2020), future studies will need to assess whether the filament 

cores also act as substrates for LRP1 similar to full-length tau and the K18 fragment, which 

could reveal the ideal form of tau to use for investigating in vivo propagation (i.e., AD tau 

core alone, or AD tau core-induced full-length filaments).

While tau pathology is implicated in the functional deficits associated with AD given the 

correlation with cognitive impairment (Arriagada et al., 1992; Holtzman et al., 2011; 

Josephs et al., 2008), the pathogenic mechanism(s) to explain the onset of tauopathy in AD 

remains to be determined. Here, our discovery that the recombinant AD tau core can act as a 

seed to recruit full-length wild-type tau to filaments may have potential implications for 

disease pathogenesis. In particular, although it is unknown whether a fragment 

corresponding to the AD tau core is produced in vivo, the detection of several proteolytic 
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cleavage sites near both the 306 and 378 residues (Derisbourg et al., 2015; Quinn et al., 

2018) raises the distinct possibility that the AD tau core fragment could be generated as a 

result of aberrant proteolysis, incomplete degradation, or another yet-to-be-identified 

mechanism. In fact, a recent study demonstrated that while proteolytic cleavage of tau 

normally occurs within the AD tau core sequence, conformational changes in the tau protein 

lead to altered cleavage sites, leaving the AD tau core intact in patients with AD (Chen et al., 

2018). Our findings illustrate how failure to degrade tau within the AD core sequence could 

enhance aggregation, recruiting normal tau to inclusions and facilitating propagation in 

disease. In future studies, it will be important to assess how the flanking regions at the N- or 

C-terminal side of the AD tau core sequence impact aggregation propensity or seeding 

activity, which could identify specific tau fragments likely to be most pathogenic.

The approach utilized in the current study to model tau aggregation and filament assembly in 
vitro also provides the means to drive assembly of full-length wild-type tau, even in the 

absence of a pathogenic mutation. This increases significance and relevance to AD, which 

unlike primary tauopathies is not associated with pathogenic mutations in tau. In addition, 

our findings provide clarity for a controversy surrounding the tau biosensor cell line. In 

particular, a recent study demonstrated that GFP interferes with the in vitro assembly of 

recombinant tau due to steric hindrance (Kaniyappan et al., 2020), leading the authors to 

speculate that the presence of fluorophore tags would similarly perturb tau assembly in cell 

models, questioning the interpretation of changes in FRET signal in the biosensor cell line 

used in the current study. Moreover, the authors note the inefficient induction of FRET by 

purified tau assemblies in comparison with tissue lysates indicate that factors other than tau 

may be responsible for inducing FRET in biosensor cells, such as cytokines (Kaniyappan et 

al., 2020). However, our observation that purified AD tau core filaments and AD tau core-

induced full-length tau filaments both promote significant increases in FRET positivity in 

the tau biosensor cell line clearly indicates the response is mediated by tau, with a higher 

FRET signal associated with more aggregation-prone forms of tau, consistent with the idea 

that FRET is an indication of seeding activity in this cell model. While the resulting 

structure of the aggregated forms of tau that are FRET positive is unlikely to recapitulate 

brain-derived tau filaments, as heparin-induced tau filaments also do not recapitulate the 

structure of brain-derived tau filaments (Fichou et al., 2018; Zhang et al., 2019), the effect of 

GFP on heparin-induced tau filament formation in vitro (Kaniyappan et al., 2020) may be 

physiologically irrelevant.

In the AD tau core real-time QuIC assay developed in this report, we detected robust 

amplification in thioflavin signal in the presence of AD brain homogenates consistent with 

previous observations (Kraus et al., 2019a), but with a higher signal and greater separation 

between AD and disease controls at the lower dilutions (10−8 and 10−9) in the current study. 

The increased sensitivity could be due to the use of an untagged AD tau core substrate, the 

absence of heparin, or a combination of these two factors. In addition, our modified real-

time QuIC assay for CSF, which incorporates a mixture of AD tau core and full-length tau as 

a substrate for pathogenic tau seeds, provided remarkable sensitivity and specificity to 

differentiate antemortem CSF samples collected from patients with AD from age-matched 

healthy controls. While a recent study also observed a signal by real-time QuIC assay in 

CSF collected from a subset of people with AD (Saijo et al., 2020), as the assay conditions 
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were optimized for primary tauopathies with low sensitivity for AD tau pathology in brain 

homogenates, our AD CSF-optimized real-time QuIC assay appears to improve the detection 

of abnormal tau species in AD CSF. Consistent with these results, seeding-competent tau 

species have been detected in AD CSF (Skachokova et al., 2019). In addition, tau seeding 

activity in postmortem brain tissue from patients with AD has recently been shown to 

correlate with the aggressiveness of the disease course, indicating that alterations in tau 

seeding capacity may explain the significant clinical heterogeneity observed across the AD 

spectrum (Dujardin et al., 2020). These findings support the idea that our development of a 

quantitative assay reliant on tau’s seeding capacity will be capable of providing diagnostic 

and more importantly prognostic insight, which will be further evaluated in future studies.

In conclusion, we present evidence that the AD tau filament core possesses the capability to 

spontaneously assemble into filaments in the absence of an inducer, with antibodies 

generated against AD tau core filaments exhibiting immunoreactivity for tau pathology in 

postmortem brain tissue from patients with AD and other tauopathies. The AD tau core also 

promotes aggregation of full-length wild-type tau into filaments positive for the MC1 

conformational epitope, generating an aberrant tau species with enhanced seeding capacity. 

Finally, development of real-time QuIC assays that utilize either the AD tau core alone 

(brain) or AD tau core combined with full-length tau (CSF) as a substrate is capable of 

differentiating patients with AD from controls in both diluted brain homogenates (10−9) and 

CSF samples. Taken together, this study describes the development of reagents, assays, and 

an approach to modeling tau filament assembly in vitro that is more physiologically relevant 

than standard approaches that rely on an inducer to support tau filament formation.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Dr. Leonard Petrucelli 

(petrucelli.leonard@mayo.edu).

Materials availability—All unique and stable reagents generated in this study are 

available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability—The published article includes all datasets generated or 

analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cloning and construct generation—Human cDNAs encoding full-length wild-type tau 

(4R0N isoform), AD tau core, CBD tau core, PiD tau core, K18 tau fragment, and alpha-

synuclein were all cloned into the pET30a vector (EMD Millipore) and transformed into 

Rosetta 2(DE3) pLysS competent cells (EMD Millipore) for protein expression. All 

constructs were sequence-verified using ABI3730 with Big Dye chemistry following 

manufacturer’s protocols (Applied Biosystems, Foster City, CA, USA).
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Human samples—Human postmortem brain tissue was provided by the Mayo Clinic 

Florida Brain Bank. Information on all human postmortem patients is provided in Table S1, 

with neuropathological diagnosis on all cases determined by a single neuropathologist 

(D.W.D.). Written informed consent was obtained before study entry from all subjects or 

their legal next of kin if they were unable to give written consent, and biological samples 

were obtained with Mayo Clinic Institutional Review Board (IRB) approval. CSF samples 

from patients with AD were purchased from Precision Medicine, Inc (Solana Beach, CA). 

CSF samples from age- and sex-matched control individuals were obtained, based on 

availability, from a collection of subjects participating in the Mayo Clinic Florida Ataxia 

Program, the Mayo Clinic Florida ALS Program, and from Massachusetts General Hospital 

and Washington University through their Dominantly Inherited ALS (DIALS) Network 

study. Information for all patients with antemortem CSF is provided in Table S2.

METHOD DETAILS

Protein purification—Cultures were grown to saturation overnight, and were 

subsequently utilized to inoculate larger cultures in the morning (1:100 dilution). Cells were 

grown in Luria Broth on a shaker (220rpm, 37°C) until the OD600 reached 0.5 absorbance 

units. Protein expression was then induced with 0.5mM IPTG for 4 hours, and the cells 

collected by centrifugation and washed in 1X TBS before storing pellets at −80°C.

To purify full-length tau, as well as the Pick’s core and K18 fragment, the cell pellets were 

resuspended in lysis buffer (100mM Tris [pH8], 50mM NaCl, 1mM MgCl2, 1mM PMSF, 

1mM dithiothreitol, 21U/mL DNAase) and lysed with three freeze-thaw cycles using liquid 

nitrogen and a tepid water bath. The lysates were then centrifuged to eliminate cell debris, 

and 500mM NaCl was added to supernatants, which were heated (80°C, 10 minutes) and 

subsequently cooled on ice (10 minutes). Precipitates were removed by centrifugation, and 

the resulting supernatant was diluted 1:10 with cold water and loaded onto a 5mL HiTrap 

Mono S column (GE Healthcare Life Sciences, Pittsburgh, PA) using the ÄKTA FPLC 

system (GE Healthcare Life Sciences). The column was washed with 10 column volumes of 

wash buffer (10 mM HEPES [pH 7.4], 150 mM NaCl), and tau proteins were eluted with a 

linear gradient of NaCl at 20mM/min. Fractions collected between 250mM to 350mM NaCl 

were used for CSF RT-QuIC analysis following dialysis (10mM HEPES pH7.4 and 100mM 

NaCl), or further purified by HPLC (Shimadzu System) using a C8 column 

(PrincetonSPHER-300 C8 300A 5u 150×10 mm) for recombinant assembly evaluation. 

Fractions containing the highly-pure protein were lyophilized and stored at −80C until use.

The AD and CBD tau cores were purified by resuspending cell pellets in lysis buffer (10mM 

HEPES [pH7.4], 50mM NaCl, 1mM MgCl2, 1mM PMSF, 1mM dithiothreitol, 21U/mL 

DNAase), followed by sonication (40% power for 30 s on, 30 s off for a total of 3 minutes) 

and three freeze-thaw cycles using liquid nitrogen and a tepid water bath. Lysates were then 

centrifuged to eliminate cell debris. For the CBD tau core, 500mM NaCl was added to 

supernatants, which were heated (80°C, 5 minutes), cooled on ice (10 minutes), and 

precipitates removed by centrifugation. For both cores, the supernatant was diluted with cold 

water (1:10 for the AD tau core, 1:20 for the CBD tau core) and loaded onto a 5mL HiTrap 

Mono S column (GE Healthcare Life Sciences, Pittsburgh, PA) using the ÄKTA FPLC 
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system (GE Healthcare Life Sciences). The column was washed with 10 column volumes of 

wash buffer (10 mM HEPES [pH 7.4], 50 mM NaCl for the AD tau core, 10 mM HEPES 

[pH 7.4], 100 mM NaCl for the CBD tau core), and the protein eluted with a step gradient 

(100mM NaCl for the AD tau core, 250mM NaCl for the CBD tau core). Fractions were 

collected and stored until use at −80C.

Alpha-synuclein was purified by resuspending cell pellets in lysis buffer (10mM Tris-HCl 

[pH8] 50mM NaCl, 1mM MgCl2, 1mM PMSF, 1mM dithiothreitol, 21U/mL DNAase), and 

lysing by sonication (40% power for 30 s on, 30 s off for a total of 3 minutes). The inclusion 

body fraction was isolated by centrifugation and resuspended in buffer (10mM Tris-HCl 

[pH8], 0.75M NaCl, 1mM dithiothreitol), followed by heating (90°C, 10 minutes) and 

subsequently cooling on ice (10 minutes). Precipitates were removed by centrifugation, and 

the resulting supernatant was diluted 1:10 with cold water and loaded onto a 5mL HiTrap 

Mono Q column (GE Healthcare Life Sciences, Pittsburgh, PA) using the ÄKTA FPLC 

system (GE Healthcare Life Sciences). The column was washed with 10 column volumes of 

wash buffer (10 mM HEPES [pH 7.4], 150 mM NaCl), and alpha-synuclein protein was 

eluted with a linear gradient of NaCl at 7.5 mM/min. Fractions of approximately 1mL were 

collected and analyzed by SDS-PAGE and Coomassie blue staining. Fractions that contained 

high concentrations of purified protein were then pooled and dialyzed against 200 volumes 

of 10mM HEPES buffer at pH 7.4, and protein was subsequently frozen and stored at −80 

until use. For all protein, a BCA protein assay kit (Pierce Biotechnology, Rockford, IL) was 

used to determine protein concentration before use.

Tau assembly with inducer—The assembly reaction was performed with 0.4 μg/μL 

(Figure S1B–F) or 10 μM (Figure S1G–J) of protein solubilized in assembly buffer (10mM 

HEPES [pH7.4], 100mM NaCl, 1mM MgCl, 0.3mM dithiothreitol, 0.1mM EDTA, 2mM 

EGTA, 5 μM ThT) containing 0.04mg/mL dextran sulfate or heparin at 37°C with constant 

agitation at 330 rpm. ThT signal was measured by FLUOstar Omega (BMG) in a 96 well 

plate.

Tau assembly reaction with no inducer—To investigate assembly of the recombinant 

AD core, protein was incubated in Assembly Buffer (10 mM HEPES [pH 7.4], 100 mM 

NaCl, 1mM TCEP) at 37°C (unless otherwise indicated) at a concentration of 100μM. At the 

indicated time point, 15 uL of the reaction was incubated with 105uL of buffer (10 mM 

HEPES [pH 7.4], 100 mM NaCl, 7 μM ThT), and ThT signal measured by FLUOstar 

Omega (BMG). To evaluate co-polymerization of the AD tau core with full-length tau 

(4R0N), each protein were incubated at a concentration of 25 μM (1 μg/μL 4R0N and 0.2 

μg/μL AD tau core) in Assembly Buffer, with the assembly reaction incubated at 37°C 

shaking (220rpm) for 3 days. ThT signal was evaluated as described above. To compare the 

K18 fragment and different tau core species, each protein was incubated at a concentration 

of 100 μM in Assembly Buffer (10 mM HEPES [pH 7.4], 100 mM NaCl, 1mM TCEP, 5 μM 

ThT) at 37°C with constant agitation at 330 rpm. ThT signal was measured by FLUOstar 

Omega (BMG) in a 96 well plate.

Electron Microscopy—Polymerized tau reactions were diluted 1:4 in TBS (pH7.4), and 

absorbed onto carbon/formvar-coated 400 mesh copper grids (Electron Microscopy 
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Sciences, Hatfield, PA) for 60 s. Grids were then stained with 2% uranyl acetate (Electron 

Microscopy Sciences, Hatfield, PA) for 60 s, followed by three washes in 20uL TBS. Grids 

were examined with a Philips 208S electron microscope (Philips, Hillsboro, OR).

Immuno-Electron Microscopy—As above, polymerized tau reactions were diluted 1:4 

in TBS (pH. 7.4) and absorbed onto carbon/formvar-coated 400 mesh copper grids for 60 s. 

Non-specific binding was blocked by incubating grids with blocking buffer (1mg/mL of 

BSA in TBS) for 30 minutes at room temperature in a humidified chamber, followed by a 

60-minute incubation in primary antibody (diluted 1:200 in blocking buffer) at room 

temperature. After three washes in blocking buffer (40uL drops), grids were incubated with 

gold-labeled secondary antibody (diluted 1:20 in blocking buffer, 60 minute incubation in 

the same humidified chamber at room temperature). Grids were washed six times with TBS 

(40uL drops), stained with 2% uranyl acetate (Electron Microscopy Sciences, Hatfield, PA) 

for 60 s, and examined with a Philips 208S electron microscope (Philips, Hillsboro, OR).

Ultracentrifugation analysis—Following the polymerization reaction (40uL), samples 

were centrifuged at 266,100 × g for 40 minutes (TLA110 70000 rpm) at 4°C to separate 

soluble and insoluble fractions. The pellets containing aggregated and polymerized tau were 

resuspended in 47 μL 1× SDS sample buffer, while 7uL of 6× SDS sample buffer was added 

to the soluble fraction. The samples were boiled at 95°C for 10 minutes, separated by SDS-

PAGE on a 10% Bis-tris gel, and subsequently visualized by staining with Coomassie blue 

(Imperial Protein Staining). Immunoblotting for 77G7, ADC1 and E1 were performed as 

described below.

Sample preparation and immunoblotting procedure—Recombinant protein (50ng 

each of full-length tau, AD tau core and alpha-synuclein) was diluted in dH2O, 2× Tris-

glycine SDS sample buffer (Life Technologies), and 5% beta-mercaptoethanol (Sigma 

Aldrich), heat-denatured for 5 minutes at 95°C, and run on SDS-PAGE Tris-glycine gels 

(Life Technologies). Gels to evaluate antibody specificity, as well as gels from 

ultracentrifugation analysis (described above) were transferred to PVDF membrane 

(Millipore). Membranes were blocked in 5% non-fat dry milk in TBS/0.1% Triton X-100, 

and incubated overnight in primary antibody rocking at 4°C. Membranes were incubated in 

HRP-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch, West Grove, PA) 

for 1 hour at room temperature, and detected by ECL (PerkinElmer, Waltham, MA).

AD core toxicity in M17 neuroblastoma cells—M17 cells were treated with different 

concentrations of recombinant AD core polymerized by shaking for 24 hours in the absence 

of inducer. 72 hours following treatment, media was collected for an LDH assay following 

manufacturer’s protocols (Promega). Cells were washed with PBS, treated with trypsin for 2 

minutes, and collected by ultracentrifugation. Cell pellets were washed in PBS, and 

subsequently lysed in cell lysis buffer (50 mM Tris, 274 mM NaCl, 5 mM KCl, 5mM 

EDTA, 1% Triton X-100, 1% SDS, 1 mM PMSF, and protease and phosphatase inhibitor 

cocktails).

Pronase treatment—Sarkosyl-insoluble material was purified from 150mg of AD 

postmortem brain tissue and resuspended in 250uL TBS. Recombinant AD tau core 
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(polymerized or monomeric) was diluted to 0.125ug/uL. 40uL of each sample was incubated 

in the presence or absence of 0.4mg/mL pronase (Millipore) at 37°C. Protease inhibitor 

cocktail was then added to stop the reaction at either 1, 2 or 5 minutes as indicated. Pronase-

treated and untreated samples were then spotted onto a nitrocellulose membrane to evaluate 

immunoreactivity for ADC1 and E1 tau antibodies. Briefly, dot blots were washed in TBS 

plus 0.1% Triton-X (TBS-T), and incubated overnight at 4C with the indicated primary 

antibodies. The following day, blots were washed in TBS-T, incubated with donkey anti-

rabbit IgG secondary antibodies conjugated to horseradish peroxidase (1:5000; Jackson 

ImmunoResearch) for 1 hour, and again washed with TBS-T. Protein expression was then 

visualized by enhanced chemiluminescence treatment and exposure to film.

Seeding in FRET biosensor cells—The tau FRET biosensor cell line (ATCC® 

CRL-3275) was purchased from ATCC (Manassas, VA). Cells were seeded at 1.5×10^5 

cells/well in a 24-well plate, and 24 hours following plating were treated with different 

mixtures of recombinant material or sarkosyl-insoluble (P3) brain fraction using 0.5uL/well 

of Lipofectamine 2000 (Invitrogen). For the AD tau core time course experiment, 1uM (5uL 

of the assembly reaction) was added to each well. For the AD tau core-induced full-length 

tau copolymerization experiment, 0.25uM (5uL of the assembly reaction) was added to each 

well to test the seeding activity. Three days following treatment, cells were harvested and 

fixed with 2% paraformaldehyde for 10 minutes at room temperature. Fixed cells were 

subsequently resuspended in flow cytometry buffer (Hank’s Balanced Salt Solution buffer 

with 2% fetal bovine serum) and run on the Attune NxT Flow Cytometer (Thermo Fisher), 

with the technician blinded to sample information. CFP and FRET signals were excited with 

the 405 nm laser and detected with 460/50nm and 525/50nm filters, respectively. YFP signal 

was excited with the 488nm laser and detected with a 540/30nm filter. Gating and 

compensation strategies were performed as described(Holmes et al., 2014). Integrated FRET 

density was calculated by multiplying the median fluorescence intensity of FRET-positive 

cells by the percentage of cells that are positive for FRET, as described(Holmes et al., 2014). 

For confocal microscopy, cells were plated on poly-D-lysine-coated coverslips in a 24-well 

plate, and treated as above. Following fixation, Hoescht 33258 (1 μg/mL, H3569, Thermo 

Fisher Scientific) was used to stain cellular nuclei. Images were obtained on a Zeiss LSM 

880 laser scanning confocal microscope equipped with 405nm and 488nm excitation.

Immunohistochemistry—Paraffin-embedded tissue blocks were sectioned at 5 microns, 

mounted on positively-charged glass slides, and dried overnight in a 60°C oven. Tissue 

sections were then deparaffinized in xylene, and rehydrated in a graded series of alcohols. 

Slides were first incubated with 98% formic acid (EMD Chemicals Catalog, #FX0440–6) 

for 30 minutes, and following several washes, antigen retrieval was performed by steaming 

in distilled water for 30 minutes. Slides were then incubated with 3% hydrogen peroxide to 

quench endogenous peroxidase activity, and subsequently rinsed in distilled water prior to a 

5-minute incubation in TBS with 0.05% tween 20. Sections were then immunostained using 

the DAKO Autostainer (DAKO North America, Carpinteria, CA) and the DAKO EnVision + 

HRP system to detect ADC1 (1:2500) and ADC2 (1:5000), which were generated by 

immunizing two separate rabbits with AD tau core filaments (polymerized by shaking at 

220RPM for 24 hours, with filament formation verified by EM prior to injection). The 
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stained slides were then counterstained with hematoxylin, dehydrated, coverslipped, and 

scanned with the Leica Aperio AT2 Slide Scanner (Aperio, Vista, CA).

Immunofluorescence and thioflavin S staining—Paraffin-embedded (5 μm) of 

human hippocampal brain sections were deparaffinized and rehydrated as above. Thioflavin 

S staining was performed immediately following rehydration by incubating slides in 1% 

Thioflavin S (in dH2O) for 7 minutes, and subsequently washed in water. To colocalize 

ADC2 and PHF1, slides were incubated in 98% formic acid for 30 minutes following 

rehydration. Slides were then steamed for 30 minutes in dH2O, blocked with Dako Protein 

Block for 1 hour, and incubated with primary antibody overnight in a humidified chamber at 

4°C. The next day, slides were washed in PBS, and incubated with the corresponding Alexa 

Fluor 488- or 568-conjugated donkey anti-species (1:500, Molecular Probes) for 2 hours. 

Hoechst 33258 (1 μg/ml, Thermo Fisher Scientific) was used to stain cellular nuclei. Images 

were obtained on a Zeiss LSM 880 laser scanning confocal microscope.

RT-QuIC assay—The RT-QuIC assay was performed as previously described(Manne et 

al., 2017, 2019, 2020) with minor modifications. In brief, the RT-QuIC assay was carried out 

using a 96-well clear-bottom plate (CORNING Costar® Assay Plate) with the reaction 

mixture consisting of final concentrations of 100 mM NaCl, 10 mM HEPES, 5 μM ThT, 1 

mM TCEP and 12.5μM (10μg) of recombinant AD tau core for brain homogenates. For CSF, 

the reaction mixture contained 6.25μM recombinant AD tau core along with 6.25μM of full-

length (4R0N isoform) and two 0.8-mm silica beads (OPS Diagnostics) in each well. Brain 

tissues were homogenized to 10% (w/v) using 1X PBS with phosphatase and protease 

inhibitors and further diluted 10-fold with 1X PBS as described previously(Kondru et al., 

2017). Each reaction consisted of 2 μL of 10−9 dilution of brain tissue homogenates as a 

seed (each sample was tested in triplicate) and 98 μL of AD core RT-QuIC reaction mixture 

of a 96-well plate, with the technician blinded to sample classification. For CSF samples, 2.5 

μL of undiluted CSF was used as a seed and mixed with 97.5 μL of the reaction mixture 

containing both recombinant AD tau core and full-length tau, with the technician again 

blinded to sample information. The plates were sealed with a plate sealer (CORNING 

Thermowell™ Sealing Tape) and incubated at 30°C in a FLUOstar Omega (BMG) plate 

reader with continuous shaking (double orbital, 300 rpm) and the gain was set to 1300 units 

for brain homogenates and 1550 for CSF samples. ThT fluorescence readings were recorded 

every 30 min at excitation and emission wavelengths of 450 and 480 nm, respectively, with 

the maximum fluorescence set at 260,000. The RT-QuIC reaction was conducted for 20–48 

hours, and the results were then analyzed to identify positive samples. A sample was 

considered positive if it crossed the threshold fluorescence value, and it could be calculated 

by averaging fluorescence readings over the 2–7 hour time window plus 100 standard 

deviations.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was utilized to perform statistical analyses. Differences among groups were 

analyzed using unpaired Student’s t test (Figures 4E, S1B, S1E, S1G, and S1I), one-way 

ANOVA, with posthoc analysis using Tukey’s multiple comparisons tests (Figure 4B) or 

Dunnett’s multiple comparisons test (Figures 1A, 4F, 5B, and S3C). In addition, statistical 
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differences were also assessed by two-way ANOVA with Sidak’s multiple comparisons test 

(Figure 4M) or two-way ANOVA with repeated-measures with Sidak’s multiple 

comparisons test (Figures 5A, 5C, and 6A). p < 0.05 was considered statistically-significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The AD tau filament core spontaneously aggregates in the absence of an 

inducer

• Aggregation and seeding of full-length wild-type tau are enhanced by the AD 

tau core

• The AD tau core templates abnormal tau in brain and antemortem CSF from 

AD patients

• Tau filament cores from the tauopathies CBD and PiD also spontaneously 

aggregate
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Figure 1. Time-dependent aggregation of AD tau core with no inducer
(A) The recombinant AD tau core was incubated at 37°C with constant agitation, and 

thioflavin fluorescence was used to monitor assembly in the reaction mixtures at the 

indicated time points. Each point represents the average thioflavin signal (measured in 

triplicate) of three different preparations of recombinant protein (see ultracentrifugation data 

in Figure S3A). Data are represented as mean ± SEM. *p = 0.01; **p < 0.01; ***p < 0.001; 

****p < 0.0001.

(B and C) Assembly reactions were pelleted at the indicated time points, and the supernatant 

and pellet fractions were evaluated by SDS-PAGE followed by Coomassie blue staining (B). 

The pellet fraction was also evaluated by immunoblotting with 77G7, an antibody that 

detects the AD tau core (C).

(D) Filament formation was evaluated at the indicated time points by electron microscopy 

(EM). Scale bar represents 0.5 μm.

See also Figures S1–S3.
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Figure 2. AD tau core antibodies detect AD pathology
(A–L) Immunohistochemical analysis with the AD core 1 (ADC1; A–F) and AD core 2 

(ADC2; G–L) antibodies in paraffin-embedded tissue sections from a control (D–F and J–L) 

and AD (A–C and G–I) case. Representative images are presented from the frontal cortex 

(A, D, G, and J), temporal cortex (B, E, H, and K), and hippocampus (C, F, I, and L) as 

indicated. Nuclei are counterstained with hematoxylin. Scale bar represents 50 μm.

See also Figure S4 and Table S1.
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Figure 3. AD tau core antibodies recognize late-stage AD pathology
(A–O) Immunohistochemistry with CP13 (A–E), ADC1 (F–J), and ADC2 (K–O) was 

performed using paraffin-embedded hippocampal tissue sections from patients with different 

Braak stages, as indicated. Representative images from the CA4 field of the hippocampus 

are presented, with nuclei counterstained with hematoxylin.

(P–Dd) Immunohistochemical analysis with CP13 (P–T), ADC1 (U–Y), and ADC2 (Z–Dd) 

was performed using paraffin-embedded hippocampal tissue sections from patients with 

different Braak stages, as indicated, with representative images presented from the 

entorhinal cortex. Nuclei are counterstained with hematoxylin.

Scale bar represents 100 μm.
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See also Figure S5 and Table S1.
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Figure 4. AD tau core seeds polymerization of full-length wild-type tau
(A) The AD tau core and full-length tau were incubated alone or together for 3 days at 37°C 

with constant agitation. The assembly reactions were centrifuged to obtain the supernatant 

(S) and pellet (P) fractions, which were evaluated by SDS-PAGE followed by Coomassie 

blue staining or immunoblotting for the tau antibodies E1 or ADC1.

(B) Following the 3-day incubation, aggregation was monitored by thioflavin positivity in 

the assembly reactions. Data are shown as the mean ± SEM and were analyzed by one-way 

ANOVA with Tukey’s multiple comparisons test. *p < 0.05; ****p < 0.0001.

(C and D) Following co-incubation of the AD tau core with full-length wild-type tau, 

assembly reactions were evaluated by immuno-EM. Filaments are labeled with E1 (C) and 

MC1 (D) detected with gold particles. Scale bar represents 0.2 μm.

(E) The sarkosyl-insoluble fraction obtained from the frontal cortex of a patient with AD 

(AD P3) was added to the tau biosensor cell line, and the induction of FRET relative to 

buffer-treated cells was quantified by flow cytometry. Data are represented as mean ± SEM.

(F) Recombinant AD tau core assembled by incubating at 37°C with constant agitation (220 

rpm) for the indicated time points was added to the tau biosensor cell line. After 3 days, cells 
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were collected, and the induction of FRET was measured by flow cytometry. Data are 

represented as mean ± SEM.

(G–L) Confocal microscopy was utilized to examine inclusion formation of the YFP-tagged 

tau construct expressed in the biosensor cell line following treatment with assembly 

mixtures after 0 (G–I) or 3 (J–L) days of incubation. Assembly mixtures contained full-

length 4R0N tau alone (G and J), AD tau core alone (H and K), or full-length 4R0N and the 

AD tau core (I and L). Scale bar represents 10 μm.

(M) Tau biosensor cells were exposed to assembly mixtures on day 0 or following the 3-day 

incubation, with cell lysates collected 48 h later and FRET quantified by flow cytometry. 

Data are shown as the mean ± SEM and were analyzed by two-way ANOVA with Sidak’s 

multiple comparisons test. ****p < 0.0001.
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Figure 5. The AD tau core seeds pathologic, brain-derived AD tau species
(A) Real-time QuIC analysis was performed with the AD tau core alone, or with brain 

homogenates diluted 10−9. Trace for the AD tau core alone was performed in triplicate. 

Lines corresponding to AD (frontal cortex or cerebellum) or control (frontal cortex) 

represent the average of 10 cases (each case performed in triplicate; see Table S1 for case 

information), with error bars depicting SEM. Significant differences between AD and 

control frontal cortex samples were first detected at 7.5 h (p = 0.02), reaching p < 0.0001 by 

8.5+ h. (B) Real-time QuIC analysis was performed with brain homogenates prepared from 
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the frontal cortex and diluted 10−9. Lines corresponding to each group represent the average 

of all cases (AD n = 13, CBD n = 4, PSP n = 4, CTE n = 3, control n = 2), with each case 

tested in triplicate, and errors bars depicting SEM. AD samples were significantly different 

from CBD, PSP, CTE, and control cases (p < 0.0001).

(C) Real-time QuIC analysis using the AD tau core and full-length tau mixture was 

performed with antemortem CSF from control or AD patients. Line graph represents the 

average of 10 control or 10 AD cases (see Table S2 for case information), with each case 

measured in quadruplicate, and errors bars depicting SEM. AD samples were significantly 

different from control samples by 16 h (p = 0.04), reaching p < 0.0001 by 19 h.

See also Figure S6 and Tables S1 and S2
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Figure 6. Filament assembly of different tau fragments
(A) The recombinant K18 fragment and AD, CBD, and PiD tau cores were incubated at 

37°C with constant agitation, and assembly was monitored by thioflavin fluorescence at the 

indicated time points. The experiment was performed in triplicate, with the data represented 

as mean ± SEM. The PiD core was significantly different from other cores at 5 h (p = 0.04), 

reaching p < 0.0001 by 6 h. The difference between the PiD and AD cores was no longer 

significant by 15.5 h. The AD core was significantly different from the K18 and CBD cores 

by 11.5 h (p < 0.002) and 12 h (p < 0.0001).

(B–E) Filament formation by recombinant AD tau core (B), K18 fragment (C), PiD tau core 

(D), and the CBD tau core (E) following shaking at 220 rpm for 24 h was evaluated by EM. 

Scale bar represents 0.2 μm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-tau (77G7, 316–355) Biolegend Cat#816701; RRID:AB_2564801

Rabbit polyclonal anti-AD core filaments (ADC1) This paper ADC1; RRID:AB_2888919

Rabbit polyclonal anti-AD core filaments (ADC2) This paper ADC2; RRID:AB_2888920

Rabbit polyclonal anti-Tau (Human-specific) L. Petrucelli, Mayo Clinic; 
Jacksonville, FL; USA

E1; RRID: 2819185

Mouse monoclonal anti-tau (conformational epitope 5–
15, 312–322)

P. Davies, Albert Einstein College of 
Medicine; New York, NY; USA

MC1; RRID:AB_2314773

Mouse monoclonal anti-GAPDH Meridian Life Science Cat#H86504M; RRID:AB_151542

Mouse monoclonal anti-alpha-synuclein BD Biosciences Cat#610787; RRID:AB_398108

Mouse monoclonal anti-pTau (phosphorylated at Ser202) P. Davies, Albert Einstein College of 
Medicine; New York, NY; USA

CP13; RRID: AB_2314223

Mouse monoclonal anti-pTau (phosphorylated at Ser396 
and Ser404)

P. Davies, Albert Einstein College of 
Medicine; New York, NY; USA

PHF1; RRID: AB_2315150

peroxidase-conjugated donkey anti-rabbit Jackson ImmunoResearch Cat#711–036–152; RRID: AB_2340590

peroxidase-conjugated donkey anti-mouse Jackson ImmunoResearch Cat#715–036–150; RRID: AB_2340773

18nm colloidal gold-conjugated goat anti-mouse Jackson ImmunoResearch Cat#115–215–146; RRID: AB_2338738

6nm colloidal gold-conjugated goat anti-rabbit Jackson ImmunoResearch Cat#111–195–144; RRID: AB_2338015

Donkey anti-rabbit Alexa Fluor 488 Invitrogen A-21206; RRID:AB_2535792

Donkey anti-mouse Alexa Fluor 568 Invitrogen A10037; RRID:AB_2534013

Donkey anti-rabbit Alexa Fluor 568 Invitrogen A10042; RRID:AB_2534017

Bacterial and virus strains

Rosetta 2(DE3)pLysS competent cells Millipore/Sigma 71403

Biological samples

Human postmortem brain tissue (see Table S1) Mayo Clinic Brain Bank http://www.mayo.edu/research/
departments-divisions/
departmentneuroscience-florida/brain-
banks/mayo-clinic-brain-bank

CSF samples from AD patients (see Table S2) Precision Medicine https://www.precisionmed.com/services/
csf-samples/

CSF samples from control patients (see Table S2) Mayo Clinic Florida, Massachusetts 
General Hospital and Washington 
University

N/A

Chemicals, peptides, and recombinant proteins

DNase Sigma-Aldrich D5025

dextran sulfate (MW6500–10000Da) Sigma-Aldrich D8906

heparin Sigma-Aldrich H4784

Thioflavin T Sigma-Aldrich T3516

beta-mercaptoethanol Sigma-Aldrich M3148

dithiothreitol (DTT) Sigma-Aldrich D9779

isopropyl 1-thio-D-galactopyranoside (IPTG) Thermo Fisher Scientific BP1755
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REAGENT or RESOURCE SOURCE IDENTIFIER

Imperial protein stain (Coomassie blue) Thermo Fisher Scientific 24615

protease inhibitor cocktail EMD Millipore 539131

PMSF Thermo Fisher Scientific 36978

phosphatase inhibitor cocktails A and B Bimake B15001

pronase EMD Millipore 537088

Western Lightning Plus-ECL PerkinElmer NEL105001EA

Thioflavin S Sigma-Aldrich T1892

Hoescht 33258 Thermo Fisher Scientific H3569

recombinant AD tau core This paper N/A

recombinant full-length human tau (4R0N) This paper N/A

recombinant Pick tau core This paper N/A

recombinant CBD tau core This paper N/A

recombinant K18 tau fragment This paper N/A

recombinant alpha-synuclein This paper N/A

BigDye Terminator v3.1 Applied Biosystems 4337455

HiDi formamide Thermo Fisher Scientific 4311320

TCEP Sigma-Aldrich 646547

lipofectamine 2000 Invitrogen 11668500

formic acid EMD Chemicals Catalog FX0440–6

uranyl acetate Electron Microscopy Sciences 22400

TFA Sigma-Aldrich T6508

Kanamycin sulfate VWR 0408–25

Chloramphenicol Millipore 220551

LB Broth Miller Thermo Fisher Scientific BP1426–2

Acetonitrile Thermo Fisher Scientific A9906–4

Critical commercial assays

BCA protein assay Thermo Fisher Scientific 23227

cytotox 96 non-radioactive cytotoxicity assay Promega G1780

EnVision+HRP system for Rabbit antibodies Dako K401111

EnVision+HRP system for Mouse antibodies Dako K400711

Deposited data

raw data This paper see raw data file

Experimental Models: Cell Lines

Tau RD P301S FRET biosensor ATCC CRL-3275

Recombinant DNA

AD tau core This paper N/A

Pick’s tau core This paper N/A

CBD tau core This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/

Omega Data Analysis BMG https://www.bmglabtech.com/

Other

formvar/carbon copper grids 400 mesh Electron Microscopy Services FCF400-Cu

HiTrap SP HP column GE Healthcare Life Sciences 17–1152–01

HiTrap QP HP column GE Healthcare Life Sciences 17–1154–01

PrincetonSPHER-300 C8 300A 5u 150 ×10 mm column Princeton 150100–08502

96-well Costar Assay plate; clear-bottom Corning 3631

0.8mm silica beads OPS Diagnostics BMBG800–200–02

Thermowell Sealing Tape Corning 6570
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