
R E S E A R C H Open Access

© The Author(s) 2025, corrected publication 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you 
modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The 
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​
a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Houzé et al. Alzheimer's Research & Therapy          (2025) 17:145 
https://doi.org/10.1186/s13195-025-01792-w

  Background
Alzheimer disease (AD) is the most common age-related 
neurodegenerative disease, affecting more than 55  mil-
lion people worldwide [1]. It is a heterogeneous condi-
tion, with remarkable inter-individual differences on 
clinical progression, making it crucial to enhance the 
accuracy of cognitive decline predictions to better strat-
ify AD patients and improve the development of effective 
therapies. Pathological accumulation of hyperphosphor-
ylated tau protein and aggregates of the amyloid beta 
peptide (Aβ) are the core molecular hallmarks of AD 
brain lesions. The molecular processes leading to their 
formation start decades before the appearance of clinical 
symptoms [2, 3]. Tau and Aβ-based biomarkers detected 
by brain imaging or measured in the cerebrospinal fluid 
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Abstract
Background  Alzheimer disease (AD) clinical progression is highly heterogeneous, making its prediction essential for 
the development of effective therapies. The advancement of cognitive decline in AD is tightly linked to the spread of 
pathological tau protein aggregates in the brain, through tau seeding properties.

Methods  We developed a cellular biosensor to measure tau seeding activity from cerebrospinal fluid (CSF) and 
human brain lysates. Longitudinal analysis of cognitive function was correlated with biosensor response.

Results  Individuals with CSF exhibiting high or intermediate seeding activity experienced more rapid cognitive 
decline compared to those with low seeding. High tau seeding was associated with total and phosphorylated tau 
biomarkers in AD. The biosensor also predicts the potential of human AD brain lysates to induce tau aggregation 
upon experimental transmission in animal models.

Conclusions  These results suggest that seeding activity might be a relevant biomarker to forecast AD pathogenicity 
and clinical progression.
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(CSF) or plasma allows now a biological characteriza-
tion of an AD continuum based on the presence/absence 
of three components: Aβ lesions (A), tau lesions (T), and 
neurodegeneration (N), comprising the A/T/N frame-
work [4]. Pathological tau conformation is thought to 
spread from one neuron to another through prion-
like seeding and propagation mechanisms [5], and the 
spreading of pathological tau in the brain, classified as 
Braak stages, displays strong correlation with cognitive 
decline in AD [6, 7]. This process requires seeding-active 
(or seeding-competent) tau species that can initiate the 
misfolding of normal tau proteins, ultimately leading to 
the oligomerization/aggregation cascade [8].

Tau seeding activity from post-mortem brain lysates 
from animal models of tauopathies, as well as from AD 
cases, can be detected using recently developed in vitro 
or cell-based assays [9–12]. These assays showed that, in 
animal models, seeding activity precedes the histological 
detection of tau aggregates in time [9]. Seeding activity 
also correlates well with the Braak stage of AD patients 
[11, 13]. A recent report described substantial person-
to-person heterogeneity in tau seeding activity detected 
in post-mortem human brain lysates from AD patients, 
and suggested that this aspect might contribute to the 
observed clinical heterogeneity of the disease [14].

We have recently developed a series of highly sensi-
tive and quantitative tau biosensors based on the enzyme 
complementation of nanoluciferase enzyme (NanoBit 
system) [15]. The NanoBit system display several advan-
tages compared to previous biosensors, such as: high 
sensitivity; high-throughput and quantitative proper-
ties; large dynamic range; smaller size of fused Nluc 
proteins (SmBit: 1 kDa; LgBit: 18 kDa) compared to clas-
sical fluorescent proteins, minimizing the impact of the 
fusion protein on the function of the target protein; and 
straightforward procedure for data analysis. These tau 

biosensors detect robust tau seeding activity of brain 
lysates from the P301S transgenic mouse model of tau 
pathology (PS19), and allows precise quantification of 
inter-individual variability of their seeding potency [15]. 
In the present study, we applied the NanoBit-based tau 
biosensors to characterize tau seeding activity in human 
CSF samples from a clinical cohort followed-up longitu-
dinally. The feasibility of detecting tau seeding activity 
in the CSF of living patients has been previously tested 
but led to controversial results [16], [17]. We validated 
the biosensors by using post-mortem human brain 
lysates from two clinically distinct groups of sporadic 
AD patients, whose pathological properties were further 
evaluated by analysis of tau pathology induced upon their 
inoculation into the brain of an AD mouse model. Finally, 
we show that the seeding activity in the CSF might be a 
relevant parameter to define AD subpopulations and to 
predict the rate of cognitive decline. Being able to detect 
seeding activity from ante-mortem samples as biologi-
cal fluids would be a breakthrough to help to define AD 
subtypes in vivo and to stratify subjects prior to clinical 
trials.

Methods
Participants
The human CSF samples were collected at the Cen-
ter of Cognitive Neurology, Lariboisière Hospital with 
approval by the Ethical Committee of Paris Diderot Uni-
versity Hospitals (CEERB Bichat University Hospital, 
Paris, France). Samples from 55 AD and 30 neurological 
control subjects were used in this study. Patients under-
went a thorough clinical examination involving personal 
medical and family histories, neurological examination, 
neuropsychological assessment, CSF biomarker analysis, 
magnetic resonance imaging of brain structure as well 
as plasma and CSF biobanking. The diagnosis for each 
patient was made during multidisciplinary consensus 
meetings (by neurologists, neuropsychologists, neuro-
radiologist and biochemist) considering CSF results and 
according to validated clinical diagnostic criteria for AD. 
The individuals with no underlying neurocognitive dis-
ease and normal CSF biomarkers profile were enrolled as 
neurological controls. The cognitive follow up was mainly 
performed using Mini Mental test evaluation (MMSE). 
The main characteristics of the study population are pre-
sented in Table 1. Among the 55 AD patients from this 
study, 34 had one or several follow-up MMSE score mea-
surements within three years.

Frozen human brain lysates (parietal cortex) from eight 
sporadic AD patients as well as two age-matched control 
individuals were collected from a brain donation pro-
gram of the NeuroCEB and the CNR-prion brain banks. 
AD patients had a classical evolving form of the pathol-
ogy (cAD), characterized by a disease duration of 5 to 8 

Table 1  Clinical characteristics from CSF samples donors
CHARACTERISTICS NEURO-

LOGICAL 
CONTROLS
(N = 30)

AD PATIENTS
(N = 55)

P-VALUE

Age (years) 64.17 (7.1) 65.36 (7.2) 0.48
Male sex (%) 46.7 34.5 0.08
MMSE score (/30)1 27.48 (1.9) 19.27 (6.1) < 0.0001****
APOE ε4 carrier %2 27 69 < 0.0001****
Abeta 40 (pg/mL) 11,562 (3095) 12,144 (3224) 0.31
Abeta 42 (pg/mL) 1437 (302.9) 719.5 (248.8) < 0.0001****
P-tau 181 (pg/mL) 19.75 (14) 42.39 (20) < 0.0001****
Total tau (pg/mL) 171.6 (44.3) 393.7 (159.6) < 0.0001****
N, % or pg/mL (± S.D)

Statistic tests: Student t test; except Gender and APOE: contingency χ2 test; **** 
p < 0.0001
1 missing values = 6
2 missing values = 6
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years (n = 4), or a more rapidly evolving form (rAD) char-
acterized by a disease duration of 6 months to 3 years 
(n = 4). Details of these lysates can be found in Table  2 
and [18, 19]. Consent forms were previously signed by 
either the patients themselves or their next of kin, in 
accordance with French bioethics laws.

Sample preparation
The human CSF samples were centrifuged at 4  °C and 
stored at -80  °C within 4  h after lumbar punction. CSF 
biomarkers quantification (Aβ ratio (Aβ42/Aβ40), phos-
phorylated-tau (P-tau181) and total tau) were performed 
in the Biochemistry Unit (Lariboisière Hospital), using 
Innotest® ELISA (Fujirebio, Gent, Belgium). An ATN bio-
logical profile was defined for all included patients and 
neurological controls. Of note, established thresholds of 
these biomarkers for AD diagnosis are: Aß42 < 860 (pg/
mL); Aß42/40 < 0.08; tau > 225 (pg/mL); and P-tau > 22 (pg/
mL) [20].

Parietal cortex samples from each patient were indi-
vidually homogenized at 10% weight/volume (w/v) in a 
sterile 1X Dulbecco’s phosphate buffer solution in CK14 
soft tissue homogenizing tubes at 5000 rpm for 20 s (Pre-
cellys®, Bertin technologies). We pooled brain homoge-
nates by combining the four brain extracts from each AD 
group, as well as a control homogenate from the brains 
of two non-demented individuals (Ctrl). They were then 
sonicated on ice (5 s at 40% amplitude) and centrifuged 
at 3000 g for 5 min at 4 °C. The resulting supernatant was 
aliquoted in sterile polypropylene tubes and stored at 
-80 °C until use.

Transgenic mice
We used two mouse models in this study: the P301S 
(PS19), and the APPswe/PS1dE9 (C57Bl6 background) 
transgenic models. Brain lysates of the P301S (PS19) were 
prepared as previously described [15], and used as posi-
tive control, as the first characterization of these sensors 
were done using these samples [15]. Briefly, the cortex 
from five nine-months-old male heterozygous PS19 mice 
was rapidly removed after sacrificed and flash-frozen. 
Frozen tissue was lysed in PBS using a homogenizer, 
sonicated, and centrifuged (21,000 g, 15 min, 4  °C). The 
supernatant was aliquoted and stored at -80 °C until use.

The APPswe/PS1dE9 mouse model was used for the 
experiments involving the inoculation of human brain 
lysates, a model previously validated for this applica-
tion [18]. Animals were inoculated with AD or Ctrl brain 
extracts at 2 months of age (details in the next section), 
and studied eight months after (8 months post-inocula-
tion (mpi) nCtrl=15, nAD1=15, nAD2=20). At the time of the 
inoculation of the brain extracts, these mice did not have 
Aβ plaques. All APPswe/PS1dE9 mice were born and bred 
in our center (Commissariat à l’Energie Atomique, cen-
tre de Fontenay-aux-Roses; European Institutions Agree-
ment #B92-032-02). All experimental procedures were 
conducted in accordance with the European Community 
Council Directive 2010/63/UE and approved by local eth-
ics committees (CEtEA-CEA DSV IdF N°44, France) and 
the French Ministry of Education and Research (A17_083 
authorization), and in compliance with the 3R guidelines. 
Animals were housed under standard environmental 
conditions (12 h light-dark cycle, temperature: 22 ± 1  °C 
and humidity: 50%) with ad libitum access to food and 

Table 2  Patient characteristics of brain lysate donors

Age-matched classical slowly (cAD = AD1) and rapidly evolving (rAD = AD2) Alzheimer patients were selected based on disease duration (over or under 36 months) 
and neuropathological evaluation, including similar Braak and Thal stages. Brains were negative for α-synuclein, TAR DNA-binding protein 43 (TDP43), hippocampal 
sclerosis and pathological prion PrPSc. Two non-Alzheimer control individuals (Ctrl) were also included in this study. NA: not available
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water. The design and reporting of animal experiments 
were based on the ARRIVE reporting guidelines [21]. 
Sample size was based on previous experiments for AD 
lesion induction in APPswe/PS1dE9 mice after inoculation 
of human brain with significance level of 5%, a power of 
80%, and a two-sided test [22]. No animals were excluded 
from the study. SL was aware of initial group alloca-
tion, but further post-mortem analyses were performed 
blinded.

Stereotaxic inoculation of human brain homogenates
Two months-old APPswe/PS1dE9 were anesthetized by 
an intraperitoneal injection of ketamine (1  mg/10  g; 
Imalgène 1000, Merial) and xylazine (0.1  mg/10  g; 2% 
Rompun, Bayer Healthcare). Local anesthesia was also 
performed by a subcutaneous injection of lidocaine at 
the incision site (1 µl/g; 0.5% Xylovet, Ceva). Mice were 
placed in the stereotaxic frame (Phymep) and bilateral 
injections of brain samples were performed in the dorsal 
hippocampus (AP -2 mm, DV -2 mm, L +/- 1 mm from 
bregma). Two µl/site of sample were administered using 
34-gauge needles and Hamilton syringes, at a rate of 
0.2 µl/min. After the injection, needles were kept in place 
for 5 more minutes before removal and the incision was 
sutured.

Sample preparation for histology
APPswe/PS1dE9 mice were sacrificed at 8 mpi, with an 
intraperitoneal injection of a lethal dose of pentobarbital 
(100 mg/kg; Exagon, Axience). They were perfused intra-
cardiacally with cold sterile 0.1 M PBS for 4 min, at a rate 
of 8 mL/min. The brain was extracted and post-fixed in 
4% paraformaldehyde for 48 h at 4 °C, transferred into a 
15% sucrose solution for 24 h and in a 30% sucrose solu-
tion for 48  h at 4  °C for cryoprotection. Serial coronal 
sections of 40  μm were performed with a microtome 
(SM2400, Leica Microsystem) and stored at -20  °C in a 
storing solution (glycerol 30%, ethylene glycol 30%, dis-
tilled water 30%, phosphate buffer 10%). Free-floating 
sections were rinsed in a 0.1 M PBS solution before use. 
Washing and incubation steps were performed on a 
shaker at room temperature unless indicated otherwise.

Immunohistochemistry for tau pathology
Tau was evaluated in the inoculated APPswe/PS1dE9 mice 
using AT8 antibody directed against hyperphosphory-
lated tau. Labelling was performed after a pre-treat-
ment with EDTA 1X citrate (Diagnostic BioSystems®) 
for 30  min at 95  °C. All tissues were then incubated in 
30% hydrogen peroxide (Sigma-Aldrich®) diluted 1/100 
for 20  min to inhibit endogenous peroxidases. Block-
ing of non-specific antigenic sites was achieved over 1 h 
using a 0.2% Triton X-100/0.1  M PBS (Sigma-Aldrich®) 
(PBST) solution containing 4.5% normal goat serum or 

5% bovine serum albumin. Sections were then incubated 
at 4 °C with the AT8 (Thermo MN1020B, 1/500) diluted 
in a 3%NGS/PBST solution for 96  h. After rinsing, an 
incubation with the appropriate biotinylated second-
ary antibody diluted to 1/1000 in PBST was performed 
for 1  h at room temperature, followed by a 1  h incuba-
tion at room temperature with a 1:250 dilution of an 
avidin-biotin complex solution (ABC Vectastain kit, Vec-
tor Laboratories®). Revelation was performed using the 
DAB Peroxidase Substrate Kit (DAB SK4100 kit, Vector 
Laboratories®). Sections were mounted on Superfrost 
Plus slides (Thermo-Scientific®). A cresyl violet counter-
stain was performed. All sections were then dehydrated 
in successive baths of ethanol at 50°, 70°, 96° and 100° and 
in xylene. Slides were mounted with the Eukitt® mount-
ing medium (Chem-Lab®). Stained sections were scanned 
using an Axio Scan.Z1 (Zeiss® - Z-stack images acquired 
at 20× (z-stacks with 16 planes, 1 μm steps with extended 
depth of focus)). Image processing and analysis were 
performed with the ImageJ software. Quantification of 
neuritic plaques and NFTs was performed by manual 
counting on AT8 staining. A semi-quantitative analysis 
of neuropil threads (NT) was performed by assigning a 
severity score based on the intensity and extent of AT8-
positive staining in each ROI. All quantifications were 
performed on adjacent slices between − 0.34  mm and 
− 4.36  mm from bregma. Five adjacent slices were ana-
lyzed. All ROIs were manually segmented using the Paxi-
nos and Franklin neuro-anatomical atlas of mouse brain 
[23].

Cell culture and transfection
HEK293T (Sigma-Aldrich; RRID: CVCL 0063; authen-
ticated by the provider) were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM) Glutamax (Invitro-
gen) supplemented with 4.5 g/L glucose, 10% fetal bovine 
serum, 100 U/mL penicillin and 0.1  mg/mL streptomy-
cin, at 37  °C (95% O2, 5% CO2). Cells were transfected 
with plasmid vectors coding for the NanoBit biosensors 
using jetPEI reagent, according to the supplier’s instruc-
tions (Polyplus-transfection, New York, NY, USA). Alter-
natively, cells were transduced with lentivirus carrying 
the vectors coding for the same NanoBit biosensors (cus-
tom production by VectorBuilder GmbhH, Germany), to 
ensure more homogeneous expression.

NanoBit biosensor assay
NanoLuc® Binary Technology (NanoBiT, Promega) is a 
structural complementation reporter system composed 
of a Large BiT (LgBiT; 18 kDa) subunit and a small com-
plimentary peptide. For the study of protein: protein 
interactions, the complimentary peptide is Small BiT 
(SmBiT; 11 amino acid peptide), which has been opti-
mized to have low affinity for LgBiT [24]. The LgBiT and 
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SmBiT subunits are expressed as fusions to target pro-
teins of interest and expressed in cells. When the two 
proteins interact, the subunits come together to form 
an active enzyme and generate a bright luminescent sig-
nal in the presence of substrate. Here, the tau biosen-
sor comprises tau molecules fused to either LgBit or 
Smbit and expressed in HEK293T cells. In this work we 
used biosensor cells based on full length tau(P301L) (i.e. 
LgBit-Tau(P301L) and SmBit-(TauP301L) constructs), 
and the K18 fragment of tau(P301L), which is a 12 kDa 
peptide which sequence constitutes the full microtu-
bule binding domain [25] (i.e. LgBit-K18(P301L) and 
SmBit-K18(P301L)). All biosensor constructs have also 
an HA tag. One day after transfection, cells were plated 
into white 96-well plates (Perkin Elmer Life Sciences, 
Waltham, MA) precoated with poly-L-lysine (Sigma-
Aldrich) at a density of 2 × 104 cells/well. Cells were 
incubated with the test samples (human CSF: 0.5 µL 
per well; human brain lysates: 2.5 µg of total protein per 
well; mouse brain lysate: 1  µg of total protein per well), 
diluted in OptiMEM containing Lipofectamine 2000 
reagent (Invitrogen) (1 µL lipofectamine per well in the 
final volume). All samples were sonicated prior to use. 
Basal condition is defined by OptiMEM-Lipofectamine 
mix without any test sample. All groups were assayed in 
triplicates. After 24  h incubation at 37  °C (95% O2, 5% 
CO2), cells were washed once with PBS, followed by addi-
tion of the NanoGloLiveCell substrate (1:20 dilution; Pro-
mega) and the bioluminescence signal was immediately 
recorded using the Envision plate reader (Perkin Elmer 
Life Sciences). The signal obtained was normalized by 
dividing it by the signal of the basal group (sensor cells in 
the absence of samples) to obtain an intra-assay Relative 
Luminescence signal (RLU).

Immunofluorescence microscopy
TauP301L biosensor cells were plated on coverslip previ-
ously coated with poly-L-lysine and treated with 1 µg of 
mice or human brain lysates diluted in OptiMEM con-
taining lipofectamine 0.8%. After 24  h incubation, cells 
were fixed with paraformaldehyde 4%, permeabilized 
using 0.2% Triton X-100 (Sigma-Aldrich, USA, ), and 
incubated in blocking solution (3% horse serum) for 1 h. 
Cells were then incubated with anti-HA (rabbit, dilution 
1:300, cat. 3724 S, Cell Signaling; 2 h RT), and anti-phos-
pho tau AT8 (mouse, dilution 1:300, MN1020, Thermo-
Fisher; overnight at 4  °C) primary antibodies, followed 
by incubation (2 h, RT) with anti-mouse and anti-rabbit 
secondary antibodies conjugated to the fluorophores 
Alexafluor 488 and 647, respectively (dilution 1:500, 
Invitrogen). Cell nuclei were stained with DAPI (dilu-
tion 1:1000, Sigma-Aldrich). Coverslip were mounted on 
slides with mounting media. Slides were analysed under 
Zeiss Observer Z1 Microscope (Zeiss, Germany). Images 

obtained were further analysed using ImageJ software 
[26].

Statistical analysis
To categorize the individuals according to their seeding 
profile, the tertile of the seeding sensor response was 
determined and the population was then segregated into 
low (normalized RLU sensor signal equals to or lower 
than 1.11), intermediate (RLU signal between 1.12 and 
1.63) or high (RLU signal equals to or higher than 1.64) 
seeders. The frequency distribution analysis is expressed 
as percentage of the group population, in order to com-
pensate for the difference in the number of subjects in 
neurological control and AD groups. All correlation anal-
ysis were performed using the nonparametric Spearman 
test. One outlier of the neurological control group was 
excluded from the correlation analysis. Heatmap plots 
were performed after log2 normalization of the variables. 
For the longitudinal analysis of the evolution of MMSE 
scores among the 3 tertiles groups of seeding signal, the 
groups were compared by repeated-measures ANOVA 
test and by testing the slope of the lines in each group 
after simple linear regression (patients already at severe 
AD stage (MMSE < 15 at baseline, n = 4) were excluded 
from this analysis).

The performance of CSF tau seeding in predicting cog-
nitive decline (outcome) was evaluated using multivariate 
logistic regression model to plot receiver-operating-char-
acteristic (ROC) curves and calculate area under the 
curves (AUC). The outcome was considered positive [1] 
in the case of negative delta ≥ 2 between the first and last 
MMSE scores.

All statistical comparisons were performed using 
GraphPad Prism software 9. The specific statistical tests 
used for each experiment are indicated in the figure leg-
ends. The significance level was set at p < 0.05.

Results
Stratification of AD patients based on tau seeding activity 
detected in the CSF
We previously developed two biosensors to detect tau 
seeding properties. One based on the full-length tau har-
boring the P301L pro-aggregating mutation (tau(P301L)) 
and another one based on the aggregating-prone region 
of tau named K18, also mutated at P301L [15]. Tau seed-
ing activity was evaluated in human CSF samples using 
both, K18(P301L) and tau(P301L), biosensors. The 
K18(P301L) biosensor signal obtained from all samples 
were similarly low and close to the basal signal (in the 
absence of any lysate, normalized value = 1) (Fig.  1A). 
On the other hand, the tau(P301L) biosensor showed a 
broad spectrum of signal in response to the CSF samples 
(Fig. 1B). This high individual variability was expected, as 
also observed previously in human brain lysate samples 
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[14]. The following analysis in CSF samples were then 
performed using the tau(P301L) biosensor. The biosensor 
signals induced by the CSF from neurological control and 
AD groups were overlapping, with samples displaying 
high seeding activity (~ 1.5–2.5 RLU), and others simi-
lar to basal values (~ 1 RLU), in both groups (Fig.  1C). 
We then segregated the whole population by the tertiles 
of the tau(P301L) biosensor signal, and defined three 
seeding groups, as follow: low ( ≤ 1.11 RLU), interme-
diate (1.12–1.63 RLU) and high seeders ( ≥ 1.64 RLU) 
(Fig.  1C). When analysing the frequency distribution 
between neurological controls and AD patients, we 
observe that the AD group is significantly enriched in 
subjects displaying high tau seeding activity (χ2 test, 
p = 0.026, Fig. 1D).

Tau seeding activity predicts cognitive decline
We next assessed whether the seeding activity measured 
in the CSF correlates with the cognitive function. The 
heatmap plot of MMSE scores at baseline shows an even 
distribution of subjects displaying all range of scores, 
from high (> 25; good cognitive function) to low (< 15; 
impaired cognitive function) in all three seeding groups 
(Fig.  2A). A non-significant tendency of negative corre-
lation between the MMSE score and the seeding activ-
ity was observed in the neurological control subjects 
(Fig.  2B), but not in AD patients (Fig.  2C) nor in both 

groups together (Fig. 2D). In contrast, we detected signif-
icant correlations between the MMSE score and AD clas-
sical biomarkers measured in the same CSF samples (i.e. 
positive correlation with CSF-Aß42; negative correlation 
with CSF-tau and CSF-phospho-tau (P-tau); Suppl. Fig-
ure 1 A-C). Among the 55 AD patients from this study, 
34 had one or several follow-up MMSE score measure-
ments within three years. We thus performed longitu-
dinal analysis of the MMSE score progression of those 
patients, grouped according to the three seeding groups 
defined above. Interestingly, the rate of cognitive decline 
was significantly higher in high and intermediate seeders 
than in low seeders (Fig. 2E). Of note, there were no sig-
nificant differences in the MMSE score nor in the age of 
the individuals between the 3 groups at baseline (Suppl. 
Figure 1D-E). These data suggest that the seeding activity 
measured in the CSF can be an indicator of short-term 
(2–3 years) cognitive decline in AD patients, with a low 
seeding activity indicative of a more stable disease status.

In view of these results, we tested whether the tau 
seeding activity in the CSF can be of prognostic value 
to inform on diseases progression probability (cogni-
tive decline as outcome). For this, we compared the 
area under the receiver operating characteristic curve 
(ROC) of logistic models to distinguish AD patients who 
showed cognitive decline from those who remained sta-
ble over the time of the study. In our cohort, combining 

Fig. 1  NanoBit tau biosensor detects seeding activity in human CSF. A-B) Violin plot of the signal of K18(P301L) biosensor (A) or full-length tau(P301L) 
biosensor (B) cells treated with CSF samples from neurological control (Ctrl) or AD subjects (0.5 µL, 24 h). Data show is normalized to the basal signal (in 
the absence of any lysate, = 1). C) Tau(P301L) biosensor signal for each individual sample shown in B, from neurological control (n = 30) and AD (n = 55) 
groups, ordered by their seeding potency, evidencing the inter-individual variability. D) Contingency analysis of the relative proportion of samples dis-
playing low, intermediate or high seeding activity in neurological control and AD groups (χ2 test, p = 0.02)
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CSF-total-tau and CSF-Aß42 biomarkers gave the best 
model fit among the classical AD biomarkers tested, with 
an AUC of 0.75 (Fig.  2F, model 1, 95% CI: 0.58–0.92). 
Adding the seeding parameter to the model significantly 
improved its discriminatory value to an AUC of 0.92 
(Fig. 2F, model 2, 95% CI: 0.83-1.0). Thus, integrating the 
seeding response parameter may improve the accuracy 
of models to discriminate AD patients with an increased 
likelihood of cognitive decline over the next 2–3 years. 
Taken together, our data indicate that the AD-related 
seeding activity can be detected in the CSF and may serve 
as a prognosis marker for cognitive decline, with interin-
dividual variability potentially contributing to the clinical 
variability observed in AD progression.

Seeding activity in high seeders is associated with AD 
classical biomarkers
To gain insight into potential disease-related factors 
determining the tau seeding activity detected in the CSF, 
we checked for correlations with the level of classical AD 

biomarkers measured in the same CSF samples. Heatmap 
of log2-transformed scaled levels of biomarkers did not 
show any specific Aß, tau or P-tau signature differences 
between the three seeding-based subgroups (Fig.  3A). 
Accordingly, the seeding activity in groups formed based 
on the A/T profile of biomarkers did not show any dif-
ferences (Suppl. Figure 2 A). However, correlation analy-
sis within each seeding group revealed some significant 
associations. In high seeders, the seeding activity does 
not correlate with Aß42 levels (Fig.  3B), but negatively 
correlates with the Aß42/40 ratio, with high seeding activ-
ity being observed in those with AD-linked Aß42/40 ratios 
(< 0.08, blue line; Fig. 3C). The seeding activity also posi-
tively correlates with tau and P-tau levels in this group 
(Fig. 3D-E). Seeding activities of intermediate (Fig. 3F-I) 
and low (Fig. 3J-M) seeders do not correlate with most of 
the biomarkers tested, with the exception of the low seed-
ers which correlates positively with Aß42 levels (Fig. 3J). 
Of note, in the global population of the study (i.e. with-
out segregating in the three groups of seeding activity) 

Fig. 2  Correlation between seeding activity and cognitive performance. A) Heatmap of cognitive function (MMSE score at baseline) profile in neurologi-
cal control and AD subjects segregated according to their seeding potency detected in the CSF (high, intermediate or low). B-D) Correlation analysis 
between seeding signal and MMSE score in neurological control (B), AD subjects (C) or both groups together (D). E) Longitudinal analysis of cognitive 
score change (cumulative delta MMSE score to baseline) in each AD subgroup according to the seeding potency (high (n = 14), intermediate (n = 11) or 
low (n = 5). F) Receiver operating curve (ROC) analysis of the predictive model to distinguish AD patients who showed cognitive decline by using tau and 
Aß42 biomarkers only (model 1), or including the seeding activity parameter in the model (model 2). AUC = area under the curve
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Fig. 3  Correlation between seeding activity and classical AD biomarkers in the CSF. A) Heatmap profile of log2-transformed levels (color scale) of clas-
sical AD biomarkers in neurological control and AD subjects segregated in three groups accordingly to their seeding potency detected in the CSF: high, 
intermediate or low seeders. B-N) Correlation analysis between seeding signal detected in the CSF using the tau(P301L) biosensor and Aß42 levels (B; 
F;J); Aß42/40 ratio (C; G;K); total tau (D; H;L) and phospho-tau (E; I;M) levels in high (B-E); intermediate (F-I) or low seeders (J-M). 95% CI is indicated by 
the shaded area. Spearman correlation r value and p value are indicated when the correlation is statistically significant. Established thresholds for AD 
diagnosis are indicated by the dotted blue line
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Fig. 4 (See legend on next page.)
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there was no significant correlation between the seeding 
activity and any of the biomarkers (Suppl. Figure 2B-E). 
Therefore, the seeding activity of high seeders ( ≥ 1.64 
RLU) correlates well with the disease context, defined by 
the three classical AD biomarkers (i.e. decreased Aß42/
Aß40 ratio, increased tau and P-tau).

Based on previous reports in the literature showing 
that AD patients displaying high tau levels are enriched 
in subjects carrying the APOE ε4 allele [27], we sought 
to investigate the distribution of APOE4 carriers in the 
three seeding groups of our cohort. While in the global 
population we observed no differences in the frequency 
of APOE4 + subjects (i.e. carrying at least 1 APOE ε4 
allele) among the three groups (Suppl. Figure  2  F), the 
intermediate and high seeder groups in AD are indeed 
enriched in APOE4 + subjects (Suppl. Figure  2G). On 
the contrary, APOE4 + subjects are less abundant in 
the intermediate and high seeders in the Control group 
(Suppl. Figure 2 H), evidencing that the seeding detected 
in the control group is of different nature than that of AD 
subjects and independent of presence of APOE4 carriers.

Seeding activity in human brain lysates predict their ability 
to experimentally induce tau pathology in mouse model
To further evaluate the relationship between seeding 
activity detected with NanoBit tau biosensors and evolu-
tion status of patients, we incubated the K18(P301L) or 
full-length tau(P301L) biosensor cells with post-mortem 
human brain lysates from two clinically distinct groups 
of sporadic AD patients: one displaying classical progres-
sion of the disease (“cAD”, defined by a disease duration 
of 5–8 years) and a group of rapid progression (“rAD”; 
disease duration from 6 months to 3 years), in addition to 
non-AD subjects (control). Contrary to the CSF samples, 
post-mortem human brain lysates of AD groups showed 
a robust increase in the signal of the K18(P301L) biosen-
sor, reaching up to 60-fold changes relative to basal sig-
nal (Fig.  4A). In addition, seeding in the rAD sample is 
statistically higher than in the cAD sample (Fig. 4A). In 
the case of the tau(P301L) biosensor, the cAD and rAD 
brain lysates induced a significant increase in the signal 

compared to brain lysates from control subjects (Fig. 4B), 
with a similar amplitude than that observed with the CSF 
samples. However, no significant difference was observed 
between the cAD and rAD brain lysates (Fig. 4B). These 
data further suggests that K18(P301L) and tau(P301L) 
biosensors detect different seeding processes, with the 
tau(P301L) biosensor displaying more concordance 
between brain lysate and CSF samples.

We have previously shown that seeding induced by 
brain lysates from the P301S transgenic mouse model 
of tauopathy leads to AT8-positive staining of the 
tau(P301L) biosensor, which correlates well with the bio-
sensor signal [15, 28]. Here we assessed whether this is 
also the case with the post-mortem human brain lysates. 
Confocal imaging of tau(P301L) biosensor cells show 
absence of AT8 staining in cells incubated with control 
non-AD human brain lysates (Fig. 4C-i), while incubation 
with cAD brain lysates show some AT8-positive speckle-
shaped tau inclusions (Fig. 4C-ii). In contrast, the major-
ity of tau biosensor molecules are phosphorylated 
(AT8-positive) following treatment with brain lysates 
from the P301S mouse model (PS19), used as a positive 
control (Fig. 4C-iii). The level of AT8-positive phosphor-
ylation seems thus to correlate well with the biosensor 
aggregation signal (Fig.  4C, graphs on the right), con-
firming our previous data [15, 28]. Morphological dif-
ferences and heterogeneity of AT8-positive inclusions 
driven by human vs. mouse brain lysates (see Suppl. 
Figure  3  A-B for higher magnification images) might 
explain the differences in the amplitude of the biosensor 
response towards those samples, and might reflect differ-
ent seed structures, strain properties or seed-substrate 
compatibility.

Finally, in order to confirm that the biosensor response 
is related to the pathological properties of the seeds con-
tained in the samples, we assessed the capacity of these 
human samples to induce tau pathology in vivo. For 
this, we used a previously validated APP/PS1dE9 mouse 
model that do not overexpress pathological tau proteins 
but that over-express amyloid-beta peptide, known to 
boost tau seeding activity [29], [30]. Compared to the 

(See figure on previous page.)
Fig. 4  NanoBit tau biosensors detect seeding activity in human samples. HEK293T cells expressing the K18(P301L) (A) or the full-length tau(P301L) (B) 
biosensor show increased biosensor aggregation in the presence of post-mortem human brain lysates (2.5 µg total protein, 24 h) from AD patients com-
pared to control (Ctrl) subjects. cAD = classical AD; rAD = rapid AD (see text for further details). Data are expressed as mean ± SEM of 3–4 independent 
experiments with the same preparation of homogenates (see Methods for details); *p < 0.05, ***p < 0.005, ****p < 0.001, by one-way ANOVA, followed by 
uncorrected Dunn’s multiple comparisons test to control group. C) Representative images of tau biosensor in HEK203T cells incubated in the presence of 
human or mouse brain lysates, as indicated, monitored by immunofluorescence microscopy (biosensor: anti-HA antibody, in red; AT8 antibody: phospho-
tau, in green; nuclei: DAPI staining, in blue). Scale bar: 10 μm. Graphs on the right are the luminescence biosensor data of the corresponding cells (data 
expressed as mean ± SD of duplicates). D-J) Intrahippocampal inoculation of cAD or rAD brain lysates, but not of control brains, increases tau pathology in 
the hippocampus of APPswe/PS1dE9 mice. D-E) Representative images of AT8 immunolabelling showing tau pathology induction in the dorsal hippocam-
pus of an AD brain lysate-inoculated APPswe/PS1dE9 mouse at 8 mpi (D) compared to a control brain-inoculated littermate (E). F-G) AT8 immunolabelling 
revealed tau lesions in the forms of neuropil threads (F) and NFT (G) around the injection site of AD brain-extract-inoculated APPswe/PS1dE9 mice at 8mpi. 
H-J) AD brain extract inoculation increased AT8-positive signal (H), neuropil threads (I) and NFTs (AT8-positive NFTs per 100 µm2 of area) (J) in the hip-
pocampus of AD brain-extract-inoculated APPswe/PS1dE9 mice at 8mpi. Scale bars = 500 μm (D, E), 20 μm (F–G). ***p < 0.001, ****p < 0.0001. nCtrl = 15, n 
cAD = 15, n rAD = 20 mice. Mann Whitney’s tests. Data are shown as mean ± S.E.M. NT = neuropil threads; NFT = neurofibrillary tangles
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control brain lysate, the intrahippocampal inoculation 
of both cAD and rAD brain lysates led to a similar sig-
nificant increase in tau lesions in the hippocampus, as 
revealed by AT8-positive immunostaining (Fig.  4D-E 
and H; p = 0.001 and p < 0.0001 respectively for cAD and 
rAD-inoculated mice). AT8-positive neuropil threads 
(NTs) in the hippocampus were also induced in a similar 
way for both cAD and rAD (Fig. 4F and I; p = 0.0005 and 
p < 0.0001 in cAD and rAD mice, respectively), whereas 
control-inoculated animals did not present these lesions. 
Moreover, AT8-positive neurofibrillary tangles (NFTs) 
were also increased in a similar way for the two AD 
groups in the hippocampal hilus (Fig. 4G and J; p = 0.001 
and p < 0.0001 in cAD and rAD mice, respectively) as 
opposed to control-inoculated animals. Tau lesions 
spreading from the hippocampus to entorhinal region 
were also detected and occurred with the same intensity 
after cAD and rAD inoculation (not shown). Altogether 
these data demonstrate that the NanoBit tau biosensors 
are efficient in detecting seeding activity in human bio-
logical samples that are pathologically relevant, as dem-
onstrated by their induction of tau pathology in mice 
upon brain inoculation of the same samples.

Discussion
Tau seeding and replication activities are considered the 
key prion-like mechanisms through which tau pathology 
propagates from one cell to another, eventually spread-
ing through different brain regions over the course of 
AD progression [8], [7]. While seeding-active tau species 
have been extensively shown from human postmortem 
brain tissue lysates in previous studies [11, 14, 17, 31], 
the detection of seeding-active tau species in the CSF is 
much more challenging, likely due to the low amounts of 
tau species in this fluid. Here, we applied recently devel-
oped tau biosensors based on the NanoBit technology to 
detect tau seeding activity from antemortem CSF sam-
ples, as well as postmortem brain lysates. The tau seeding 
activity from postmortem brain lysates could clearly dis-
criminate AD from non-AD subjects using K18(P301L) 
and tau(P301L) biosensors. In contrast, tau seeding 
activity from CSF samples was only detectable with the 
tau(P301L) biosensors and in both, AD and neurological 
control subjects, with similar high inter-individual vari-
ability inside the two groups. Subjects classified as “high 
seeders” were more abundant in the AD group, and their 
seeding response correlated with classical AD biomark-
ers, implying that high seeding activity in the CSF is 
linked to the disease context. Further evidence of the rel-
evance of the tau seeding detected in the CSF of AD sub-
jects comes from the observation that the group of high 
seeders in AD, but not in Control, is enriched in APOE4 
carriers.

The most striking observation is that seeding activ-
ity measured in the CSF might be a useful parameter to 
report on the dynamic phase of AD progression. Indeed, 
subjects with low seeding activity showed clearly slower 
cognitive decline in the following 30 months. Provided 
that our findings are confirmed in additional cohorts, 
they could have meaningful clinical translational benefits 
for patient stratification, especially in view of the recent 
approval of the 2 first disease-modifying drugs for AD 
patients [32]. Being able to identify patients that are at 
low risk to decline cognitively in the next couple of years 
will certainly be an asset for clinicians to prevent therapy 
initiation in subjects that will not benefit from them. 
Similarly, being able to discriminate low and fast declin-
ers may also be critical to refine patient recruitment in 
clinical trials.

Interestingly, full length tau(P301L) and K18(P301L) 
biosensors showed different results in CSF and post-mor-
tem brain lysate samples, with the full-length tau(P301L) 
biosensor being better suited to detect tau seeding in CSF 
samples. These results strongly suggest that the seeding-
competent species are not the same in postmortem brain 
lysates and in antemortem CSF, although a contribution 
of different seed levels (i.e. high in brain lysates and low 
in CSF) cannot be fully discarded. In fact, a previous 
study reported that the tau species found in the brain 
and CSF of living healthy subjects are indeed not iden-
tical, with the CSF being enriched in N terminus frag-
ments cleaved at the end of the mid-domain between 
residues 222 and 225, lacking thus the central repeat 
K18 domain [33]. Such species might, therefore, display 
seeding activity on full-length tau constructs, but not 
on K18-only constructs. Interestingly, according to the 
authors, the profile of CSF tau fragments is very similar 
in AD and non-AD subjects, with the main difference 
being the increased production rate of tau in the former 
[33]. This might explain why we also detect seeding activ-
ity in the CSF of neurological control subjects. Whether 
this phenomenon relates to a yet unknown physiological 
function of secreted tau remains to be explored. Another 
evidence attesting for different seeding-competent spe-
cies in human brain lysates compared to the CSF of AD 
patients is the fact that the seeding potency seems to cor-
relate with the levels of distinct phosphorylated tau spe-
cies. While in the CSF the seeding potency is, at least, 
correlated with T181 p-tau (our study), in human brain 
lysates it correlates with tau species phosphorylated at 
residues T231 and S235, but not with the T181 p-tau 
[14]. Future studies will have to investigate relationships 
between CSF seeding potency and tau species phos-
phorylated at other residues, including T231 and S235, 
both of which have been shown to be of high relevance 
as biomarkers of early AD [34]. Of note, only one study, 
led by Takeda et al.., had previously reported successful 
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detection of tau seeding activity in antemortem human 
CSF, using a K18-based FRET biosensor cells combined 
to specific CSF sample preparation to obtain 50-times 
concentrated high molecular weight tau fractions [16]. 
Among the 6 AD samples tested, seeding was detected 
only in 3 of them, which proves that seeding-competent 
tau species can be indeed found in the CSF, but also 
implies high inter-individual variability of seeding activ-
ity. Both aspects are now corroborated by our results in 
a larger set of samples. Further evidence of the presence 
of seeding-competent tau species in the human CSF also 
comes from studies that successfully induced tau pathol-
ogy in the mice brain after inoculating human CSF from 
AD cases [35]. More recently, Hitt et al.. reported that 
an optimized version of the FRET biosensor could not 
detect tau seeding activity in human CSF [17]. The dis-
crepancy between the two studies [16], [17] is most likely 
due to differences in the protocol of sample preparation. 
In our case, our results showing that only few samples 
had detectable signal above the basal line (Fig. 1A), using 
the K18-based NanoBit biosensors (similar construct to 
the one used in the FRET biosensor), are in good agree-
ment with those of the study from Hitt and collaborators.

Recently developed in vitro seed-amplification assays 
((SAA), or Real-Time quaking induced conversion assay 
(RT-QuIC)) have shown promising results in the case 
of alpha-synucleinopathies, displaying high sensitiv-
ity and specificity in detecting seed-competent alpha-
synuclein in the CSF of Parkinson’s and Lewy bodies 
diseases patients, even at presymptomatic stages [36, 37]. 
Detection of tau seeds by similar assays revealed to be, 
however, more challenging, probably due to the higher 
complexity of isoforms and conformations of tau com-
pared to alpha synuclein. In AD, successful results have 
been up to now reported in postmortem brain samples 
only [13, 38]. It is interesting to highlight that, in more 
concentrated samples, these assays also detect tau seed-
ing in non-AD brain specimens [13, 38], supporting the 
existence of some degree of basal seeding activity. Of 
note, in our previous study [15] we compared side-by-
side our biosensor signal and thioflavin staining the bio-
sensor cells, and we observed no correlation, suggesting 
that the biosensor signal reflects oligomeric complexes 
rather than fibrillar forms of tau, which might explain the 
higher sensibility of the sensor and the signal from con-
trol CSF samples.

The well-characterized cohort used in the present 
study enabled us to relate tau seeding activity to clini-
cal and biomarker parameters. In AD subjects with high 
seeding activity profile, the seeding potency correlates 
negatively with Aß42/40 ratio, and positively with total- 
and p-tau, highlighting its connection to the progression 
of AD biomarkers. Of note, we [15] and others [9] did not 
observe a direct effect of Aß oligomers on inducing tau 

aggregation, but it is very likely that Aß pathology con-
tributes indirectly to aggravate tau lesions. The positive 
correlation of seeding activity with total- and P-tau181 
could suggest that these are critical factors determin-
ing seeding activity. However, they are certainly not 
the only factors, as subjects with similarly high tau and 
P-tau181 levels were also present in the group of low and 
intermediate seeders. Thus, in addition to total-tau and 
P-tau181 levels, the seeding activity presumably reflects 
other pro-seeding properties of CSF samples, either from 
the presence other P-tau species, such as P-tau231 which 
can be increased in non-AD cases, as in chronic trau-
matic encephalopathy [39] for example, or from still to 
be discovered factors unrelated to tau. In this same line, 
the study from Duits and collaborators [27] highlighted 
the fact that higher tau levels are associated with faster 
cognitive decline independently of the disease stage, 
which suggests that different underlying biological pro-
cess might drive the four AD subgroups they discov-
ered, as well as the seeding subgroups reported here. The 
APOE genotype is another potential factor modulating 
tau levels heterogeneity [14, 27] and seeding activity, as 
we found that the group of intermediate and high seed-
ers among AD subjects are enriched in APOE4 carriers, 
compared to low seeders.

It is, therefore, highly plausible that tau seeding activ-
ity may significantly contribute to the clinical hetero-
geneity observed on AD progression. This hypothesis 
has also been suggested in the study from Dujardin and 
collaborators [14] upon identification of significant vari-
ability on several post-translational modifications of tau 
and seeding properties in soluble high molecular weight 
brain fraction of human postmortem frontal cortices. Of 
note, the authors observed a positive correlation between 
seeding activity and the rate of disease progression, and 
the inoculation of human brain samples into the brain of 
AD animal models also induced tau pathology propor-
tional to the seeding potency of the human sample [14], 
which is in agreement with our data.

The present work has some limitations that should be 
acknowledged. We did not explore the response of the 
seeding biosensor in samples from young, healthy sub-
jects, or from other neurodegenerative diseases, espe-
cially other 4R tauopathies (PSP, CBD). The inclusion 
criteria of control subjects were limited, as they were 
also referred to the memory clinic due to cognitive com-
plaints. Because the CSF samples were not assessed for 
other potential co-pathologies, the possibility of cross-
seeding by other aggregate species cannot be entirely 
excluded. Further studies in a different and larger cohort, 
with available cognitive data on additional tests, in par-
ticular ADAS-cog and CDR-SB, as well as with data on 
other P-tau species and tau PET scan, are warranted to 
increase the robustness of our conclusions and to better 
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understand the relationship between CSF seeding activity 
and AD pathophysiology. Larger cohorts will also allow 
correlations with demographic markers such as age, sex 
and years of education with sufficient statistical power. 
Finally, future studies should address the application of 
the seeding biosensor to serum or plasma samples to 
fully explore its translational potential as a routine assay.

Conclusion
In summary, we report here that seeding activity is a 
parameter that can be detected in the CSF by a full-
length Tau(P301L) NanoBit-based biosensor. CSF seed-
ing activity is highly heterogeneous among AD and 
non-AD subjects, but in diagnosed AD cases it might 
predict the probability of cognitive decline in the short-
term. Confirmation of these findings and testing the pre-
dictive model in larger and independent cohort are likely 
to pave the way for integrating seeding activity as a new 
biomarker in AD research as well as in clinical practice, 
allowing better patient selection for treatment indication 
and/or inclusion in clinical trials.
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