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Abstract

Tau assembilies, associated with tauopathies, are believed to self-propagate through prion-like mechanisms

in the central nervous system, driving neurodegeneration. Recently, protein seed amplification assays have
emerged as highly sensitive methods for detecting trace amounts of misfolded protein assemblies across

various neurodegenerative diseases. In this study, we utilized protein misfolding cyclic amplification (PMCA) to
demonstrate that tau assemblies from the brains of transgenic mice or human patients with tauopathies can be
efficiently amplified. Amplification was achieved using complex matrix substrates, such as brain homogenates

or cell lysates expressing aggregation-prone mutant tau proteins, with heparin as a cofactor. This assay enabled
the highly sensitive detection of tau assemblies, even at 1-million-fold dilutions of brain homogenate from aged
and symptomatic THY-Tau30 transgenic mice (a model of tauopathy) and human cases of frontotemporal lobar
degeneration (FTLD-P307L). Tau assemblies from Alzheimer’s disease (AD) patients were also successfully amplified,
albeit with lower sensitivity compared to other tauopathies. Critically, the PMCA-generated tau assemblies retained
seeding competence, inducing further tau aggregation in reporter tau “biosensor” cells and in young THY-Tau30
mice following intracerebral injection. Together, our findings establish PMCA as an in vitro model for studying

the seeded aggregation of tau assemblies, providing a powerful tool to advance research into tau aggregation
mechanisms and the development of therapeutic interventions.
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Introduction

In Alzheimer’s disease (AD) and related neurodegen-
erative tauopathies, the microtubule-associated tau pro-
tein misfolds into self-replicating assemblies that spread
throughout the brain and promote disease progression.
Different tauopathies are characterized by distinct clini-
cal symptoms and neuroanatomical distribution of tau
filamentous inclusions. Tau pathology usually begins in a
disease-specific brain location and then spreads through
brain networks in a predictable pattern [1]. It is gener-
ally hypothesized that the spreading of tau pathology
follows a prion-like seeded aggregation mechanism that
involves a structural corruption of tau monomers by pre-
formed tau seeds, resulting in newly formed tau assem-
blies [2]. In this context, tau seeds refer to misfolded,
aggregation-prone tau assemblies that template the con-
version of native tau into pathological aggregates. These
seed-competent species are believed to drive the spread
of tau pathology across brain regions, making them cen-
tral to disease progression in tauopathies. Their capacity
to induce and amplify aggregation also underpins ultra-
sensitive seed amplification assays, underscoring their
promise as diagnostic biomarkers for tauopathies. At the
molecular level, cryo-electron microscopy (cryo-EM)
studies have revealed different structures of brain-derived
tau filaments associated with different tauopathies [3-5].
These findings support the view that a conformational
diversity or “strains” of tau aggregates underlie different
tauopathies.

In the adult human brain, six tau isoforms are
expressed through alternative mRNA splicing of a sin-
gle MAPT gene. These isoforms differ by the inclusion
or exclusion of two exons encoding sequences near the
N-terminus of the protein (exons 2 and 3) and one exon
encoding an additional microtubule-binding repeat near
the C-terminus (exon 10). This results in the produc-
tion of three tau isoforms with four microtubule-binding
repeats (4R) and three isoforms with three repeats (3R).
Notably, the relative proportions of 3R and 4R tau iso-
forms that are recruited into tau aggregates vary among
tauopathies. For example, AD and chronic traumatic
encephalopathy (CTE) are characterized by tau aggre-
gates composed of both 3R and 4R tau isoforms (3R/4R
tau pathology). In contrast, Pick’s disease (PiD) is associ-
ated with the aggregation of mainly 3R tau isoforms (3R
tau pathology) whereas progressive supranuclear palsy
(PSP) and corticobasal degeneration (CBD) are mainly
associated with the aggregation of 4R tau isoforms (4R
tau pathology). Mutations in MAPT can also give rise to
different tauopathies called frontotemporal lobar degen-
eration (FTLD-MAPT) with filamentous tau inclusions
that, depending on the mutation, are made of either 3R,
4R or both 3R/4R tau. Mutations of amino acid P301
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(P301S, P301L, P301T) are the most common FTLD-
MAPT mutations and cause pure 4R tauopathies [6, 7].

Recently, in vitro proteopathic seed amplification
assays (SAAs) that were adapted from the prion field
have emerged as ultrasensitive methods for monitoring
the self-seeding activity of a variety of misfolded pro-
tein aggregates, including alpha-synuclein [8-11], tau
[12-15] and TDP-43 [16, 17]. Due to their amplification
power, these assays have immediate clinical applications
for early diagnosis and therapeutic developments but
also have the potential for being used as research tools
by providing mechanistic insights into protein seeding
processes. Two distinct SAAs are currently largely used:
real-time quaking induced conversion (RT-QuIC) and
protein misfolding cyclic amplification (PMCA). Both
techniques rely on a similar concept of cyclic recruitment
of monomers onto pre-existing assembly template (seed)
resulting in fibril elongation followed by fragmentation
generating further templates in an autocatalytic fashion.
The major differences between RT-QulC and PMCA
lie in the monomer substrate nature (recombinant vs.
brain- or cell-derived) and the mode of fibril fragmenta-
tion (shaking vs. sonication). Consequently, the products
of RT-QulIC and PMCA reactions are biophysically and
biologically different and it is noteworthy that for prions
the RT-QulIC products are not transmissible to animals
[18, 19] while PMCA produces transmissible aggregates
that retain strain properties in rodents [20-22]. In the
case of tauopathies, successful in vitro amplification of
tau aggregates across different tauopathies and in vari-
ous biospecimens (brain homogenates, CSF and skin)
has been achieved using RT-QulIC [12-15, 23, 24] how-
ever very little is known about the potential of the PMCA
technique for the amplification of tau assemblies.

Here, we report that PMCA can efficiently amplify
seeding-competent tau assemblies in vitro. We explored
different sources of tau seeds, including brain-derived
aggregates from a transgenic mouse model of tauopathy
(THY-Tau30) [25] and human brain samples, together
with various substrates and experimental conditions that
enabled the sensitive amplification of tau assemblies. We
provide proof-of-principle for a PMCA-based ampli-
fication of human tau seeds derived from the brains of
patients with genetic forms of tauopathies (FTLD-P301L)
or sporadic AD. We further show that the PMCA-gener-
ated tau aggregates are seeding-competent both ex vivo
in tau biosensor cells [26] and in vivo following intracere-
bral injection in young THY-Tau30 mice. These findings
indicate that PMCA can generate biologically transmissi-
ble tau assemblies and establish it as a new in vitro model
to advance future research on tau aggregation.
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Materials and methods

Mouse and human brain samples

Brains from wild-type and transgenic mice including (1)
THY-Tau30 (generated by microinjection in C57BL/6 of
the vector bearing the human tau 1N4R isoform cDNA
mutated at positions P301S/G272V under the Thyl.2
promoter [25]), (2) TauKiV5 (Tau knock-in generated
by insertion of the human taulN4R P301L cDNA in the
ATG locus of mouse tau [27]), (3) KO-Tau (Tau knock-
out mice generated by insertion of the GFP which leads
to a targeted disruption of exon one of mouse tau [28]
(JAX stock #004779, Jackson)) and (4) WT C57BL/6
mice, were, after collection, rinsed in cold PBS and
immediately frozen on dry ice before long-term storage
at — 80 °C.

Human frontal cortex brain tissues from non-
demented controls (n=2), FTLD-P301L cases (n=2) and
AD patients (n=2) were obtained from the Lille Neuro-
bank and the Neuro-CEB Brainbank. Cases were anony-
mized, but information was provided regarding sex, age
at death, and neuropathology (Supp. Table 1).

Cell culture

The stable Tau RD P301S FRET Biosensor cells (ATCC
CRL-3275) and HEK293T (ATCC CRL-3216) cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, 13345364) with pyruvate and with-
out HEPES complemented with GlutaMax 1X (Gibco,
35050061), 10% foetal bovine serum (Gibco, A5256701)
and 1% penicillin-streptomycin. The cells were main-
tained in a humidified incubator with 5% CO,. Cell split-
ting was done twice a week. To generate cell substrate
containing soluble 1N4R-P301L human tau, HEK293
cells were transduced by lentiviral vectors (LV) encod-
ing IN4R-P301L or 1N4R wild-type human tau isoforms
as previously described [29, 30]. Briefly, HEK293 cells
were seeded on 6-well plates and infected by LV vectors
encoding h1N4R-P301L or hIN4R-WT tau. Cells were
amplified post-infection and pellets from 6xT150 plates
were kept at — 80 °C until use. The levels of h1N4R-P301L
and h1IN4R-WT tau were determined by Western blot-
ting and ELISA as previously described [30].

Tissue homogenization

Depending on their final use, as seed or substrate, two
different protocols were applied for tissue homogeniza-
tion. For PMCA substrates, whole mouse brains were
homogenized at 10% (w/v) in ice-cold conversion buffer
(1X PBS containing 150 mM sodium chloride, 0.1% Tri-
ton, protease inhibitor cocktail EDTA-free (Roche)) in
a 10 mL glass potter tissue grinder. Tissue was homoge-
nized with 15 up and down strokes, transferred to 1.5 mL
Eppendorf tubes and centrifuged at 2000 x g for 1 min at
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4 °C. The supernatant was collected and aliquoted in sin-
gle-experiment aliquots before freezing at — 80 °C.

For PMCA seeds, THY-Tau30 mice (at 2- and
10-months-old) and human brain homogenates were
prepared at 10% (w/v) in ice-cold PBS with protease
inhibitor cocktail EDTA-free (Roche). Tissues were
homogenized using a high-speed homogenizer (Bead-
Bug), transferred to 1.5 mL Eppendorf tubes and clarified
at 2000 x g for 2 min at 4 °C before freezing at — 80 °C.
PMCA “cell substrate” was obtained by resuspend-
ing transduced HEK293 cell pellets (the equivalent of 6
confluent T-175 flasks) in 2.5 mL of 10% (w/v) KO-Tau
mouse brain homogenate, placed on a rotating wheel at
4 °C for 30 min and centrifuged at 2000 x g for 6 min. The
supernatant was collected before freezing at — 80 °C in
single-experiment aliquots.

PMCA assay

For PMCA reactions, brain or cell substrates prepared
in conversion buffer were supplemented immediately
before use with 100 pg/mL low molecular weight heparin
(Sigma, H3393). Ninety uL of substrate were seeded with
10 pL of serially 10-fold diluted brain material and placed
in PCR-tubes containing three Teflon beads (diameter
2.388 mm; Marteau & Lemarié). Unseeded or mock-
seeded substrates were also included in each PMCA
experiment as negative controls. Unless otherwise stated,
one PMCA reaction (1 round) consists in 96 cycles, each
cycle being composed of an incubation step (29 min 40 s)
and a sonication step (20 s at ~150 W) at 37 °C using a
Q700 sonicator (Qsonica). For serial PMCA, amplified
materials were diluted 1:10 in fresh heparin-supple-
mented substrate and subjected to a new PMCA round.
After PMCA reaction, samples were stored at -80 °C in
0.5 mL microtubes.

Enzymatic digestion of tau aggregates

Brain homogenates and PMCA samples were subjected
to proteinase K (PK) or elastase (ELA) digestion to assess
protease-resistant tau proteins. Samples were incubated
with PK (20 pg/mL, Sigma) or ELA (2 mg/mL, Euro-
bio) for 30 min at 37 °C in a Thermomixer with agita-
tion (600 rpm). For downstream Western blot analysis,
reactions were stopped by denaturation of the samples
at 100 °C in NUPAGE-LDS buffer (Invitrogen) contain-
ing p-mercaptoethanol. For HTRF analysis of digested
samples, reactions were stopped by the addition of 2 mM
phenylmethylsulfonyl fluoride (PMSEF).

Immunoblotting

Brain extracts and PMCA samples were denatured at
100 °C in NUPAGE-LDS sample buffer (Invitrogen)
containing [-mercaptoethanol. For undigested and
digested samples, respectively ~ 10 pg total proteins and
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the equivalent of ~60 pg digested proteins were run on
4-12% NUPAGE gels (Invitrogen) and electrotransferred
to PVDF 0.45 um membranes (Biorad). After a blocking
step in EveryBlot Blocking solution (Biorad), Western
blots were performed using ab64193 (anti-tauR1 epit-
ope 259-266, 1:5000, Abcam), Tau5 (epitope 210-230,
1:1000, Calbiochem), 8E12 (in house antibody, 1:1000,
epitope 371-389) or 7F5 (in house antibody, 1:1000,
epitope 427-441) primary antibodies diluted in Every-
Blot Blocking solution and incubated overnight at 4 °C.
After washing in Tris-buffered saline with 0.1% Tween 20
detergent (TBST), fluorescent StarBright 520 anti-mouse
or anti-rabbit were used as secondary antibodies (Biorad)
for 1 h at RT. After washing in TBST, membranes were
imaged dry on the imaging system ChemiDoc MP (Bio-
rad) and analysed with Image Lab software (Biorad).

Homogenous time-resolved fluorescence (HTRF) assay

To assess the presence of tau aggregates in our samples,
we used the HTRF Tau Aggregation Kit (Revvity) with
low volume 96-well microplates according to the manu-
facturer’s instructions. This assay detects human tau
aggregates in brain tissues and cell cultures. HTRF was
performed directly on crude brain homogenates before
and after PMCA amplification. However, before HTRF
analysis and depending on the samples analysed, a dilu-
tion step (1:10, 1:20, 1:30 or 1:50) was needed to obtain
the best signal-to-noise ratio and/or to avoid “hook”
effects. Briefly, tau aggregates were measured using a
sandwich immunoassay involving an anti-tau monoclonal
antibody specific for tau aggregates labelled with terbium
cryptate or d2. Ten pL of diluted sample were transferred
to the assay plate for the detection of tau aggregates, then
10 pL of antibody mix labelled with HTRF fluorophores
were added in a single dispensing step in the 96-well
plate. Plates were sealed, incubated for 20 h at room tem-
perature and read using the Victor X4 Microplate Reader
(Perkin). After excitation at 340 nm, FRET signals were
measured at 665 nm and 620 nm, and the HTRF signal
was expressed as the ratio of the two emission signals
(665/620). Tau aggregation was expressed as %dF (delta
F), defined as the percentage increase in HTRF signal
relative to unseeded control samples after background
subtraction. Data were analysed using GraphPad Prism
software.

FRET-tau biosensor cell assay

Tau RD P301S FRET Biosensor cells and HEK293T
cells were plated into a 12-well plate with 150,000
cells per well, 24 h before treatment. Sonicated Tau
[244-368], also called K18 fibrils (2 pM, as prepared in
[31]) were used as a positive control and PBS as nega-
tive control of the FRET assay. Serial dilutions of seed
X were done in 100 pL PBS which were completed
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with 100 pL of Lipofectamine2000 (Life Technologies,
11668019) diluted at 1:10 in Opti-MEM (Fisher Scien-
tific, 31985062). The transfection mixtures were incu-
bated for 20 min at RT and gently added in the culture
medium of the cells. 72 h after transfection, the cells
were detached by pipetting in warm PBS. Centrifugation
at 800 x g for 5 min was used to pellet the cells and to
remove excess PBS. Next, Zombie NIR (fixable viability
kit; BioLegend, 1:200) was added to allow exclusion of
dead cells by flow cytometry. Cells were centrifuged and
excess zombie NIR was removed and 500 uL. warm PBS
was added as a rinsing. This PBS was removed and cells
were fixed in 2% paraformaldehyde (PFA) for 10 min at
RT. As a final step, cells were suspended in 300 pL PBS
for downstream cytometry analyses. The flow cytometer
Aria SORP (BD Biosciences; acquisition software FACS-
Diva v7.0, BD Biosciences) with the following excitation/
emission wavelengths: excitation 405 nm, CFP emis-
sion 466 +40 nm and FRET YFP 529+ 30 nm; excitation
488 nm, YFP emission 529 + 30 nm was used. The FRET
data were quantified using the Kaluza analysis software
v2. Results were expressed as the percentage of FRET-
positive cells. For the experiments shown in Fig. 6b,
measurements were obtained from three independent
PMCA samples, each analysed in duplicate within three
independent FRET biosensor experiments with at least
10,000 cells per replicate analysed. This resulted in a total
of n=18 data points per condition. A LDH assay kit was
used to evaluate LDH activity released from cells accord-
ing to the manufacturer’s instructions (Cytotoxicity
Detection Kit; Roche Applied Science, Meylan, France).
Triton X-100 was used as a positive control to induce
100% of cell death. Culture media were collected and
centrifuged at 250 x g for 10 min. The LDH activity was
determined from the supernatant (absorbance at 490 nm)
and the % of cell viability expressed as percentage relative
to triton-treated cells.

Stereotaxic injections, tissue processing and
immunohistochemistry

One-month-old anesthetized THY-Tau30 mice were
submitted to stereotaxic intra-hippocampal bilateral
injections at the bregma coordinates: posterior AP: -2.5,
midline ML: — 1 and +1 and vertical depth DV: - 1.8
with the products of a cell-based PMCA reaction seeded
with a 1077 dilution of seed X in HEK293-Tau-P301L cell
lysate supplemented with KO-Tau mouse brain homog-
enate with or without PMCA or the cell substrate alone
subjected to 96 PMCA cycles.

One month later, THY-Tau30 mice were deeply anes-
thetized and trans-cardially perfused with ice-cold 0.9%
saline solution, then with 4% PFA for 10 min. The brains
were immediately removed, fixed overnight in 4% PFA,
washed in PBS, placed in 20% sucrose for 16 h, and frozen
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in isopentane until further use. Free-floating coronal Sect.
(40-pm thickness) were obtained using a cryostat micro-
tome and next used for immunohistochemistry. Non-
specific binding was blocked by using “Mouse in Mouse”
reagent (1:100 in PBS; Vector Laboratories). Brain slices
were next incubated with the primary monoclonal bio-
tinylated antibodies MC1 (1:1000, Peter Davies’ lab) or
AT8 (1:500, ThermoFisher Scientific) in PBS containing
0.2% Triton X-100, 16 h at 4 °C. The next day, slices were
incubated with biotinylated anti-mouse secondary anti-
body (1:400, Vector Laboratories). Labelling was ampli-
fied by incubation with the avidin-biotin-HRP complex
(ABC kit, 1:400 in PBS, Vector Laboratories) prior to
addition of diaminobenzidine tetrahydrochloride (DAB,
Sigma) in Tris-HCI 0.1 mol/L, pH 7.6, containing H,O,
for visualization. Brain sections were mounted, air-dried,
steadily dehydrated, cleared in toluene, and cover-slipped
with VectaMount (Vector Laboratories). Mounted brain
sections were analysed blindly using stereology soft-
ware (Mercator image analysis system, Explora Nova).
Threshold was established manually to present a mini-
mum background and remained constant throughout
the analysis. The number of detected objects was related
to the surface area. The region defined as quantification
zone is CAl from bregma—-1.9 to bregma-2.9 (based on
the Mouse Atlas, George Paxinos and Keith B.]J. Franklin,
Second Edition, Academic Press).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software. P values were determined using two-way
ANOVA tests. Differences were considered to be statis-
tically significant when p <0.05. For the FRET biosensor
cell assay and the in vivo assay, the Shapiro-Wilk test was
performed to assess the normality, after which a Kruskal-
Wallis, non-parametric test was applied.

Results

Biochemical characterization of tau aggregates in THY-
Tau30 mice

In our initial attempts to develop a PMCA-based tau
amplification assay, we used the THY-Tau30 (Tau30)
transgenic mouse model of tauopathy expressing human
tau protein (1IN4R isoform) bearing two pathogenic
mutations (P301S and G272V) [25]. These mice develop
age-dependent brain atrophy, progressive motor impair-
ment, neurofibrillary tangles and decreased survival
Because PMCA reactions are carried out in a complex
matrix of crude brain homogenate, which is not compat-
ible with the use of fluorescent amyloid dyes like thio-
flavin T, we first looked for biochemical readouts of tau
aggregation in brain homogenates. We evaluated two dif-
ferent readouts of tau aggregation in brain homogenates
of Tau30 mice, which consisted of an immunoblot assay
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after enzymatic digestion to identify protease-resistant
tau fragments (tau™’) and of a commercially available tau
aggregation assay based on homogeneous time resolved
fluorescence (HTRF) detection (Revvity).

First, the protease resistance of tau aggregates was
evaluated from Tau30 brain homogenates by denatur-
ing Western blot and using multiple anti-tau antibodies
(Fig. 1a), an approach previously described for the char-
acterization of human tau aggregates [32]. We compared
brain homogenates from 2-months-old mice (prior to
tau lesion onset) versus 10-months-old mice (advanced
tau lesions) and tested two different proteases, elastase
(ELA) (Fig. 1b) and proteinase K (PK) (Supplementary
Fig. 1). Both proteases generated tau™® fragments from
Tau30 mouse brain homogenates that were detected
with the Ab64193 antibody (epitope 259-266; belong-
ing to the microtubule-binding repeat domain (MTBR) 1
(R1) (Fig. 1a)). Since the patterns of the tau™® fragments
obtained with both enzymes were similar, we continued
the study with elastase only. The comparison of 2- versus
10-months-old Tau30 mice revealed that ELA-generated
tau™® fragments (between 10 and 25 kDa) are abundant
in 10-months-old mice while very low levels of tau™*
fragments can be detected after immunoblots overexpo-
sure in 2-months-old mice (Fig. 1b). Because these frag-
ments were not detected in the wild-type mouse brain
homogenate (C57BL/6), it suggests that they are derived
from human tau which is expressed in Tau30 mice. We
next performed epitope mapping of the tau™ fragments
using additional anti-tau antibodies (Tau5, 8E12 and
7F5) which recognize epitopes in the proline-rich region
upstream of the MTBR (Tau5), directly downstream
of the R4 domain (8E12) or near the C-terminus (7F5)
(Fig. 1a). Among them, only 8E12 could detect some
tau™® fragments in aged Tau30 mice (Fig. 1b) suggesting
that the elastase-resistant core of tau is mostly centred
around the MTBR but also extends further downstream
of the R4 domain. Together, these data demonstrate that
Western blot analysis after proteolysis, i.e., to generate
protease-resistant tau™ fragments, can be used as a read-
out of tau aggregation in the Tau30 model.

Subsequently, we analysed the tau aggregates in Tau30
mice brain homogenates by using the HTRF-based detec-
tion kit without protease treatment (Fig. 1c). In this assay,
tau aggregates are measured using an immunoassay
involving anti-tau monoclonal antibodies labelled with
two different fluorophores. A HTRF signal was detected
in 10-months-old mice but not in 2-months-old mice
(n=6 mice for each age), suggesting that this assay can
detect disease-associated tau species that accumulate
with aging in Tau30 mice. The specificity of the signal
was validated using KO-Tau and wild-type mouse brain
homogenates as controls. Further, ELA treatment of
10-months-old Tau30 mouse brain homogenate prior to
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Fig. 1 Molecular characterization of tau aggregates in the Tau30 model. a Schematic representation of the epitopes targeted by the anti-tau antibodies
included in this study (human 2N4R tau numbering): Tau5 (210-230), Ab64193 (259-266), 8E12 (371-389) and 7F5 (427-441). b Immunoblots of brain
extracts from different mouse lines (KO-Tau, C57BL/6, Tau30 at 2- or 10-months-old) before or after elastase digestion using four different anti-tau antibod-
ies. ¢ HTRF-based detection of tau aggregates in different brain homogenates (KO-Tau, C57BL/6, Tau30 at 2- or 10-months-old) before or after elastase

digestion (mean +SD; n=6 biological replicates). ****p <0.0001

HTREF analysis completely abolished the signal. This sug-
gests that the anti-tau antibodies present in the HTRF kit
do not recognize the tau™ fragments previously identi-
fied by immunoblot. Overall, the complementarity of
both types of readouts allows for the monitoring of tau
assemblies formation during aging in the Tau30 mouse
and in PMCA reactions.

PMCA accelerates tau aggregation in vitro in Tau30 mouse
brain homogenate

To test whether PMCA can accelerate the aggregation
of tau in the Tau30 model, we first performed PMCA
auto-aggregation experiments (without addition of exog-
enous seeds) using brain homogenates from either 2- or
10-months-old Tau30 mice (Fig. 2). After 96 cycles of
sonication-incubation, we observed a clear increase
in the tau HTRF signal in 10-months-old Tau30 brain
homogenates, but also to a lesser extent in 2-months-old
Tau30 brain homogenates (Fig. 2a). These results were

confirmed by immunoblot analysis after ELA digestion
(Fig. 2b), showing the presence of ELA-resistant tau™
fragments in PMCA-treated Tau30 mouse brain homog-
enates. Together, these data show that sonication-incuba-
tion cycles induce the de novo formation of tau aggregates
in vitro. Notably, the PMCA-induced tau aggregation in
Tau30 mice required the addition of heparin as a cofac-
tor. The sonication process was instrumental in accelerat-
ing tau aggregation as shown in control samples in which
sonication was replaced by shaking (shaking condition),
or only incubation at 37 °C (standing condition), even in
the presence of heparin. As expected, time-course exper-
iments showed a progressive increase in tau aggregation
as a function of PMCA cycle numbers and also con-
firmed the higher levels of tau aggregates generated in
10-months-old versus 2-months-old Tau30 brain homog-
enates (Fig. 2c). This last observation could reflect the
presence of preformed tau aggregates in 10-months-old
Tau30 brain homogenates that have the capacity to seed
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and accelerate tau aggregation in PMCA experiments.
To confirm this hypothesis, we subsequently performed
seeded PMCA experiments using various sources of
seeds and substrates.

Seeded amplification of tau aggregation by PMCA
As a first source of tau seeds, we used a PMCA-treated
(96 cycles of sonication/incubation) brain homogenate
from 10-months-old Tau30 mice, characterized by a
high content of de novo tau aggregates. This preparation,
hereafter referred to as “seed X’, was used to establish
the proof-of-principle for monitoring tau seeding activ-
ity by PMCA. Serial 10-fold dilutions of seed X were
used to seed 2-months-old Tau30 brain homogenate
substrate and the resulting mixtures were subjected to
96 cycles of PMCA. Amplified tau species were then
analysed by HTRF (Fig. 3a) and immunoblot after ELA
digestion (Fig. 3b). We found that seed X was highly
potent at accelerating tau aggregation following PMCA
in the Tau30 substrate, down to a 10~° dilution (Fig. 3a,
b), whereas the 1072 dilution of seed X was undetectable
without PMCA (i.e., frozen non-amplified dilution of
seed X in PMCA substrate). Additional control experi-
ments including mock seeding of the Tau30 substrate
with seeds prepared from a KO-Tau brain homogenate,
as well as a 1072 dilution of seed X after PMCA using
KO-Tau brain homogenate (2-months-old) as substrate
remained negative under the same experimental condi-
tions. Thus, the addition of preformed tau seed aggre-
gates facilitates the aggregation of tau in PMCA reactions
using young Tau30 brain homogenate as a substrate.
Because the Tau30 model overexpresses human tau
containing two mutations (P301S and G272V), we tested
other substrate sources to identify PMCA substrates less
prone to spontaneous auto-aggregation. First, we tested
as PMCA substrates brain homogenates from TauKiV5
mice [27] expressing physiological levels of 1IN4R human
tau isoform with a P301L mutation on a mouse KO-Tau
background (Fig. 4a). We found that seed X efficiently
triggered tau aggregation in TauKiV5 substrate after 96
cycles of PMCA (i.e., 1 round of PMCA), but only at the
1072 dilution (Fig. 4b). To achieve higher sensitivity, we
performed serial PMCA rounds in TauKiV5 substrate.
After each round, aliquots from all reactions (corre-
sponding to the different initial seed dilutions) were
diluted 1:10 into fresh substrate and subjected to a new
PMCA round. After 3 consecutive rounds of 96 cycles,
we were able to detect seeding activity at the 107> dilu-
tion, indicating progressive amplification of initially low
seeding levels. Importantly, non-seeded control PMCA
substrates remained negative over the 3 rounds (Fig. 4b).
Immunoblot analysis after ELA treatment confirmed
these results, with a progressive appearance of low
molecular weight tau™ fragments as a function of PMCA
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rounds (Fig. 4c). Thus, compared to the Tau30 substrate,
the TauKiV5 substrate appears to be more stable, allow-
ing it to be used in serial rounds of PMCA. However, the
limited PMCA sensitivity obtained with this substrate
(i.e., 107° dilution of seed X after 3 rounds compared to
1 round for Tau30 substrate (Fig. 3)) prompted us to look
for an alternative one with higher amplification potential.

Inspired by the prion literature, we attempted to per-
form PMCA using cell lysates as substrates (cell-based
PMCA) (Fig. 5) [33, 34]. For this purpose, we engineered
stable HEK293 cells overexpressing human 1N4R tau
with or without a P301L mutation. Cell-based PMCA
substrates were obtained by resuspending HEK293
cell pellets in 10% (w/v) brain homogenate from KO-
Tau mice in conversion buffer. This supplementation
was introduced not only to increase the overall protein
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content [35] but also to provide biologically relevant
molecules (e.g., lipids and other brain-derived compo-
nents) known to influence tau aggregation and seeding
efficiency. Importantly, the use of Tau knockout brain
homogenate ensures that no endogenous tau seeds are
introduced into the reaction. As shown in Fig. 5a, this
new PMCA assay allowed the detection of seed X in dilu-
tions as extreme as 10~ and in a single PMCA round of
96 cycles. No amplification of seed X was obtained in
PMCA reactions using either non-transfected HEK293
cells or HEK293 cells expressing wild-type 1N4R human
tau and supplemented with KO-Tau brain homogenate as
substrate. These results were confirmed by immunoblot
analysis of the PMCA products after protease digestion
(Fig. 5¢), pointing at the P301L mutation in human 1N4R
tau as a key factor for efficient seed amplification. Thus,
the cell-based PMCA enables highly sensitive detection
of seed-competent tau species, at least from the “artifi-
cial” seed X.

Biological characterization of newly formed tau aggregates
by PMCA

To evaluate the biological activity of newly formed tau
aggregates following PMCA, and more precisely to test
whether the PMCA products can seed tau aggregation ex
vivo, we used a cellular assay previously described by Dia-
mond and colleagues to quantify tau aggregates in human
patient samples [26]. These “biosensor” HEK293 cells
express soluble forms of tau repeat domain (RD: aa244-
368) containing a disease-associated mutation (P301S)
fused to cyan or yellow fluorescent proteins (CFP/YEFP).
Exposure of these cells to seed-competent tau aggregates
induces soluble tau RD-CFP/YFP nucleation that gener-
ates a fluorescence resonance energy transfer (FRET) due
to the proximity of CFP and YFP that can be detected by
flow cytometry.

Here, after lipofection, we incubated for 72 h the bio-
sensor cells with serial 10-fold dilutions (titration) of
the products of cell-based PMCA reactions seeded with
a 1077 dilution of seed X and quantified the percentage
of FRET-positive cells using flow cytometry (Fig. 6a).
As compared to control cells exposed to a 1077 dilution
of seed X without PMCA, or to cells exposed to mock-
seeded cell-based PMCA reactions, we detected a spe-
cific FRET signal after seeding with cell-based PMCA
amplicon dilutions (from 1073 to 107°) (Fig. 6b). In paral-
lel, cell viability assays showed almost absence of toxic-
ity associated with PMCA amplicons at these dilutions,
except for the 1072 dilution showing a slight cytotoxicity
(Supplementary Fig. 2). Thus, tau aggregates generated
from Tau30 mice (after PMCA auto-aggregation) and
subsequently amplified in a cellular substrate by PMCA
can seed the aggregation of tau RD-CFP/YFP ex vivo in
biosensor cells.
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Next, we investigated whether the products of PMCA
reactions can also induce tau seeding in vivo in our pre-
viously described seeding model [36, 37]. Young Tau30
mice (1-month-old) were bilaterally injected into the
CA1 layers of the hippocampus with the products of a
cell-based PMCA reaction seeded with a 10~ dilution of
seed X (Fig. 6¢). At this age, the endogenous tau pathol-
ogy is very weak, thus allowing us to evaluate the seed-
ing activity associated with the injected material [36].
As controls, we inoculated either the same sample but
without PMCA (i.e, 10~ dilution of seed X in HEK293-
Tau-P301L cell lysate supplemented with KO-Tau mouse
brain homogenate) or the cell substrate alone subjected
to 96 PMCA cycles. Mice were sacrificed 1-month post-
injection and tau lesions were examined in the brains of
these animals using the well-characterized anti-tau anti-
body MC1 (a conformation-dependent tau antibody)
[38]. MCl1-positive tau lesions were observed in some
pyramidal neurons of the hippocampal CA1l layer in

most of the mice injected with the seed X after cell-based
PMCA amplification, whereas no lesion was present in
the two control mice cohorts (Fig. 6d). Immunohisto-
chemical analysis using the phosphorylation-dependent
antibody AT8 further confirmed the presence of patho-
logical tau in the same brain regions. Quantification of
the MC1 and AT8 signals confirmed that the results were
statistically significant (Fig. 6e). Thus, the PMCA samples
that contained tau assemblies amplified from seed X were
able to seed the aggregation of tau in vivo in the neurons
of young Tau30 mice.

Detection of endogenous tau seeds in Tau30 mice brain

Having shown successful amplification of seed X and
characterized biologically the amplified tau assemblies,
we next evaluated the presence of endogenous tau seeds
in the brain of Tau30 mice by the cell-based PMCA
(Fig. 7). We compared the seeding potential of 2- versus
10-months-old Tau30 mice brain homogenates (n = 3).
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After a first PMCA round of 96 cycles, tau seeding
activity was undetectable in 2-months-old mice and very
limited in 10-months-old mice (low detection of only a
10~* dilution of brain homogenate) (Fig. 7b). However,
prolonging the PMCA rounds led to a robust and spe-
cific detection of tau seeds in both 2- and 10-months-old
Tau30 mice, with a higher sensitivity for 10-months-old
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mice as compared to 2-months-old mice (end-point brain
homogenate dilution of 107% versus 107°) (Fig. 7a, b).
Collectively these results validate the cell-based PMCA
assay for the detection of endogenous tau aggregates and
suggest that seed-competent tau species are formed as
early as 2 months of age in this transgenic mouse model.

Tau seeding activity in brain from FTLD-P301L patients

To establish the proof-of-principle for a PMCA-based
detection of human disease-associated tau aggregates,
we tested 2 human cases of frontotemporal lobar degen-
eration associated with a P301L mutation (FTLD-P301L),
thus comparable to the P301S tau mutation in Tau30
mice, and 2 controls from non-demented patients. Serial
ten-fold dilutions of brain samples (frontal cortex) from
patients were used as potential seeds in cell-based PMCA
reactions (Fig. 8). Tau seeding activity was undetectable
after a first PMCA round of 96 cycles. As previously
observed for Tau30 mice, prolonging the PMCA rounds
allowed the detection of a tau seeding activity from the
two FTLD-P301L samples down to a 10~* brain homog-
enate dilution, whereas the two control brain samples
remained negative in these conditions (Fig. 8a). These
data support the idea that tau aggregates from human
FTLD-P301L brain samples are seed-competent and trig-
ger tau aggregation in vitro in PMCA reactions. We next
pre-treated the two FTLD-P301L brain homogenates
with sonication-incubation cycles as described above to
generate the seed X with 10-months-old Tau30 mice (i.e.,
auto-aggregation conditions), to test whether this pre-
treatment could increase amplification efficiency. Pre-
treated FTLD-P301L or control brain homogenates were
then serially ten-fold diluted and each dilution mixed
with fresh substrate (HEK293-Tau-P301L cell lysate
supplemented with KO-Tau brain homogenate) and sub-
jected to PMCA (Fig. 8b). We found that this pre-treat-
ment greatly increased the specific seeding potential of
both FTLD-P301L cases down to the detection of a 107°
dilution and in a single round of cell-based PMCA.

Tau seeding activity in brain from AD patients

Finally, we tested the presence of tau seeds by cell-based
PMCA in the brain of two sporadic AD patients with
clinically and neuropathologically characterized fea-
tures (Supplementary Table). As described above, serial
ten-fold dilutions of brain samples (frontal cortex) from
patients were used as potential seeds in serial cell-based
PMCA reactions (Fig. 9). After 3 rounds of PMCA, we
detected specific tau seeding activity in AD brain sam-
ples, within the 10™ to 10~ dilution range. Thus, the
cell-based PMCA assay could specifically detect some
tau seeding activity in AD brain samples but with lower
sensitivity. As previously tested for FTLD-P30IL, we
performed a pre-treatment of brain homogenates with
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sonication-incubation cycles to assess whether tau seed-
ing activity from AD samples could be improved. Unfor-
tunately, we found no improvement of PMCA sensitivity
for AD after pre-treatment of brain homogenates (data
not shown). This revealed a marked difference between
the two types of tauopathies, as FTLD-P301L detection
was greatly enhanced after pre-treatment.

To investigate whether inter-individual variability in
seeding activity could be related to differences in tau spe-
cies, we performed Western blot analyses on all brain
lysates (controls, FTLD-P301L, and AD) using antibodies
against total tau and phospho-tau (Supplementary Fig. 3).
These analyses did not reveal major differences in global
tau profiles nor a clear correlation with PMCA efficiency.
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Discussion

The development of sensitive protein seed amplification
assays that can detect minute amounts of misfolded pro-
tein aggregates from biological specimens has become
an important area of research in the field of neurode-
generative diseases. The two most common amplifica-
tion assays include PMCA and RT-QulC, which differ by
the amplification substrate nature and the mode of fibril
fragmentation. For tau seed amplification specifically, the

vast majority of published data has been obtained with
the RT-QulC assay, using mostly fragments of 3R or 4R
recombinant tau as substrates [12—15, 23, 24], but also
more recently full-length tau [39-41] or a combination
of both [42]. In contrast, very few studies have relied on
PMCA-based assays for the seeded amplification of tau
aggregates. One study has reported amplification of tau
seeds by repeated cycles of sonication using recombi-
nant tau substrates, thus combining some PMCA and
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RT-QulIC specifications [43]. However, to our knowledge,
traditional PMCA assays based on brain- or cell-derived
tau “biological” substrates have not been described.

Our work demonstrates that tau seeds from trans-
genic mice or humans with tauopathies can be efficiently
amplified by PMCA in substrates derived from (i) brain
homogenates from transgenic mice expressing full-
length 1N4R P301S-G272V tau and (ii) cell extracts from
HEK293 cells expressing full-length 1N4R P301L tau.
Thus, tau seeds are the third class of protein aggregates to
be amplified by PMCA after PrP [44] and a-synuclein [11]
prions. However, unlike PrP and a-synuclein, tau seed
amplification by PMCA strictly required the presence of
a cofactor of aggregation (here heparin). This observation
highlights the difficulty of inducing tau aggregation in
vitro without cofactors and is consistent with previously
published seeded aggregation assays [12, 14, 43] as well
as tau fibrillation studies in the absence of seeds where
negatively charged molecules such as heparin [45], RNA
[46], or arachidonic acid [47] are generally required to
induce tau aggregation in vitro. While heparin is widely
used to promote tau aggregation in vitro, it is not physio-
logically present in the brain. The dependence on heparin
observed in our PMCA conditions therefore suggests that
the tau assemblies generated in this system may not fully

recapitulate those formed in vivo. We also found that
efficient PMCA amplification of tau seeds was achieved
using aggregation-prone mutated tau substrates, either
from mouse brains or cell extracts (P301S-G272V and
P301L respectively). These “non-physiological” mutants
are known to facilitate tau aggregation potential and it is
noteworthy that cell extracts expressing wild-type 1N4R
human tau substrate did not sustain seeded tau ampli-
fication by PMCA in our experiments. While the use of
aggregation-prone mutant tau substrates enabled robust
amplification in our system, it may represent a limitation
when studying sporadic tauopathies. These mutations
enhance tau aggregation propensity and may influ-
ence amplification efficiency or conformational selec-
tion. Notably, the use of aggregation-prone tau variants
is widely adopted in in vivo and ex vivo seeding models
to enhance sensitivity and facilitate the detection of tau
seeding activity. Future studies will be required to deter-
mine to what extent PMCA amplification preserves the
structural and biological properties of tau assemblies
derived from different tauopathies.

Similarly to our previous report on a-synuclein PMCA
[11], we have shown here that repetitive sonication-incu-
bation cycles of Tau30 mouse brain homogenates trigger
the formation of protease-resistant tau aggregates even
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without the addition of exogenous seeds. Most likely, this
spontaneous generation of tau aggregates implicates the
aggregation-prone 1N4R mutated human tau expressed
by Tau30 mice. In addition, we found higher levels of
newly generated tau aggregates in 10-months-old versus
2-months-old Tau30 brain homogenates. One explana-
tion for this observation would be the presence of higher
levels of preformed seeding-competent tau aggregates in
10-months-old mice that have the capacity to seed and
accelerate further tau aggregation in PMCA experiments.

The use of complex biological substrates endows
PMCA with the peculiarity of generating infectious
PrP prions that maintain strain properties [21]. Beyond
PrP prions, amplification of a-synuclein seeds in brain
homogenates and blood of transgenic mice has also
been achieved by PMCA [11, 48]. The PMCA-amplified
a-synuclein aggregates were shown to be transmissible
to mice by intracerebral inoculation [11, 49]. Remark-
ably, we show here that PMCA-generated tau assemblies
can induce tau aggregation both ex vivo in biosensor cells
and in vivo in the brain of young Tau30 mice after intra-
cerebral inoculation. To our knowledge, this “pathogenic
activity” has not yet been described for recombinant tau
fibrils obtained after RT-QulC amplification. In future
studies it will be interesting to investigate whether dif-
ferent tau “strains” can be efficiently amplified by PMCA
and if they retain strain-specific pathogenic properties in
reporter cells or mice.

Using cell-based PMCA we detected endogenous tau
seeds in Tau30 mice as early as 2 months of age. Since
the detection of phosphorylated tau-positive neurons
and Gallyas silver-staining positive neurons start around
3 months in this model [25], it suggests a concomitant
increase in seeding-competent tau species. Beyond Tau30
mice, we detected human tau seeds derived from the
brains of a few patients with both genetic (FTLD-P301L)
and sporadic (AD) tauopathies. In our experimental con-
ditions, the detection limit was moderate in both types
of tauopathies (end-point brain dilution of 10~%). Unex-
pectedly, we found that repetitive sonication-incubation
cycles of FTLD-P30IL brain alone (but not AD) in the
presence of heparin greatly enhance the PMCA seed-
ing activity by several orders of magnitude. Most likely,
this observation reflects a newly generated population
of tau seeds linked to mutant P301L in the brains of
FTLD-P301L patients, as was previously observed with
Tau30 mice. While these results demonstrate that PMCA
can detect tau seeding activity in both genetic and spo-
radic tauopathies, the present study remains limited to
FTLD-P30IL and AD cases. Further investigations will
be required to determine whether PMCA can efficiently
amplify tau seeds from a broader spectrum of tauopa-
thies, including those characterized by distinct isoform
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composition and conformational properties such as 3R
tauopathies (e.g., PiD) or other 4R tauopathies.

In comparison with PMCA, AD tau seeds can be
detected by RT-QulC in endpoint brain dilutions as low
as 1078 [13, 14, 41, 50]. Moreover, tau seeds from PiD
and 4R tauopathies such as PSP and CBD can also be
sensitively amplified by RT-QulC using different tau sub-
strates and experimental conditions, not only in brain tis-
sue but also in CSF and skin samples [12, 15, 23]. Further
optimizations, including the use of different tau substrate
isoforms and/or specific mutations, will be required to
determine whether similar detection sensitivities can be
achieved with PMCA. In the future, adapting PMCA for
the detection of tau seeds in additional tauopathy types
and in diagnostically accessible biospecimens will be
of crucial importance to extend its prospective clinical
applications.
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