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            Abstract
Alzheimer’s disease (AD) causes unrelenting, progressive cognitive impairments, but its course is heterogeneous, with a broad range of rates of cognitive decline1. The spread of tau aggregates (neurofibrillary tangles) across the cerebral cortex parallels symptom severity2,3. We hypothesized that the kinetics of tau spread may vary if the properties of the propagating tau proteins vary across individuals. We carried out biochemical, biophysical, MS and both cell- and animal-based-bioactivity assays to characterize tau in 32 patients with AD. We found striking patient-to-patient heterogeneity in the hyperphosphorylated species of soluble, oligomeric, seed-competent tau. Tau seeding activity correlates with the aggressiveness of the clinical disease, and some post-translational modification (PTM) sites appear to be associated with both enhanced seeding activity and worse clinical outcomes, whereas others are not. These data suggest that different individuals with ‘typical’ AD may have distinct biochemical features of tau. These data are consistent with the possibility that individuals with AD, much like people with cancer, may have multiple molecular drivers of an otherwise common phenotype, and emphasize the potential for personalized therapeutic approaches for slowing clinical progression of AD.
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                    Fig. 1: Heterogeneity of clinical progression and age of onset in Alzheimer’s disease.[image: ]


Fig. 2: Heterogeneity of tau seeding in the human brain.[image: ]


Fig. 3: Tau seeding relies on an oligomeric form of tau.[image: ]


Fig. 4: Tau seeding is associated with rate of disease progression and intensity of tau phosphorylation.[image: ]
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Extended data

Extended Data Fig. 1 Kinetics of tau seeding in FRET biosensor assay relates to Fig. 2d.
a, Tau seeding was quantified by live imaging over 72 h of FRET biosensor cells exposed to PBS extracts of the 32 human AD brains. This process is divided into three phases: a nucleation/lag phase followed by the exponential polymerization/elongation phase and ending by a plateau phase. Samples were normalized to total tau levels before being added to the seeding assay and the number of aggregates obtained was normalized to both positive and negative controls. A sigmoidal, 4PL, X is log(concentration) nonlinear regression was applied before plotting the data b, Tau seeding dose response was investigated in two of these AD brain extracts. Tau seeding was quantified with 8 ng of total tau in the sample (dose used for Fig. 2d and in panel A) but also with 0.08 ng, 0.8 ng, 4 ng, 16 ng and 40 ng to demonstrate the dose dependence of the plateau phase and the ceiling effect of the assay. c, Statistically significant two-tailed Spearman’s rank nonparametric correlation between the plateau value for each of the 32 AD brain extracts measured in this manner and the seeding value obtained on the FRET biosensor assay by flow cytometry (Fig. 2b). d, Statistically significant two-tailed Spearman’s rank nonparametric correlation between the values of the plateau and of the slope for the 32 AD brains.
Source data


Extended Data Fig. 2 hTau seeding assay cell viability and association with FRET biosensor assay.
a, Timecourse of insoluble AT8 aggregates appearance in the hTau primary neuron seeding assay 1 hour, 1 day, 2 days and 7 days post incubation with the AD brain extracts. The right panel only represents the time points from 1 h to 2 days post incubation with the brain extracts. Error bars represents Standard deviations to the mean. n = 10 human subjects. Quantification of immunolabelling with NeuN (b) and MAP2 (c) in hTau mouse primary neurons incubated with 9 different AD brain extracts from our study’s cohort show a general viability of neuronal cells after brain extract incubation beside a possible toxicity with subject #32 brain extract. n = 4 independent experiments, error bars represent standard deviations to the mean d, Quantification of AT8 hyperphosphorylated tau staining on 9 human subjects from Fig. 2g. n = 4 independent experiments. Error bars represents Standard deviations to the mean. The color gradient scale bar relates to seeding quantities obtained in Fig. 2b. e, Statistically significant two-tailed Spearman’s rank nonparametric correlation between the value of seeding activity obtained in Fig. 2b and the AT8 signal intensity obtained with the hTau primary neuron seeding assay for 9 subjects AD brain extracts. f, Tau seeding in a mouse model of tauopathy- Relates to Fig. 2h,i. Two-month-old P301S transgenic mice were stereotactically injected with human AD brain PBS extracts from 10 human AD subject. Mice were euthanized 2 months later, and their brains processed for AT8 immunohistochemistry to assess the in vivo seeding potential of human AD brain extracts. n = 5 animals per human subject. Bar graph depicts the stereological quantification of the number of AT8-positive neurons in the cortex and hippocampus. The color gradient scale bar relates to seeding quantities obtained in Fig. 2b. Error bars represents Standard deviations to the mean.
Source data


Extended Data Fig. 3 Hyperphosphorylation is closely associated with tau seeding.
Brain extracts from the 32 AD subject were quantified for two epitopes of tau using alphaLISA (AT8 (a) and PHF6 (b)). Prior to this assay, samples were normalized for total protein amount as obtained using a BCA assay. Background Corrected Relative Light Unit (RLU) are plotted here. The color gradient scale bar relates to seeding quantities obtained in Fig. 2b. Both phospho-epitopes show a positive statistically significant association with tau seeding using a two-tailed Spearman’s rank non parametric correlation. SEC fractions from 9 AD brain extracts grouped into high seeders (red, n = 3), moderate seeders (green, n = 3) and low seeders (blue, n = 3) were tested for the presence of epitopes of tau hyperphosphorylation by alphaLISA (AT8 (d) and PHF6 (c)). Error bars represent the standard deviation to the mean. Showing the enriched presence of these epitopes in HMW fractions, especially in high and moderate seeders. e, HMW tau species quantified from the SDD-AGE (bin1-6, see Fig. 3b) were correlated with oligomeric tau levels from the alphaLISA showing a significant two-tailed Spearman’s rank nonparametric correlation. The r coefficient and p value are indicated on the plot. n = 14 individual subjects.
Source data


Extended Data Fig. 4 Proteinase K digestion Western blots.
Relates to Fig. 3f–i. 12 AD brain extracts from our study’s cohort were incubated with increasing doses of proteinase K and run on a Western blot in order to investigate differential stabilities of tau species. Antibodies recognizing total tau proteins as well as hyperphosphorylated tau proteins were used as detection antibodies. This experiment was repeated two times with similar results.


Extended Data Fig. 5 Correlation of postmortem interval and longevity versus intensities of phosphorylation.
Intensity of phosphorylation of phospho-sites T181, S198/S199/S202, T217, T231, T231&S235, S262, S400/T403/S404 (ordinate) were correlated with postmortem interval53 (a) or age at death54 (b) (abscissa). n = 31 individual subjects. Two-tailed Spearman’s rank nonparametric correlation tests were used, and r coefficient and p values are indicated on the tables. c, Some phospho-epitopes do not correlate with seeding- Intensity of phosphorylation of phospho-sites T181, T217 and T231 (ordinate) were correlated with tau seeding activity (abscissa). n = 31 individual subjects. Two-tailed Spearman’s rank nonparametric correlation test was used, and r coefficient and p value are indicated on the plots.
Source data


Extended Data Fig. 6 Tau seeding activity correlates with tau and GFAP-immunoreactive burdens.
Immunohistochemical staining of tau (indicative of NFTs, neuropil threads and plaque-associated neuritic dystrophies) a, Amyloid-β (indicative of Aβ plaques) c, GFAP + reactive astrocytes e, and CD68 + phagocytic microglia g, formalin-fixed paraffin-embedded sections from the frontal association cortex (BA8/9) of the 32 AD subjects and their respective burden quantifications (b,d,f,h). The color gradient scale bar relates to seeding activities obtained in Fig. 2b. Both the tau burden and the GFAP burden show a statistically significant positive association with tau seeding using a two-tailed Spearman’s rank nonparametric correlation. i, Cortical thickness measured as a proxy for neurodenegeration45 in the same sections did not significantly correlated with tau seeding activity using a two-tailed Spearman’s rank nonparametric correlation. n = 32 individual human subjects.
Source data


Extended Data Fig. 7 Age of disease onset correlates with tau seeding activity but not with intensity of tau phosphorylation.
a, Tau seeding (on the abscissa) as quantified in Fig. 2b negatively correlates with age of onset. n = 32 individual subjects. b, Intensities of phosphorylation of different phospho-sites (ordinate) were positively or negatively correlated with age of onset (abscissa). n = 31 individual subjects. Two-sided Spearman’s rank nonparametric correlation test was used and r coefficient and p value are indicated on the plots.
Source data


Extended Data Fig. 8 Some phospho-epitopes do not correlate with rate of disease clinical progression.
Intensities of phosphorylation of phospho-sites T181, T217 and T231 (ordinate) were correlated with rate of clinical disease progression as indicated by the slope of the linearized CDR-SOB score trajectories (abscissa). Two-sided Spearman’s rank nonparametric correlation test was used and r coefficient and p value are indicated on the plots. n = 31 individual human subjects.
Source data


Extended Data Fig. 9 Rate of clinical disease progression and age of symptom onset correlate with tau burden, oligomeric tau and phosphorylated tau levels.
The relationship between age of onset and rate of progression undoubtedly has many contributors, hence it is not surprising that some relationships are not evident statistically in a relatively small sample that was not selected to examine this question. As expected and previously established2,3,55,56, Rate of disease clinical progression as indicated by the slope of the linearized CDR-SOB score trajectories and age of symptom onset as quantified in Fig. 1b, c significantly correlates with tau burden from Extended Data Fig. 6a,b (respectively a, and b) but also oligomeric tau levels from Fig. 3a (respectively c, and d, p = 0.057) and 2 epitopes of tau hyperphosphorylation: PHF6, from Extended Data Fig. 3b (respectively e, and f, p = 0.051) and AT8 from Extended Data Fig. 3a (respectively g, and h) in the 32 subjects of this study’s cohort54. i, As recently described and probably not independent of the age of onset, tau seeding correlates with age at death54. Correlations were carried out using a two-sided Spearman’s rank nonparametric correlation, r coefficient and p values are indicated on the plots. n = 32 individual human subjects. j, Analysis of tau seeding activity by APOE genotype showed a statistically significant difference with higher seeding activity in APOEε4/ε4 subjects (n = 5) compared to APOEε3/ε4 (n = 20, p = 0.0013) and APOEε4 non-carriers (n = 8, p = 0.0072). Groups were compared using a one-way ANOVA with a Tukey’s multiple comparison post-test. Error bars represent standard deviation to the mean.
Source data


Extended Data Fig. 10 Reduction of tau seeding by antibodies is epitope and subject-to-subject dependent.
a, Schematic representation of the paradigm of tau seeding reduction via immunodepletion. Antibodies were coupled with magnetic beads and incubated with AD brain extract. Beads/antibodies/antigens complexes were depleted and the supernatant placed on the FRET biosensor seeding assay. FRET was quantified by flow cytometry. b, Schematic representation of tau protein with alternative exons 2 (yellow), 3 (green) and 10 (red) as well as the repeated regions of the microtubule binding domains (black). Antibodies used in this study are indicated below. Green antibodies (Tau12, HT7 and Tau46) target the total protein when red antibodies (AT270, AT8, pS262 and PHF1) target phospho-epitopes known to be associated with AD tau pathology. c, Antibody-mediated reduction of tau seeding across 15 AD subjects from our study’s cohort (left column). Antibodies are organized in columns. IgG serve as negative control for seeding reduction. Percentage of seeding reduction and standard deviation are indicated for each individual/antibody association. The color code of seeding reduction is indicated in the lower panel.
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Supplementary Video 1
Kinetic of tau seeding in FRET-biosensor assay. Tau seeding was quantified by fluorescent live imaging over 72 h in the FRET-biosensor assay cells exposed to PBS extracts of a human AD brain. Representative video of the appearance of aggregates is shown in the left panel, along with our image-analysis model (center panel) separating background (white), cells (gray) and aggregates (black). Quantification and plotting overtime are shown in the right panel. This experiment was repeated at least 3 times with similar results.
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