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Key points: 18 

• Small tau aggregates show disease-specific signatures across tauopathies, differing in 19 
abundance, morphology, and post-translational modifications. 20 

• Tau aggregates in AD show enhanced phosphorylation density and structural heterogeneity, 21 
including a distinct population of long fibrillar species detectable in the soluble fraction. 22 

• Alzheimer’s disease is characterised by specific long, fibrillar-shaped tau aggregates enriched 23 
in disease-relevant phospho-epitopes. 24 

• PSP features round pSer356-positive aggregates that correlate with apoptotic and 25 
inflammatory markers, suggesting a distinct mechanism of toxicity. 26 

• Isoform-specific biosensor assays reveal divergent seeding behaviour: CBD shows strong 4R 27 
seeding, while PSP lacks seeding activity. 28 

• Features of small aggregates co-vary with distinct patterns of gliosis and cell stress, suggesting 29 
disease-specific mechanisms of tau-mediated toxicity. 30 

 31 

SUMMARY (150 words) 32 

Tauopathies are neurodegenerative diseases marked by pathological tau aggregation. While disease-33 
specific folds of insoluble tau filaments have been established, it remains unclear whether the smaller, 34 
earlier species also differ across tauopathies. Here, we characterise these small tau aggregates from 35 
post-mortem brain of individuals with Alzheimer’s disease (AD), progressive supranuclear palsy (PSP), 36 
corticobasal degeneration, Pick’s disease, and healthy controls. Using two complementary single-37 
molecule assays, we confirm that small tau aggregates vary in abundance, morphology, and post-38 
translational modifications. AD features specific long, fibrillar-shaped aggregates enriched in phospho-39 
epitopes, while PSP aggregates are shorter, round, and selectively phosphorylated at serine-356, a site 40 
we identify as correlating with markers of inflammation and apoptosis. Aggregate properties co-vary 41 
with cellular stress signatures and align with disease-specific seeding profiles, suggesting distinct 42 
pathological mechanisms. These findings suggest that small tau aggregates are not a shared 43 
intermediate, but instead encode disease-specific mechanisms, with potential as both biomarkers and 44 
therapeutic targets. 45 
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INTRODUCTION 47 

Tauopathies are a group of neurodegenerative disorders characterised by the pathological aggregation 48 
of the microtubule-associated protein tau in the brain1. These include Alzheimer's disease (AD), 49 
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD) and Pick’s disease (PiD). 50 
Under physiological conditions, tau dynamically associates with microtubules, modulates their stability, 51 
and supports axonal transport2,3. In disease, tau becomes aberrantly phosphorylated and aggregates, 52 
losing its normal function and gaining toxic properties that contribute to neuronal dysfunction and 53 
death4. 54 

Despite pathological tau aggregation being a shared hallmark of tauopathies, the diseases are 55 
pathologically distinct5. AD, the most prevalent tauopathy, features a mixture of 3-repeat (3R) and 56 
4-repeat (4R) tau pathology and is considered a secondary tauopathy as tau aggregation is facilitated 57 
or accelerated by prior beta-amyloid (Aβ) pathology6,7. Clinically, AD is primarily characterised by 58 
cognitive decline, with early impairment in declarative and working memory. In contrast, PSP and CBD 59 
are primary tauopathies that are typically associated with shorter disease duration compared to AD8,9. 60 
Both give rise to mixed movement disorders, with a variable degree of cognitive impairment that may 61 
precede or follow motor deficits. PSP and CBD are characterised by prominent glial tau pathology in 62 
astrocytes and oligodendrocytes, in addition to neuronal tau inclusions10,11. PSP has tufted astrocytes, 63 
while CBD has astrocytic plaques. In contrast, PiD, a rare form of frontotemporal dementia, is defined 64 
by 3R tau pathology and the presence of intraneuronal Pick bodies. Tau inclusions have also been 65 
reported in astrocytes in PiD, though these are less prominent than in PSP and CBD and their role 66 
remains poorly understood12. While reactive astrocytosis is observed in PiD, it may be a response to 67 
neuronal loss13,14, in contrast to PSP and CBD. PiD often manifests in midlife and progresses rapidly15. 68 
In addition to differences in tau isoform composition and astroglial involvement, emerging evidence 69 
suggests that disease-specific patterns of neuroinflammation may also contribute to divergent 70 
pathogenic trajectories across tauopathies16,17. The factors underlying these disease-specific 71 
differences remain unclear but may involve differences in tau isoform expression, post-translational 72 
modifications (PTMs), local cellular environments, or co-pathologies5. 73 

Recent advances in cryo-electron microscopy (cryo-EM) have revealed that each tauopathy is 74 
characterised by distinct tau filament structures, with highly conserved disease-specific folds of the 75 
insoluble aggregates18–20 (Schematic 1A), suggesting that conformational differences underlie their 76 
divergent clinical and pathological phenotypes9. While these larger, insoluble inclusions have 77 
historically been the focus of tauopathy research, growing evidence suggests that small, diffusible tau 78 
aggregates are the more toxic forms21 that play a central role in disease development22–24. For example, 79 
these small aggregates can impair synaptic function25,26, disrupt protein homeostasis27 and trigger 80 
neuroinflammation28. In several recent models, diffusible aggregates correlate more strongly with 81 
neurodegeneration than insoluble tau tangles29; in contrast, the insoluble species may potentially serve 82 
as protective ‘sinks’ that sequester the freely diffusing oligomers30, though they may also contribute to 83 
cytotoxicity. However, the low abundance, structural heterogeneity, and lack of specific molecular 84 
markers of these oligomers have made them exceptionally difficult to study31. As a result, it remains 85 
unclear whether these small aggregates exhibit disease-specific differences, or whether they represent 86 
a common cytotoxic intermediate across tauopathies. In this study, we refer to these smaller “soluble” 87 
tau aggregate species as “small tau aggregates” to distinguish them from insoluble fibrils. They are 88 
retained in the low-detergent fraction at medium speed centrifugation, exhibit multivalency, and are 89 
variously described in the literature as “soluble,” “diffusible,” or “oligomeric” tau. The significance of the 90 
variation in size, within and between tauopathies, is uncertain. 91 

To address this gap, we systematically characterised the small tau aggregates formed during the earlier 92 
stages of aggregation extracted from post-mortem brain of individuals with AD, PSP, CBD, PiD, and 93 
age-matched controls without any disease pathology, all sampled from the same brain region (frontal 94 
cortex). We applied two complementary single-molecule methods: MAPTau, a tau aggregate pull-down 95 
assay coupled with total internal reflection fluorescence (TIRF) microscopy32, and tau aggregate-96 
specific single-molecule array (Simoa)33, an ultrasensitive bead-based immunoassay34 (Schematic 1B). 97 
Together, these techniques allow us to quantify and characterise tau aggregates with high sensitivity 98 
and molecular specificity, without the need for conformation-specific antibodies. This enables not only 99 
detection of aggregate levels, but also detailed profiling of their size, morphology and post-translational 100 
modifications. In parallel, we assessed the seeding activity of sarkosyl-insoluble tau aggregates using 101 
isoform-specific biosensor assays, to explore potential functional consequences (Schematic 1C). 102 
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Our goal was to determine whether the small diffusible tau aggregates show disease-specific features, 103 
and whether their molecular characteristics could shed light on the distinct pathological mechanisms of 104 
different tauopathies.  105 

 106 

 107 

 108 

 109 
Schematic 1: Schematic overview of experimental strategy for tau aggregate characterisation across tauopathies. (A) 110 
Tau aggregation proceeds from monomeric tau through small aggregates to mature, fibrillar inclusions such as paired helical 111 
filaments (PHFs) and neurofibrillary tangles (NFTs). Distinct folds of the late-stage insoluble tau filaments are associated with 112 
different tauopathies, as revealed by cryo-EM. In this study, we asked whether disease-specific differences are already apparent 113 
at the level of small tau aggregates. To address this, we analysed tau species retained in the brain homogenate (high salt, low 114 
detergent). (B) Small tau aggregates were profiled using two complementary single-molecule methods. The single-molecule pull-115 
down assay captures and images individual tau aggregates using total internal reflection fluorescence (TIRF) microscopy, 116 
enabling direct visualisation and quantification of their morphology and post-translational modifications. In parallel, Simoa 117 
provides digital, ultrasensitive quantification of epitope-specific aggregates using bead-based immunoassays. Both approaches 118 
use a monoclonal antibody sandwich that selectively detects tau species containing at least two epitopes (≥ dimers), excluding 119 
monomeric tau. (C) Sarkosyl-insoluble aggregates were assessed in a 3R/4R tau biosensor assay to measure isoform-specific 120 
seeding capacity. Aggregate features were linked to disease-specific profiles of cellular stress and inflammatory markers, 121 
enabling mechanistic insights into tauopathy heterogeneity. 122 

  123 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 11, 2025. ; https://doi.org/10.1101/2025.06.10.658934doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.10.658934
http://creativecommons.org/licenses/by/4.0/


RESULTS 124 

Quantitative profiling of tau species reveals disease-specific aggregation patterns. 125 

We began by broadly characterising tau species and their distribution across tauopathies using post-126 
mortem brain homogenate from individuals with pathologically confirmed and clinically concordant AD 127 
(AD dementia), PSP (PSP Richardson’s syndrome or PSP-Parkinsonism), CBD (corticobasal 128 
syndrome), PiD (frontotemporal dementia), and age-matched neurologically healthy controls (HC) with 129 
mild age-related pathology. We measured the amounts of tau and tau aggregates in the brain 130 
homogenate fraction, and sarkosyl insoluble tau, as well as their relative distributions across both 131 
fractions. All samples were derived from the same brain region (frontal cortex) to enable direct 132 
comparison. Summarised patient details are listed in Table 1 (full details in Table 2). 133 
Table 1: Summarised patient characteristics. 134 

Disease 
(pathology) 

# of 
cases 

Age ± S.D. 
[years] Region 

AD 5 76.4 ± 5.0 BA6/8 

PSP 5 74.8 ± 5.4 BA46 

PiD 4 71.3 ± 2.5 BA9/10/46 

CBD 5 77.0 ± 3.5 BA9/10/46 

HC 5 73.8 ± 4.7 BA6/8 

 135 

The small (soluble) tau fraction was obtained from a high-salt, low-detergent homogenisation buffer (10 136 
mM Tris-HCl, 0.8 M NaCl, 1 mM EGTA, 0.1% Sarkosyl, 10% sucrose, 21,000 × g), which retains small, 137 
diffusible tau species32. Within this fraction (“homogenate”), we first measured total tau (monomeric and 138 
aggregated tau) using a commercial sandwich ELISA targeting pan tau. While CBD, PiD, AD, and HC 139 
showed similar levels of tau, PSP exhibited significantly lower levels (Figure 1A).  140 

To quantify the small tau aggregates within the brain homogenate fraction, we applied a previously 141 
developed Simoa assay using an HT7 antibody sandwich configuration, which selectively detects 142 
aggregated tau33 and not monomers. Small tau aggregate levels were significantly elevated in AD brain 143 
homogenate compared to all other disease groups and HC (Figure 1B). When normalised to total tau 144 
levels in the homogenate, the proportion of tau present as aggregates was the highest in AD, but notably 145 
also elevated in PSP (Figure 1C). In contrast, CBD and HC showed similarly low aggregate-to-total tau 146 
ratios. 147 

To further assess the distribution of tau into monomeric, small aggregates and insoluble species, we 148 
performed a separate sarkosyl extraction to isolate the detergent-insoluble tau fraction. We quantified 149 
insoluble tau aggregates (Figure 1D) and determined the absolute total amount of tau aggregates 150 
(soluble tau and sarkosyl insoluble tau, in ng, extracted from 120 mg of post-mortem brain) (Figure 1E). 151 
We also compared the relative contribution of monomeric and aggregated tau in the brain homogenate, 152 
and sarkosyl insoluble tau (Figure 1F, Supplementary Figure S1A). Due to epitope availability 153 
particularly in the insoluble fraction their amount is likely underestimated. AD showed the highest levels 154 
of sarkosyl-insoluble tau, with lower levels in CBD, PiD and PSP, while HC had minimal levels. When 155 
comparing the relative contribution of each tau species to the total tau pool, striking differences 156 
emerged. In AD, a substantial portion of total tau (7 ± 6%) was present as insoluble aggregates, 157 
whereas in CBD only a small fraction was insoluble (0.4 ± 0.4%), despite high overall tau levels 158 
(Figure 1E, F). This suggests that CBD maintains a large pool of tau with limited conversion into 159 
aggregated forms, while PSP, with low total tau levels, shows a relatively high proportion of aggregation 160 
in the brain homogenate fraction. 161 

As the tauopathies included in this study are characterised by distinct tau isoform distributions (PiD is 162 
classified as a 3R tauopathy, PSP and CBD as 4R tauopathies, and AD as a mixed 3R/4R tauopathy) 163 
we next assessed isoform composition within the tau pool in the brain homogenate. We quantified 4R 164 
tau levels using a commercial ELISA, and developed an additional Simoa assay that specifically detects 165 
4R-positive aggregates (Supplementary Figure S1B, C), which we normalised to total tau and total tau 166 
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aggregate levels in the brain homogenate, respectively (Figure 1G, H, Supplementary Figure S1D). 167 
These ratios are approximate since some 4R aggregates also contain 3R tau. The resulting 3R/4R 168 
patterns in both total tau and aggregates in the brain homogenate were overall consistent with the 169 
known disease classifications, indicating that isoform-specific aggregation is preserved in the soluble 170 
phase.  171 

 172 
Figure 1: Differential distribution of tau species across tauopathies. (A) Total tau levels measured in brain homogenate from 173 
individuals with PSP, PiD, CBD, AD, and age-matched healthy controls (HC) using a mid-region tau ELISA. (B) Small tau 174 
aggregate levels measured in the same fraction using a single-molecule Simoa assay with an HT7 antibody sandwich 175 
configuration. (C) Ratio of small aggregates to total tau in brain homogenate. (D) Sarkosyl insoluble tau levels measured by 176 
ELISA in a separate sarkosyl extraction. (E) Total tau levels (brain homogenate + insoluble) across groups. (F) Relative 177 
distribution of tau species (monomer, small aggregates, and sarkosyl-insoluble tau) as a fraction of total tau for each disease 178 
group. The size of the pie charts reflects the total amount of tau. (G) Distribution of 3R and 4R tau isoforms in the total tau pool 179 
in brain homogenate, measured using a 4R-specific ELISA and normalised to total tau). (H) Isoform composition of small tau 180 
aggregates measured using a 4R-specific tau aggregate Simoa assay. In (A) - (E), each data point represents the mean of 181 
duplicate measurements of the individual cases (n = 4 cases for PiD, n = 5 for other disease group); horizontal lines indicate 182 
group medians. Statistical comparisons were performed using one-way ANOVA with Tukey’s post hoc test; * p < 0.05, **p < 0.01, 183 
****p < 0.0001. For (F) – (H), the average of the n = 5 cases (n = 4 cases for PiD) was used. For clarity, only statistically significant 184 
comparisons are shown. 185 

Super-resolution imaging reveals disease-specific tau aggregate morphologies. 186 

Having established that the small tau aggregates present in brain homogenate differ in abundance and 187 
distribution across tauopathies, we next characterised their morphology, a property that remains largely 188 
unexplored but may provide insight into disease-specific aggregate features. We applied single-189 
molecule super-resolution microscopy to tau aggregates captured from brain homogenate using the 190 
MAPTau32. Aggregates were immobilised on a PEG coated surface using monoclonal tau antibodies, 191 
labelled with the same monoclonal, fluorescently conjugated antibody, and imaged with TIRF 192 
microscopy, enabling visualisation and quantitative analysis of individual aggregates. For each 193 
aggregate, we extracted morphological parameters including length, area, and eccentricity to compare 194 
the aggregate shape and size distributions across diseases. 195 

Representative super-resolution images revealed small, round aggregates in all groups, while AD 196 
samples also contained a distinct population of long (>200 nm), fibrillar-shaped aggregates not 197 
observed in other tauopathies or HC (Figure 2A). To quantify this, we first measured the mean 198 
aggregate length per sample, which was significantly higher in AD compared to PSP, PiD, CBD, and 199 
HC (Figure 2B). The cumulative distributions of aggregate length showed a right-shifted profile in AD 200 
consistent with a higher proportion of longer aggregates (Figure 2C). Importantly, the presence of long 201 
aggregates in AD was not attributable to overall aggregate abundance: they remained detectable even 202 
upon dilution, while PSP samples imaged at fivefold higher concentration remained crowded but 203 
exclusively composed of small, round aggregates (Supplementary Figure S1E). 204 
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 205 
Figure 2: Super-resolution imaging reveals disease-specific tau aggregate morphologies. (A) Representative single-206 
molecule super-resolution images of small tau aggregates in the brain homogenate fraction captured with HT7 antibodies from 207 
brain homogenate. Scale bar, 1 µm. (B) Quantification of mean aggregate length. (C) Cumulative distribution of aggregate length. 208 
Shown is mean individual cases for each cohort, shading depicts ± S.D.. (D) Total number of aggregates per group, categorised 209 
by length into <100 nm (black), 100–200 nm (blue), and >200 nm (yellow). (E) Proportion of aggregates with length >200 nm, 210 
used to define “long” aggregates. (F) Proportion of aggregates with eccentricity >0.9, indicative of a fibrillar morphology. (G) 211 
Proportion of AT8-positive aggregates with length >200 nm. (H) Localisation density (localisations per pixel) of AT8-positive 212 
aggregates >200 nm in length. (I) Ratio of localisation density in long (>200 nm) versus short (<100 nm) AT8-positive aggregates 213 
for each sample. In (B) - (D) and (F) – (I), each data point represents an individual case (n = 4 for PiD, n = 5 per other disease 214 
group); horizontal lines indicate group medians. Statistical comparisons were performed using one-way ANOVA with Tukey’s 215 
post hoc test, or one-sample t-test in panel (I); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For (E), the mean of the n = 5 216 
cases was used (n = 4 for PiD).  217 

To better classify aggregate length distributions across diseases, we categorised all aggregates by 218 
length into three bins: small (<100 nm), medium (100–200 nm), and long (>200 nm) (Figure 2D). The 219 
number of small aggregates was comparable across all tauopathies (2335 ± 189 aggregates per FOV) 220 
and slightly lower in healthy controls, indicating a shared baseline of early aggregation. In contrast, AD 221 
exhibited an increase in both medium and long aggregates, suggesting the presence of an additional, 222 
disease-specific population. When expressed as a proportion, long aggregates (>200 nm) were 223 
significantly more abundant in AD (21 ± 8.9%) compared to other tauopathies (6.5 ± 3.9%) (Figure 2E). 224 
Consistently, AD also showed a higher proportion of elongated, fibrillar-shaped aggregates (eccentricity 225 
>0.9; AD: 21 ± 2%, other tauopathies: 15 ± 2%; Figure 2F). 226 

To assess whether these fibrillar-shaped aggregates also carried disease-relevant post-translational 227 
modifications, we performed super-resolution imaging using the phospho-tau specific AT8 antibody 228 
(pS202/pT205). As with HT7, AT8-positive aggregates in AD also included long fibrillar-shaped species, 229 
and the proportion of AT8-positive aggregates >200 nm was significantly higher in AD than in every 230 
other group (Figure 2G, mean length and percentage of fibrils of AT8-positive tau aggregates in 231 
Supplementary Figure S1F).  232 

We next assessed AT8 epitope availability by calculating the localisation density (localisations per 233 
super-resolved pixel, corresponding to 13x13 nm2) within each aggregate as a proxy for 234 
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phosphorylation load. In long aggregates (>200 nm), AD showed significantly increased AT8 235 
localisation density compared to all other groups (Figure 2H), with a mean of 10.4 ± 0.5 236 
localisations/pixel versus 5.5 ± 1.4 localisations/pixel in the other conditions. This difference was specific 237 
to AT8, as HT7-based localisation densities were similar across aggregate lengths and disease states 238 
(Supplementary Figure S1G). Finally, to compare phosphorylation between short and long aggregates, 239 
we calculated the localisation density ratio (>200 nm vs. <100 nm). All groups showed enrichment of 240 
AT8 in long aggregates (Figure 2I), suggesting this modification is generally associated with long, 241 
fibrillar forms. 242 

Together, these findings indicate that AD is characterised by a specific population of long, fibrillar-243 
shaped tau aggregates in the brain homogenate fraction, which may be structurally and biochemically 244 
distinct from those in other tauopathies. 245 

Small tau aggregates exhibit disease-specific phosphorylation profiles 246 

Given the morphological and AT8 phosphorylation status differences observed in AD, we next sought 247 
to systematically examine the phosphorylation patterns of small tau aggregates across tauopathies. To 248 
do this, we employed aggregate-specific Simoa assays targeting defined phospho-epitopes, alongside 249 
single-molecule co-localisation microscopy, to map the presence and overlap of key phosphorylation 250 
sites on individual tau aggregates. 251 

We first quantified the overall abundance of small aggregates in the brain homogenate that carry 252 
specific phospho-epitopes using aggregate-specific Simoa assays. We used the previously developed 253 
assay to detect AT8 (pS202/pT205) positive tau aggregates and developed further assays to specifically 254 
detect tau aggregates positive for pT217, pT181, and pS356 rather than monomers (Supplementary 255 
Figure S2A). AD samples showed significantly increased levels of AT8-, pT217-, and pT181-positive 256 
aggregates compared to the other tauopathies and controls (Figure 3A–C). To account for differences 257 
in overall aggregate burden, we normalised to the levels of total tau aggregates in the brain homogenate 258 
fraction as detected by the HT7 antibody pair. Phosphorylation at AT8 and T217 remained significantly 259 
enriched in AD, while T181 no longer showed significant differences across groups (Supplementary 260 
Figure S2B-E). In contrast, aggregates positive for phosphorylation at S356 showed a distinct profile. 261 
pS356-positive aggregates were most abundant in PSP and nearly absent in AD (Figure 3D). Total 262 
pS356 levels did not differ across diseases (Supplementary Figure S2F), indicating that pS356 is 263 
present in AD but likely only in monomeric tau or masked within aggregates, suggested by recent 264 
findings35. 265 

To assess the co-occurrence of phospho-epitopes within individual aggregates, we performed two-266 
colour single-molecule co-localisation imaging (Figure 3E, Supplementary Figure S2G-I for 488) and 267 
quantified the proportion of AT8-positive aggregates that also carried a second phospho-epitope (T217, 268 
T181, or S356). In AD, on average 54 ± 11% of AT8-positive aggregates were co-labelled with pT181 269 
and 68 ± 17% with pT217. In contrast, less than 20% of AT8-positive aggregates were positive for either 270 
epitope in PSP, CBD, and PiD, and fewer than 10% showed co-localisation in HC samples (Figure 3F, 271 
G). For S356, co-localisation with AT8 was uniform across all groups (around 30%, Figure 3H), 272 
consistent with its distinct aggregate profile. 273 

We next analysed the fluorescence intensity of individual aggregates, using signal intensity as a proxy 274 
for aggregate size and/or epitope density. In AD, AT8-positive aggregates were overall brighter, 275 
consistent with the increased size/phosphorylation density observed by super-resolution imaging 276 
(pT217 Figure 3I, pT181 and pS356 in Supplementary Figure S2J). Aggregates were then stratified 277 
based on whether they were co-labelled with a second phospho-epitope (pT181, pT217 or pS356). 278 
Co-localised aggregates were overall brighter/larger, with most high-intensity aggregates showing co-279 
localisation. In PiD and CBD, AT8 aggregates were generally dimmer, consistent with their smaller size 280 
as observed by super-resolution imaging. Both co-labelled and non-co-labelled aggregates were 281 
present among the brighter population. In contrast, PSP lacked bright co-labelled aggregates entirely, 282 
with high-intensity aggregates observed only in the non-co-labelled fraction. 283 

Together, these results show that the small tau aggregates differ not only in their phosphorylation levels 284 
but also in the co-occurrence of specific phospho-epitopes at the single-aggregate level.  285 
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 286 
Figure 3: Small tau aggregates exhibit disease-specific phosphorylation profiles. (A–D) Aggregate-specific Simoa assays 287 
quantifying small tau aggregates positive for (A) AT8 (pS202/pT205), (B) pT217, (C) pT181, and (C) pS356. (E) Schematic of 288 
two-colour single-molecule co-localisation microscopy used to determine co-occurrence of phospho-epitopes. (F–H) Proportion 289 
of AT8-positive aggregates co-labelled with (F) pT217, (G) pT181, or (H) pS356, where the dotted-line indicates the by-chance-290 
co-localisation. (I) Fluorescence intensity distributions of AT8-positive aggregates stratified by co-labelling status for each 291 
phospho-epitope. Each point represents one individual with n = 4 cases for PiD and n = 5 cases for other disease groups. Bars 292 
show mean ± SD. Statistical comparisons were performed using one-way ANOVA with Tukey’s post hoc test; *p < 0.05, **p < 293 
0.01, ***p < 0.001, ****p < 0.0001. 294 

Ubiquitination and C-terminal truncation distinguish aggregate subtypes across tauopathies 295 

To further investigate the disease-specific differences in aggregate composition, we examined 296 
additional post-translational modifications, specifically ubiquitination, and probed the availability of N- 297 
and C-terminal tau epitopes to assess potential truncation. 298 

AD showed the highest proportion of AT8-positive aggregates co-labelled with ubiquitin, while other 299 
tauopathies and controls displayed markedly lower levels of ubiquitin co-labelling (Figure 4A and 300 
Supplementary Figure 3A, B). Across all groups, ubiquitin-positive aggregates were generally brighter 301 
than non-ubiquitinated ones (measured by AT8 brightness) (Supplementary Figure S2J), suggesting 302 
that ubiquitinated aggregates tend to be larger. 303 

To assess whether tau truncation also differed between diseases, we probed the availability of N- and 304 
C-terminal tau epitopes using aggregate-specific Simoa assays (Tau13 detecting N-terminus, and 305 
Tau46 detecting the C-terminus; thereby detecting aggregates containing at least two monomers with 306 
the respective terminus). We normalised these to the levels of total tau aggregates determined through 307 
HT7 (mid-region epitope), to determine the proportion of truncated aggregates. A large proportion of 308 
tau aggregates retained the N-terminus across all diseases (Figure 4B). However, the C-terminus was 309 
detected in less than 10% of aggregates in controls and non-AD tauopathies, while in AD, on average 310 
22 ± 12% aggregates retained the C-terminus (Figure 4C). This suggests that C-terminal truncation is 311 
widespread in the small tau aggregates in non-AD tauopathies but less frequent in AD. 312 
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 313 
Figure 4: Disease-specific patterns of tau ubiquitination and truncation. (A) Proportion of AT8-positive tau aggregates co-314 
labelled with ubiquitin determined by two-colour single-molecule imaging. (B–C) Proportion of tau aggregates retaining the (B) N-315 
terminal epitope (Tau13) and (C) C-terminal epitope (Tau46), normalised to total tau aggregate levels (HT7), determined through 316 
Simoa. (D–F) Proportion of (D) HT7-, (E) Tau13-, and (F) Tau46-positive tau aggregates with ubiquitin, determined by two-colour 317 
single-molecule imaging. Dotted line represents the by chance co-localisation. Each data point represents one individual (n = 4 318 
for PiD, n = 5 for other disease groups); bars mean ± SD. Statistical comparisons were performed using one-way ANOVA with 319 
Tukey’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001. 320 

We next examined co-localisation of each tau epitope (HT7, Tau13, Tau46) with ubiquitin using two-321 
colour single-molecule imaging. HT7 and Tau13 aggregates showed moderate to high levels of ubiquitin 322 
co-labelling across all disease groups (Figure 4D, E, HT7-Ub: 62 ± 17%, Tau13-Ub: 45 ± 24%). In 323 
contrast, Tau46-positive aggregates rarely co-localised with ubiquitin (Figure 4F, Tau46-Ub: 6.7 ± 324 
5.0%). This indicates that aggregates containing at least two tau proteins with intact C-terminus are 325 
less likely to be ubiquitinated, suggesting a potential mutual exclusivity between C-terminal truncation 326 
and ubiquitin tagging. 327 

Small tau aggregates exhibit disease-distinct molecular signatures 328 

To visualise these multidimensional differences, we generated a radar plot showing the average profile 329 
of each disease across key features (Figure 5A). This highlights the distinct molecular “fingerprints” of 330 
the small tau aggregates in each condition, with AD showing a particularly divergent profile driven by 331 
aggregate length, phosphorylation, and ubiquitination in the frontal cortex. 332 

Having characterised individual features of the small tau aggregates across tauopathies, we next asked 333 
whether these small tau aggregates differ systematically between diseases, i.e., if the features of these 334 
aggregates can be utilised in combination to categorise different tauopathies. While disease-specific 335 
folds of insoluble tau are well-established, it remains unclear whether this is the case for the earlier-336 
stage, small tau aggregates.  337 

To address this, we performed linear discriminant analysis (LDA) using only measured small tau 338 
aggregate features, including abundance, morphology, phosphorylation, and ubiquitination. This 339 
revealed clear separation of disease groups in multivariate space, indicating that the composition and 340 
structural properties of the small tau aggregates differ across tauopathies (Figure 5B). Linear 341 
discriminant 1 (LD1), with percentage of long aggregates, C- and N-terminal truncation as top 342 
contributing features, explained 69.0% of between-class variance while LD2 explained 22.3% of 343 
variance, with percentage of long aggregates, percentage of 4R tau aggregates and pS356 as top 344 
contributing features. Notably, AD samples clustered furthest from all other groups on the first 345 
dimension, and CBD on the second dimension, consistent with their distinct fibrillar aggregate 346 
morphology and PTM profile. Together, this suggests that small tau aggregates encode disease-347 
specific molecular information. 348 
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 349 
Figure 5: Small tau aggregates encode disease-specific molecular profiles and divergent functional signatures. (A) 350 
Radial distribution plot of small tau aggregate features (scaled within each feature. (B) Linear discriminant analysis (LDA) of small 351 
tau aggregate features. LD1 explains 79.6% of between-class variance while LD2 explains 14.0% of variance. (C) Isoform-specific 352 
tau seeding activity in HEK293 biosensor cell lines expressing either 3R- or 4R-tau. Cells were seeded with equal amounts of 353 
sonicated sarkosyl-insoluble tau and the percentage of seeded cells was quantified after 72h based on eGFP puncta. Bars show 354 
the mean ± S.D. of the n = 3 technical replicates for each individual (n = 4 for PiD, n = 5 per other disease group). (D) Relative 355 
levels of selected stress and inflammatory markers across tauopathies, normalised to the mean of HC samples. Markers include 356 
p53 (aggregated form, measured via Simoa), BAX and MLKL (apoptosis and necroptosis, measured via ELISA), GFAP and Iba1 357 
(astrocytic and microglial activation, measured via ELISA), and ASC specks (inflammasome activation, measured via SiMPull). 358 
Values are scaled from –1 to 1 to allow cross-marker comparison. (E) Partial correlation matrix showing associations between 359 
tau aggregate features and stress or inflammatory markers, controlling for disease group. Only significant associations (p<0.05) 360 
are shown. Values indicate partial correlation coefficients, controlling for disease group. 361 
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Functional and cellular signatures associated with tau aggregates 362 

Divergent seeding profiles and cell stress marker expression across diseases 363 

Building on our findings that the small tau aggregates differ in their characteristics across tauopathies, 364 
we next explored whether these differences were accompanied by distinct functional properties and 365 
associated tissue-level stress markers. While causality cannot be established from these 366 
measurements, such comparisons can provide insight into potential mechanisms of disease 367 
progression and divergent cellular responses. 368 

Isoform-specific seeding activity of sarkosyl-insoluble tau aggregates 369 

While our preceding analyses focused on the distinct biochemical and structural properties of the small 370 
tau aggregates in the brain homogenate fraction, we next asked whether insoluble tau aggregates differ 371 
in their capacity to propagate tau pathology. Although the small aggregates characterised above are 372 
hypothesised to be toxic and potentially seed-competent, we observed no seeding above background 373 
when using homogenate directly, likely due to the high protein load impairing cell viability. As a result, 374 
we turned to sarkosyl-insoluble tau aggregates, which are enriched in misfolded conformers and are 375 
more commonly used in established biosensor assays. Seeding assays provide a functional, 376 
quantitative readout of tau’s ability to induce aggregation in a prion-like manner, a process suggested 377 
to underlie tau propagation and disease progression in vivo.  378 

To evaluate isoform-specific seeding activity, we used tau biosensor HEK293 cell lines expressing 379 
either full-length wild-type 3R- or 4R-tau fused to eGFP36. The cells were seeded with approximately 380 
the same amount of sonicated sarkosyl insoluble tau (determined through ELISA), and the seeding 381 
efficiency was evaluated as the percentage of seeded cells based on eGFP puncta. 382 

We observed distinct seeding patterns across diseases (Figure 5C). AD and PiD samples induced 383 
strong aggregation in the 3R biosensor line, consistent with their 3R or mixed 3R/4R tau pathology. 384 
CBD exhibited robust seeding in the 4R line, while PSP showed little to no seeding in either cell line, 385 
despite its 4R profile. AD also showed moderate seeding in the 4R line. Only background levels of 386 
seeding were observed in HC samples. 387 

These results demonstrate that the seeding competence of insoluble tau aggregates varies across 388 
tauopathies and aligns with their isoform composition, suggesting disease-specific conformations and 389 
templating capacity. 390 

To confirm the isoform composition of the sarkosyl-insoluble aggregates used in the seeding assays, 391 
we performed western blot analysis on the same samples using pan-tau, 3R-specific, and 4R-specific 392 
antibodies (Supplementary Figure 4A). The patterns were consistent with known isoform distributions 393 
in each disease: PiD showed predominant 3R-tau, PSP and CBD exhibited 4R-tau bands, and AD 394 
showed a mixture of both isoforms. These data validate the isoform-specific seeding responses 395 
observed in the biosensor assay and support the conclusion that tau aggregate conformations are 396 
disease-specific and isoform-dependent. 397 

Amyloid-β burden and markers of cell stress and gliosis 398 

To explore additional pathological features that may accompany disease-specific tau profiles, we next 399 
quantified amyloid-β (Aβ) levels and a panel of markers related to cell stress, death pathways, and 400 
gliosis (relative to HC in Figure 5D, without normalisation in Supplementary Figure S4B-H).  401 

Aβ aggregate burden was assessed using a previously established Simoa aggregate assay employing 402 
the 6E10 antibody33. No significant differences were observed across disease groups, suggesting a 403 
largely age-related background signal in these samples. 404 

We measured several markers of cell death and inflammatory responses (Figure 5D), including p53 405 
aggregates, a stress-responsive transcription factor involved in DNA repair, as well as programmed cell 406 
death37,38 (measured through Simoa39). Using commercially available ELISAs, we assessed BAX, a 407 
pro-apoptotic effector downstream of p53; MLKL, a key effector of necroptosis; and GFAP and Iba1 as 408 
markers of astrogliosis and microglial activation, respectively. Lastly, to capture inflammasome 409 
activation we measured ASC speck levels through SiMPull40. 410 

Distinct patterns emerged across diseases. CBD exhibited high levels of p53, BAX, and MLKL, 411 
suggesting activation of both apoptotic and necroptotic responses. PiD similarly showed elevated BAX 412 
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and p53, along with increased MLKL. PSP, by contrast, displayed high BAX but low MLKL, indicating a 413 
predominantly apoptotic profile. AD showed comparatively low BAX and p53 levels but increased Iba1 414 
and GFAP, consistent with a more glial-dominant phenotype. ASC specks were most abundant in PSP 415 
and lower in all other groups, including AD. 416 

These findings suggest that tauopathies not only differ in tau aggregation and phosphorylation profiles, 417 
but also in the pattern of associated inflammatory and cell stress responses, with variable involvement 418 
of apoptotic, necroptotic, and glial pathways. 419 

Correlation analysis links aggregate markers to inflammatory and cell stress responses 420 

To summarise these disease-specific patterns and facilitate comparison across tauopathies, we 421 
generated a matrix showing relative marker changes compared to HC samples (Figure 5D). This matrix 422 
highlights distinct cellular stress and inflammatory profiles for each disease, reinforcing the concept that 423 
despite overlapping tau pathology, each tauopathy features unique pathological and cellular signatures. 424 

To explore potential relationships between tau aggregate characteristics and cellular stress markers, 425 
we performed a partial correlation analysis across all measured parameters, controlling for disease 426 
group (Figure 5E, correlation coefficient only shown for p < 0.05). These included aggregate-related 427 
features such as phosphorylation sites, truncation, and ubiquitination, alongside markers of 428 
inflammation, cell death, and Aβ aggregate burden. 429 

As expected, p53 and BAX were strongly correlated, consistent with their known regulatory relationship 430 
in apoptotic signalling37. p53 also showed moderate correlations with ASC specks, Iba1, and Aβ, 431 
suggesting a broader stress response involving both proteinopathy and inflammation. 432 

Among tau-related features, pS356-positive tau aggregates, despite lacking correlation with other tau 433 
phosphorylation sites, displayed the most extensive associations with other markers. For example, 434 
pS356-positive aggregates showed a strong correlation with BAX (r = 0.81), and moderate correlations 435 
with p53, ASC, Iba1, and Aβ (p53: r = 0.65, ASC: r = 0.46, Iba1: r = 0.46, Aβ: r = 0.53). These findings 436 
suggest that phosphorylation at S356 may mark a subset of tau aggregates associated with apoptotic 437 
and inflammatory signalling, particularly relevant in diseases such as PSP where this site is enriched. 438 

Additional associations included a moderate correlation between GFAP and the total tau aggregate 439 
levels as well as AT8 and T181-positive aggregates, potentially linking hyperphosphorylated tau 440 
species to astrogliosis, especially in AD. The proportion of tau aggregates showed moderate correlation 441 
with BAX, ASC and GFAP, indicating that high tau aggregation propensity and/or impaired clearance 442 
mechanism may be associated with cellular stress and inflammation. 443 

Together, these data suggest that specific features of the small tau aggregates in brain homogenate, 444 
particularly PTMs, may co-vary with inflammatory and cell death responses in a disease-specific 445 
manner. While causality cannot be inferred, these correlations may reflect parallel pathological 446 
processes or shared upstream stressors shaping the molecular landscape of each tauopathy. 447 

  448 
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DISCUSSION 449 

The tauopathies are clinically and biologically heterogeneous neurodegenerative diseases, unified by 450 
the pathological aggregation of the tau protein. While much of the field has focused on large, insoluble 451 
fibrillar aggregates, increasing evidence suggests that small tau aggregates formed during the earlier 452 
stages of aggregation play a more central role in disease pathogenesis21. Here, we systematically 453 
characterised these small tau aggregates in brain homogenate across AD, PSP, CBD and PiD, using 454 
two complementary single-molecule techniques. We found that these aggregates differ not only in 455 
abundance but also in morphology, tau isoform composition, post-translational modifications, and 456 
associated markers of cellular stress. Together, our findings suggest that these small tau aggregates 457 
differ between diseases, with implications for molecular diagnostics and stratified therapies for 458 
tauopathies. 459 

Distinct aggregate properties reflect divergent disease mechanisms 460 

A central finding of this study is that AD contains a distinct population of long, fibrillar-shaped aggregates 461 
in the brain homogenate fraction that are absent from other tauopathies. These fibrils are highly 462 
phosphorylated at disease-relevant sites (e.g. AT8, T217), and are associated with increased 463 
localisation density, suggesting a higher phosphorylation load per aggregate. In contrast, other 464 
diseases such as PSP and CBD displayed predominantly small, round aggregates, despite similar or 465 
higher levels of total tau in the brain homogenate fraction. This morphological divergence may reflect 466 
differences in tau conformation, proteostasis, or aggregation kinetics across diseases. That these 467 
fibrillar-shaped aggregates in AD are still diffusible yet structurally distinct supports the hypothesis that 468 
small tau aggregates may encode pathogenic characteristics before they transition to insoluble 469 
deposits. 470 

Our findings further reveal that tau aggregates are not uniform across tauopathies, but rather vary in 471 
morphology, functional activity and associated cellular responses. Small aggregates exhibit disease-472 
specific morphologies and post-translational modifications, which in turn correlate with differing 473 
biological effects in each disease. For example, in AD, fibrillar and hyperphosphorylated aggregates 474 
are accompanied by astroglial and microglial activation, while in CBD, tau aggregates show robust 475 
seeding activity but low associated inflammation. PSP presents a distinct profile: high proportion of 476 
small aggregates in the homogenate, low seeding, and high inflammasome activation, suggesting a 477 
localised, inflammatory pathology42. These observations suggest that tau aggregates may play different 478 
roles across diseases – acting as seeds, inflammatory triggers, or relatively inert by-products depending 479 
on their specific molecular features. 480 

These interpretations are supported by recent findings showing that the morphology and PTMs of small 481 
tau aggregates differ across tauopathies and correlate with distinct cellular responses. Recent work 482 
supports the idea that not all small tau species are functionally equivalent. Meng et al. showed that 483 
hyperphosphorylated tau can spontaneously form small, round oligomers that trigger TLR4-dependent 484 
responses28. This provides a plausible mechanism by which the small, round aggregates could engage 485 
innate immune signalling. Yang et al. demonstrated that recombinant tau oligomers impair synaptic 486 
plasticity in a TNFα-dependent manner, whereas fibril-derived soluble aggregates disrupt plasticity 487 
independently of TNFα41.  488 

In addition to morphology and phosphorylation, we also observed disease-specific patterns of tau 489 
ubiquitination and truncation. AD aggregates more frequently retained the C-terminal tau epitope and 490 
were less often ubiquitinated, whereas in non-AD tauopathies, aggregates lacking the C-terminus 491 
showed higher co-localisation with ubiquitin. This may suggest divergent aggregate clearance 492 
mechanisms or differential engagement of the ubiquitin-proteasome system across tauopathies, 493 
potentially contributing to differences in aggregate stability or turnover. 494 

These findings reinforce the concept that distinct soluble tau aggregates have distinct functional 495 
properties, with some requiring or synergising with inflammatory cues to impair neuronal function. In 496 
this context, the combination of small tau aggregates and high inflammation observed in PSP may drive 497 
localised, rapid pathology42. In contrast, AD is less associated with inflammation in the frontal cortex 498 
and features more fibrillar-shaped aggregates, which may facilitate progressive spread, while CBD may 499 
follow a seeding-dominant but comparatively less inflammatory trajectory. 500 
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pS356-positive aggregates as a distinct pathological subclass 501 

Among all aggregate markers tested, phosphorylation at S356 stood out for its disease specificity and 502 
association with cellular stress. pS356-positive aggregates were enriched in PSP, nearly undetectable 503 
in AD, and strongly correlated with markers of apoptosis (BAX), inflammation (Iba1, ASC), and stress 504 
response (p53). Although total pS356 levels were similar across diseases, their reduced detectability in 505 
AD aggregates may reflect epitope burial, consistent with recent structural studies. 506 

The structural accessibility of S356 is disease-dependent; while in PSP and CBD S356 is exposed on 507 
the outer surface of tau filaments, in AD PHFs it is buried within the fibril core. This suggests that pS356 508 
not only marks 4R tauopathies but also reflects the conformational pathway underlying aggregation. Its 509 
presence on soluble aggregates in PSP and CBD indicates that even small tau species in these 510 
diseases adopt structures that permit phosphorylation at this site. In contrast, in AD, the inaccessibility 511 
of Ser356 may prevent such modification35 (even in the presence of relevant kinases), explaining the 512 
near absence of detectable pS356-positive soluble aggregates in AD in our study. 513 

Given the known role of pS356 in blocking proteasomal degradation43, its presence in PSP may allow 514 
tau aggregates to evade clearance and accumulate, leading to the high proportion of soluble tau 515 
aggregates that we observed. While this could reflect an aberrant process or even a compensatory 516 
attempt to stabilise misfolded tau under stress, we suggest it more likely to ultimately lead to the build-517 
up of bioactive tau species that may trigger inflammatory cascades. In support of this, we observed 518 
increased inflammatory and apoptotic markers in PSP, and specifically linked pS356-positive 519 
aggregates to elevated levels of BAX, p53, ASC specks, and Iba1. These inflammatory cascades may 520 
in turn further exacerbate tau pathology44. Additionally, the negative charge introduced at S356, located 521 
within the microtubule-binding domain, may also modulate local tau conformation and protein–protein 522 
interactions45, potentially altering the aggregation trajectory itself. Overall, these findings suggest that 523 
detectable S356 phosphorylation is both a structural and functional marker of tauopathies that adopt a 524 
PSP/CBD-like trajectory, with potential implications for disease classification and therapeutic targeting. 525 

Our findings also raise the question of causality between PTMs and tau conformation. Do disease-526 
specific PTMs, such as pS356, shape the aggregation trajectory and promote the adoption of particular 527 
filament folds? Or do distinct folds emerge early and constrain the accessibility of certain PTM sites, 528 
thereby encoding divergent modification profiles? The burial of sites such as S356 within the core of 529 
mature filaments, as seen in AD PHFs, suggests that once aggregation has occurred, conformational 530 
constraints may limit further modification, effectively locking in the PTM profile. However, in the early 531 
aggregation stages modifications may still play a key role in directing tau toward particular aggregation 532 
pathways. Understanding the temporal order of PTM acquisition and aggregation could provide crucial 533 
insight into the initiation and divergence of tauopathy subtypes. 534 

Fast vs slow tauopathy 535 

Molecular and cellular consequences of disease-specific PTM profiles may also help explain the 536 
divergent patterns of tau aggregation observed across tauopathies. The higher abundance and fibrillar 537 
morphology of soluble tau aggregates in AD may reflect the slower progression of disease, allowing 538 
neurons to sequester tau into mature aggregates. In contrast, PSP progresses more rapidly8,9. Here, 539 
tau may accumulate as smaller, stress-associated aggregates, (potentially due to the availability of 540 
pS356 phosphorylation on the aggregates). Thus, differences in aggregate burden and morphology 541 
likely reflect not just aggregation propensity, but also disease stage, regional vulnerability, and cellular 542 
capacity to manage tau pathology. 543 

An additional consideration is that differences in aggregate abundance may partly reflect differential 544 
neuronal survival. In Alzheimer’s disease, longer disease duration and slower neurodegeneration may 545 
allow neurons to persist despite tau pathology, providing the opportunity for aggregates to accumulate 546 
and mature. In contrast, in PSP, where disease progression is typically more rapid, early neuronal loss 547 
may limit the detectable aggregate burden at the time of sampling, rather than reduced aggregation per 548 
se. Further work with larger datasets could compare the tau aggregate signatures of fast vs. slow 549 
progressors within each tauopathy.  550 

Seeding competence of insoluble tau  551 

While soluble aggregates are increasingly suspected to be the primary toxic species, functional assays 552 
have historically focused on insoluble material. To probe whether tau aggregates differ in their ability to 553 
template pathology, we measured the seeding capacity of sarkosyl-insoluble tau in 3R and 4R 554 
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biosensor lines; AD and PiD strongly seeded 3R tau, CBD seeded 4R tau, and AD and PSP exhibited 555 
minimal 4R seeding. These findings suggest that seeding competence is not solely determined by 556 
isoform content or aggregate abundance but likely reflects underlying conformational or biochemical 557 
features of the aggregates themselves. The 3R cell line is much more sensitive than the 4R cell line36, 558 
which would explain why minimal seeding was detected with PSP and AD seeds. With CBD, on the 559 
other hand, tau may adopt a more seed-competent conformation, or be modified in a way that enhances 560 
templated aggregation. 561 

Implications for biomarker development and targeted therapeutics 562 

This overall heterogeneity implies that tau aggregates play divergent roles across diseases depending 563 
on their molecular characteristics. These insights highlight the need for disease-specific approaches to 564 
both diagnosis and therapy. Soluble tau aggregates, when characterised by features such as 565 
phosphorylation state or morphology, may serve as more precise biomarkers than bulk tau levels. 566 
Likewise, tau-targeting interventions may benefit from tailoring to the specific aggregate species and 567 
mechanisms predominant in each tauopathy. 568 

Limitations of the study 569 

While valuable for showing distinct morphologies of tau aggregates in disease-specific cases, this study 570 
is not free of limitations. While we focused on tau aggregates extracted from a single brain region, tau 571 
pathology is known to vary spatially, and regional differences in aggregate profiles may further inform 572 
disease mechanisms. The study design also does not capture how tau aggregation evolves over time. 573 
Moreover, the limited sample size (n = 4 for PiD and n = 5 cases for other disease groups) limits the 574 
generalisability of some findings and may reduce power to detect subtle differences across diseases or 575 
correlated within each disease group. Finally, while we identified correlations between tau aggregate 576 
features and inflammatory markers, causality cannot be inferred. Additional studies using longitudinal 577 
models or human-derived systems will be required to clarify the directionality and mechanisms 578 
underlying these associations. 579 

In conclusion, we demonstrate that the small tau aggregates exhibit disease-specific signatures of their 580 
molecular and functional properties, which are associated with divergent cellular responses across 581 
tauopathies. By mapping these differences across structural, functional, and tissue-response domains, 582 
this work provides a framework for understanding tauopathy heterogeneity and identifying more precise, 583 
disease-informed biomarkers and therapeutic targets. 584 
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METHODS 615 

Post-mortem brain tissue 616 

Fresh-frozen post-mortem brain tissue samples from PiD and CBD donors were obtained from the 617 
Cambridge Brain Bank under the ethically approved protocol for ‘Neurodegeneration Research in 618 
Dementia’ (REC 16/WA/0240) and from AD, PSP and control donors from the Edinburgh Brain Bank 619 
with the approval from the East of Scotland Research Ethics Service (REC 21/ES/0087). The control 620 
group consisted of age-and gender-matched neurologically healthy controls with mild age-related 621 
pathology. 622 

Written informed consent from the donors and/or their next of kin was provided as appropriate. Donor 623 
characteristics are summarised in Table 2. 624 

 625 
Table 2: Detailed patient characteristics. RS: Richardson Syndrome, P: Parkinsonism-type presentation 626 

Diagnosis Case  
number Gender Age at death 

[years] PMI [h] Region Case ID 

AD 1 F 72 66 BA6/8 BBN001.36924 

AD 2 M 75 71 BA6/8 BBN001.37400 

AD 3 F 85 45 BA6/8 BBN_25739 

AD 4 M 75 66 BA6/8 BBN001.36839 

AD 5 M 75 92 BA6/8 BBN001.36689 

PSP - RS 1 M 73 103 BA46 BBN001.36927 

PSP - RS 2 M 80 101 BA46 BBN001.37213 

PSP - RS 3 M 81 78 BA46 BBN001.37236 

PSP - RS 4 M 70 66 BA46 BBN001.35381 

PSP - P 5 M 70 46 BA46 BBN001.37087 

PiD 1 M 71 58 BA9/10/46 N/A 

PiD 2 M 72 37 BA9/10/46 N/A 

PiD 3 M 68 67 BA9/10/46 N/A 

PiD 4 M 74 102 BA9/10/46 N/A 

CBD 1 F 73 67 BA9/10/46 N/A 

CBD 2 M 75 74 BA9/10/46 N/A 

CBD 3 F 76 51 BA9/10/46 N/A 

CBD 4 F 79 88 BA9/10/46 N/A 

CBD 5 F 82 78 BA9/10/46 N/A 

HC 1 F 71 95 BA6/8 BBN001.29882 

HC 2 M 72 60 BA6/8 BBN001.30178 

HC 3 F 73 74 BA6/8 BBN001.35138 

HC 4 M 71 71 BA6/8 BBN001.30916 

HC 5 M 82 56 BA6/8 BBN001.35549s 

 627 

Preparation human brain tissue homogenate 628 

Fresh-frozen brain tissue was homogenised using a method adapted from Goedert, et al.46, and as 629 
previously described32. Briefly, the tissue was homogenised at 4 °C in 10 volumes of filtered, ice-cold 630 
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homogenisation buffer (10 mM Tris-HCl, 0.8 M NaCl, 1 mM EGTA, 0.1% Sarkosyl, 10% sucrose, 1x 631 
cOmpleteTM Ultra protease inhibitor mix and 1x PhosStopTM phosphatase inhibitor mix; pH 7.32) using 632 
a VelociRuptor V2 Microtube Homogeniser (Scientific Laboratory Supplies) at 5 m/s, for two 20-s cycles 633 
with a 10-s rest in between. The homogenate was centrifuged (21,000 × g, 20 min, 4 °C), and the upper 634 
90% of the supernatant was retained. The pellet was re-homogenised in 5 volumes of homogenisation 635 
buffer (5 m/s, 2× 20 s, 10 s rest), and again centrifuged (21,000 × g, 20 min, 4 °C). The upper 90% of 636 
this supernatant was removed, combined with the first supernatant, and aliquoted and frozen at -80 °C 637 
until used for further experiments. Total protein concentration was determined using a BCA assay 638 
(Thermo Fisher, Cat. No. 23227) as per the manufacturer’s instructions and was used for normalisation.  639 

Preparation of sarkosyl-insoluble tau from human brain tissue 640 

Frozen brain tissue (120 mg) was homogenised in 10 volumes (v/w) of extraction buffer (800 mM NaCl, 641 
10 mM Tris-HCl pH 7.4, 2.5 mM EDTA, 10% sucrose, 2% sarkosyl) supplemented with Pierce Protease 642 
and Phosphatase Inhibitor Mini Tablets (Thermo Scientific, A32959). Homogenisation was performed 643 
using a T 10 basic ULTRA-TURRAX (IKA 9993737002). The resulting homogenate was incubated at 644 
room temperature for 1 h on a roller before centrifugation at 13,000 g for 20 minutes at room 645 
temperature. The supernatant was filtered through a 0.45 μm cell strainer and subjected to 646 
ultracentrifugation (124,500x g, 1 h at room temperature) using a TLA-55 rotor in a Beckman Coulter 647 
Optima MAX-XP ultracentrifuge. The resulting pellets were pooled, resuspended in extraction buffer, 648 
and re-centrifuged under the same conditions. The final pellet was resuspended in 50 mM Tris-HCl, 649 
150 mM NaCl, followed by a further ultracentrifugation step at (124,500x g, 1 h). The final pellet was 650 
resuspended in 250 μL buffer per gram of starting tissue weight and sonicated in a water-bath sonicator 651 
for 20 cycles of 15-s on / 5-s off. The relative concentration of sarkosyl-insoluble tau was determined 652 
using a Human Tau ELISA Kit (abcam, ab273617). 653 

Antibodies 654 

All antibodies were obtained as a carrier-protein-free composition. All tau antibodies were monoclonal 655 
to enable specific aggregate detection. To ensure the detection of aggregates, the same antibody was 656 
used for capture and detection in Simoa and SiMPull assays except for p53 where DO-1 was used for 657 
capture and PAb240 was used for detection. The antibodies used in the study are listed in Table 3. 658 
Table 3: Antibodies used in the study. Mono: monoclonal, H: human, M: mouse, B: bovine, R: rat, Co-loc: co-localisation SiMPull 659 
experiments, SR: super-resolution experiments. 660 

Type Antibody Manufacturer Cat. No. Clonality Reactivity Simoa Co-loc SR 

Tau 

HT7 Invitrogen MN1020(b) mono H x x x 

Tau13 Santa Cruz sc-21796 mono H x x  

Tau46 Sigma T9459 mono H, M, B, R x x  

4R Cell Signaling 57664SF mono H, M, R x   

AT8 Invitrogen MN1020(b) mono H, M x x x 

T181 abcam ab236458 mono H x   

T217 abcam ab314558 mono H x   

S356 abcam ab196367 mono H x   

Other 

AL177 AdipoGen AL177 poly H, M   x 

6E10 BioLegend 803001 mono H x   

Ubiquitin abcam ab230145 mono H, M  x  

DO-1 Abcam  ab1101 mono H x   

PAb240 Novus Bio. NB200-103B mono H x   
 661 
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Labelling of antibodies 662 

Fluorophore 663 
Carrier protein-free antibodies were fluorescently labelled with AF647 or AF488 using the Alexa Fluor 664 
Conjugation Kit (Fast) - Lightning-Link (abcam, ab269823 and ab236553) according to manufacturer’s 665 
instructions. Excess fluorophore was removed using a 40 kDa Zeba Spin desalting column (Thermo 666 
Fisher, A57756) followed by a 50 kDa Amicon Ultra Spin column (Merck, UFC5050). The dye-labelled 667 
antibodies were stored at 4 °C. The protein concentration and degree of labelling were determined 668 
through absorption at 280 nm and 494 nm (AF 488) or 650 nm (AF647), taking into account the 669 
absorption of the dyes at 280 nm. The degree of labelling was within the manufacturer’s 670 
recommendation of 3-9 moles of dye per mole of antibody. 671 

Biotin 672 
Antibodies were biotinylated using the Biotin Conjugation Kit (Fast, Type B) - Lightning-Link (abcam, 673 
ab201796) following manufacturer’s instructions. Excess biotin was removed using a 40 kDa Zeba Spin 674 
desalting column (Thermo Fisher, A57756) followed by a 50 kDa Amicon Ultra Spin column (Merck, 675 
UFC5050). The biotin-conjugated antibodies were stored at 4 °C. The protein concentration was 676 
determined through absorption at 280 nm.  677 

DNA  678 
For DNA-PAINT experiments the DBCO-conjugated docking strand DBCO-concatDS2 (DBCO TEG-679 
AAACCACCACCACCACCACCACCACCACCACCACCA) and atto655 conjugated imaging strand 680 
(TGGTGGT-AminoC7-atto655) were purchased from ATDBio (Southampton, UK). DBCO-concatDS2 681 
was synthesised on the 1.0 μmol scale and purified by HPLC. The dye-labelled imaging strand was 682 
synthesised on the 0.2 μmol scale and purified by double HPLC. The lyophilised oligonucleotides were 683 
dissolved in 18.2-MΩ·cm water (filtered by 0.02-μm filter (VWR, 516-1501)) the concentration 684 
determined by A260, and aliquoted and stored at −20 °C. The detection antibody was labelled with the 685 
DNA docking strand (DBCO-concatDS2, ATDBio). The antibody was prepared using the SiteClick 686 
Antibody Azido Modification kit (Invitrogen, S20026) following manufacturer’s instructions. To the azido-687 
modified antibody, 10 molar equivalents of docking strand were added and incubated overnight at 688 
37 °C. Excess docking strand was removed using an Amicon spin filter (100 kDa MWCO). The 689 
concentration of antibody and degree of labelling (typically 3-4 docking strands per antibody) was 690 
determined by A280 and A260/A280. 691 

Single-molecule imaging 692 

Single-Molecule Pull Down 693 
Coverslips were passivated using polyethylene glycols (PEGs) and biotin-conjugated PEGs as 694 
previously described32. Diffraction-limited and two-colour co-localisation experiments were performed 695 
as previously described32 with small modifications. Briefly, the volume typically used per well was 10 µL, 696 
unless otherwise indicated. Each washing cycle consisted of two washes with PBST (0.05% Tween in 697 
PBS) followed by one wash with PBST containing 1% Tween which was incubated for 5 minutes. 698 
Throughout the assay the coverslip was kept in a humidity chamber. First, NeutrAvidin (Thermo Fisher) 699 
was added to each well at 0.2 mg/mL in PBST and incubated for 10 min. After a washing cycle, 10 nM 700 
biotinylated antibody in 1 mg/mL BSA in PBS was incubated for 10 minutes, followed by another 701 
washing cycle, and a 10 min blocking step (1 mg/mL BSA in PBS). Next, 10 µL of sample (diluted in 702 
PBS, for tau 1:10, for 6E10 1:5, for ASC: 1:20) was added to each well and left to incubate for 1h at 703 
room temperature. Subsequently, another washing cycle was performed and then fluorescently labelled 704 
antibody (AT8: 4 nM, HT7: 2 nM, 6E10: 1 nM, ASC: 5 nM, all in 0.1 mg/mL BSA in PBS) was added 705 
and incubated for 15 minutes in the dark. A last washing cycle was performed. Lastly, 10 µL of PBS 706 
was added to each well and the wells were sealed with a clean glass coverslip.  707 

For co-localisation experiments two fluorescently labelled antibodies (AF647 and AF488) were mixed 708 
at 2 nM each and incubated at the same time. All other steps were performed as described above. 709 

For DNA PAINT experiments, DNA-labelled detection antibody (DBCO TEG-710 
AAACCACCACCACCACCACCACCACCACCACCACCA, ATDBio) was used and the corresponding 711 
imaging strand (TGGTGGT – Amino C7 – Atto655, ATDBio) was added at the last step (3 µL, 1 nM in 712 
PBS). 713 

Microscope setup 714 
Imaging was performed on a home-built total internal reflection fluorescence (TIRF) microscope, 715 
consisting of an inverted Ti-2 Eclipse microscope body (Nikon) fitted with a 1.49 N.A., 60x TIRF 716 
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objective (Apo TIRF, Nikon) and a perfect focus system. The coverslip was illuminated using a 638 nm 717 
laser (Cobolt 06-MLD-638, HÜBNER) and a 488 nm laser 488 nm (Cobolt 06-MLD-488, HÜBNER).  718 

Diffraction-limited image acquisition and analysis 719 
For each well, 16 field-of-views (FOVs) were typically imaged, each comprising 50 frames of 50 ms 720 
exposure. To avoid any bias, an automated script (Micro-Manager47) was used to collect images in a 721 
4x4 grid. Individual fluorescent spots were quantified using a python-based adaptation of ComDet48. 722 
Briefly, to minimise background fluctuations a mean intensity projection was prepared from the last 723 
40 frames of each FOV. Thresholds were then optimised by comparing the number of particles identified 724 
in positive and negative control images, such that the threshold was set to the lowest value at which 725 
the negative control had less than 1% of the positive control. This threshold was then used along with 726 
a particle size estimate of 4 to identify fluorescent spots. The mean intensity of each spot was measured 727 
using scikit-image. 728 

For co-localisation experiments, images were acquired sequentially in each excitation channel in a 4x4 729 
grid. Spot detection was performed independently on both channels using ComDet, generating 730 
separate lists of centroid coordinates for each channel. Co-localised spots were then identified based 731 
on a Euclidean distance threshold of 4 pixels, with each spot in one channel assigned to the nearest 732 
spot in the opposing channel if it fell within this radius. In cases where multiple spots met this criterion, 733 
the closest spot was selected as the co-localised pair. To estimate chance co-localisation, the centroid 734 
coordinates of the second channel were transposed along the x-dimension, and the distance-based 735 
analysis was repeated. The proportion of co-localised spots was then calculated as the number of 736 
matched spots divided by the total number of detected spots in the given channel. 737 

Super-resolution image acquisition and analysis 738 
For DNA-PAINT imaging, SiMPull coverslips were prepared as described but with modifications. After 739 
the sample incubation, the coverslip was washed two times with PBST and one time with 1% Tween in 740 
PBS, followed by a 30 min blocking step with 1 mg/mL BSA in PBS. The blocking solution was then 741 
removed, and DNA-labelled detection antibody was incubated for 15 min (3 nM in 0.1 mg/mL BSA in 742 
PBS). The coverslip was again washed two times with PBST, one time with 1% Tween in PBS and one 743 
time with PBS before the corresponding imaging strand (TGGTGGT-AminoC7-atto655, ATDBio) was 744 
added at the last step (5 µL, 1 nM in PBS). The coverslip was sealed with a clean coverslip. Imaging 745 
was performed using a 638 nm laser at 190 mW. Images of typically 4 FOVs were collected in a 2-by-746 
2 grid using an automated script (Micro-Manager) to avoid any bias in the selection of FOVs. Images 747 
were acquired for 8000 frames of 100 ms exposure.  748 

Super-resolution images were reconstructed using the Picasso package49. Briefly, after discarding the 749 
first 100 frames, localisations were identified, fitted, and then corrected for microscope drift using 750 
redundant cross-correlation. Localisations were then filtered for precision <30 nm. To obtain aggregate 751 
clusters, DBSCAN was applied using the scitkit-learn package50 (radius of 0.3 (~35nm) and minimum 752 
density of 5). Each aggregate was then measured using a combination of scikit-image51 for basic region 753 
properties such as perimeter, area, and eccentricity, and SKAN52 for skeletonised length whereby the 754 
length of each aggregate is reported as the summed branch distance. Finally, super-resolved images 755 
were rendered using the inbuilt Picasso49 functionality. 756 

Simoa 757 

Simoa bead conjugation  758 
For the conjugation of antibody to the Simoa beads the manufacturer’s instructions were followed, using 759 
a two-step EDC protocol that couples the antibody primary amino groups to the activated carboxyl 760 
groups on the beads. The reaction was performed using 0.3 mL of bead suspension with 0.2 mg/mL 761 
antibody and 0.3 mg/mL EDC at 4 °C. Briefly, 100 μg of antibody was buffer exchanged to the bead 762 
conjugation buffer (Quanterix) and the concentration was adjusted to 0.2 mg/mL. The beads were 763 
washed and activated with EDC on a rotator for 30 min at 4 °C. Subsequently, antibody was added to 764 
the beads and the mixture was incubated on a rotator for 2h at 4 °C. Excess antibody was removed by 765 
washing the beads before the beads were blocked for 45 min. To determine the antibody coating 766 
efficiency, the absorbance at 280 nm was measured in the supernatant and washes. A coupling 767 
efficiency of 90% was achieved. Beads were stored as a pellet at 4 °C. 768 

Simoa assay  769 
The Simoa assays were run on a 96-well plate as a 3-step assay as previously described33. Briefly, 100 770 
μL of sample diluted in Quanterix Tau 2.0 sample diluent was incubated with 25 μL of antibody-771 
conjugated paramagnetic beads (30 minutes, 800 rpm, 30 °C). After an automated washing cycle, 100 772 
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μL biotinylated detector antibody (0.3 ng/mL in Quanterix Detector Diluent) was added to each well and 773 
incubated (10 minutes, 800 rpm, 30 °C). After a further automated washing cycle, 100 μL SBG (150 pM 774 
in Quanterix SBG Diluent) was added to each well and incubated (10 minutes, 800 rpm, 30 °C). The 775 
plate was then loaded onto the Simoa SRX instrument (Quanterix) and new RGP substrate, which has 776 
been incubated at 30 °C for 2h, was added.  777 

Cellular markers 778 

ELISAs were used to determine the levels of total tau (Human Tau ELISA Kit, abcam, ab273617), 4R 779 
tau (Human Tau (4R isoforms) ELISA Kit, abcam, ab309282), MLKL (Human MLKL ELISA Kit, 780 
antibodies.com, A82371), BAX (Human BAX SimpleStep ELISA Kit, abcam, ab199080), Iba1 (Human 781 
Iba1 ELISA Kit, antibodies.com, A5204), and GFAP (Human GFAP ELISA Kit, abcam, ab223867). All 782 
ELISA assays were performed following manufacturer’s instructions. The assays were read using 783 
absorbance at 450 nm and concentrations were determined by fitting a 4PL curve to the standards. 784 
ASC speck levels were determined through DNA-PAINT, following the SiMPull protocol described, 785 
which was adapted from Fertan et al.40. Levels of p53 were determined using a Simoa assay described 786 
in Wu et. al.39.  787 

Full-length, wild-type 3R and 4R tau HEK293 seeding assay 788 

The full-length wild-type tau seeding assay was performed as previously described36. Briefly, HEK293 789 
cells expressing either eGFP-0N3R tau or eGFP-0N4R tau were used to assess 3R/4R specific seeding 790 
and seeded with sonicated (20 cycles of 15-s on/5-s off) sarkosyl insoluble tau at 13.75 ng/mL. Black, 791 
glass-bottom 96-well plates (Ibidi) were first coated with Poly-D-Lysine (Gibco, A3890401) for 30 792 
minutes at 37 °C, followed by three washes with 100 μL per well of PBS. Tau assemblies were prepared 793 
at twice the final desired concentration in OptiMEM Reduced Serum Media (Gibco, 31985062) and 794 
mixed with Lipofectamine 2000 (Invitrogen, 11668019) at a 1:50 dilution in a total volume of 50 μL per 795 
well. This mixture was incubated for 20 minutes at room temperature. Meanwhile, cells were trypsinised 796 
and counted using a Countess II Automated Cell Counter (Invitrogen), then diluted to 40,000 cells/mL 797 
in OptiMEM. For each well, 50 μL of the cell suspension was added to 50 μL of the tau-Lipofectamine 798 
mixture, yielding final concentrations of 1X tau, 1:100 Lipofectamine 2000, and 20,000 cells per well. 799 
Plates were incubated for 1 hour, after which 100 μL per well of DMEM supplemented with 10% FBS 800 
was added. Cells were incubated for 72 hours to allow seeding before imaging on a Ti2 High Content 801 
Microscope (Nikon) with a 10x lens and analysis using the NISElements software. 802 

Production of 3R and 4R tau 803 

Purified 3R and 4R tau aggregates and monomers for the validation of the 4R tau aggregate Simoa 804 
assay were produced as previously described36. Human 6xHis-tagged 0N3R and 0N4R tau constructs 805 
in pRK172 were expressed in E. coli BL21 (DE3) and grown (37°C, 200 rpm) in 2XTY media to 806 
OD600 = 0.5 before induction with 1 mM IPTG and overnight incubation at 16 °C, 200 rpm. Cells were 807 
harvested, lysed in buffer (25 mM HEPES pH7.4, 300 mM NaCl, 20 mM Imidazole, 1 mM Benzmidine, 808 
1 mM PMSF, 14 mM β-mercaptoethanol, 1% NP-40 with Pierce protease and phosphatase inhibitor 809 
tablets (Thermo Scientific, A32959), and lysates cleared by ultracentrifugation. Tau was purified using 810 
His-tag affinity chromatography (His/TRAP HP column, GE Healthcare) and a Nickel affinity column, 811 
followed by size-exclusion chromatography on a Superdex 200pg column equilibrated in TBS + 1 mM 812 
DTT. Tau aggregation was induced by incubating 60 μM recombinant tau with 20 μM heparin in 813 
aggregation buffer at 37 °C, shaking at 700 RPM for 72 h. Aggregation was monitored using 15 μM 814 
Thioflavin T fluorescence.  815 

Western blots 816 

Sarkosyl-insoluble tau, from the equivalent of 4mg of brain tissue, was diluted in TBS and boiled for 5 817 
minutes at 95°C in 1X NuPage LDS Sample Buffer (ThermoFisher) + 4% BME. Samples were run on 818 
4-20% Novex Tris-Glycine gels (ThermoFisher Scientific) for 50 minutes at 200 V and transferred onto 819 
PVDF membranes using the Trans-Blot Turbo Transfer system (BioRad). Membranes were blocked in 820 
TBS + 0.1% Tween-20 + 5% milk for 1 hour and incubated overnight at 4°C in primary antibody. 821 
Following washes in TBS + 0.1% Tween-20, blot was incubated in anti-mouse StarbrightBlue 700 822 
(BioRad #12004158, 1:2500) or anti-rabbit DyLight 800-conjugated secondary antibody (Cell Signaling 823 
Technology, 5151, 1:10,0000) for 45 minutes. Signal was visualized using near IR fluorescence 824 
detection (ChemiDoc MP, BioRad). The following primary antibodies were used for immunoblotting: 825 
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Tau 12 (Sigma-Aldrich, MAB2241, 1:2000); BR134 (in-house, rabbit polyclonal, 1:4000); RD3 (Sigma-826 
Aldrich, 05-803, 1:1000); and Tau 4R (Cell Signaling Technology; 30328). 827 

Data analysis 828 

Radar plot of aggregate features 829 
To visualise disease-specific molecular profiles, we generated a radar plot comparing 15 aggregate-830 
related features across tauopathies (small aggregates in brain homogenate). All values were min–max 831 
normalised to a [0,1] range using MinMaxScaler from scikit-learn. For each disease group, we computed 832 
the mean of each feature using the scaled data. 833 

Linear discriminant analysis  834 
To identify disease-specific patterns of tau aggregate features, we performed linear discriminant 835 
analysis (LDA) using scikit-learn. The analysis included 13 brain-homogenate aggregate-associated 836 
features (mean length of HT7 aggregates, percentage of long aggregates, localisation density of long 837 
aggregates, levels of tau aggregates in brain homogenate (HT7 Simoa), levels of total tau in brain 838 
homogenate, percentage of 4R aggregates in brain homogenate, levels of AT8, pT181, pT217 and 839 
pS356 (Simoa), percentage of aggregates with Tau46 epitope, percentage of aggregates with Tau13 840 
epitope, and percentage of AT8 aggregates positive for ubiquitin. Data points were labelled according 841 
to disease group and LDA was used to project the data onto a lower-dimensional space that maximally 842 
separates the disease classes based on between-group variance. Disease group separation and 843 
feature contributions were further quantified using the explained variance ratio and loading coefficients 844 
for each discriminant axis. The top contributing features to each linear discriminant were identified 845 
based on absolute loading weights. The first two discriminant axes were visualised in a 2D scatter plot 846 
with group-wise colour coding.  847 

Relative change matrix for stress and inflammatory markers 848 
To compare disease-specific changes in stress and inflammatory markers, we computed the relative 849 
level of each marker in tauopathy groups versus healthy controls (HC). Marker values were first 850 
normalised to total protein concentration. The relative changes were scaled to the maximum absolute 851 
change observed across all groups, resulting in a normalised range of –1 to +1 per marker.  852 

Partial correlation analysis 853 
To investigate associations between tau aggregate features and cellular stress or inflammatory markers 854 
while accounting for disease group differences, we computed pairwise partial correlation coefficients. 855 
For each variable pair, we used ordinary least squares regression to control for diagnosis (encoded as 856 
dummy variables), and calculated Pearson’s correlation between the residuals. This yielded a partial 857 
correlation matrix. Only correlations passing a significance threshold (p < 0.05) were annotated in the 858 
resulting heatmap.  859 

Statistical analysis 860 

Details for the statistical analysis for each experiment can be found in the respective figures and figure 861 
legends, including the statistical tests used, sample size and definition of significance. Statistical 862 
analysis was performed using Python (scikit-learn) and GraphPad Prism 10 (version 10.4.1). For all 863 
analyses involving the comparison of one variable, one-way ANOVAs were used followed by Tukey’s 864 
multiple comparisons post hoc corrections. For analysis of tau seeding activity in biosensor assays, a 865 
nested one-way ANOVA was applied. For clarity, only statistically significant differences are shown in 866 
the figures. A level of p < 0.05 was used to designate significant differences. 867 

  868 
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S1 1055 

 1056 
Supplementary Figure 1: Quantitative and morphological characterisation of small tau aggregates in brain homogenate. 1057 
(A) Proportion of tau present either as monomer, small aggregates or sarkosyl insoluble tau by patient. Each point represents 1058 
one case (PiD: n = 4 per group, rest n = 5 per group) and the mean ± S.D. is shown. (B) Fraction of 4R tau in homogenate (levels 1059 
of 4R tau normalised to total tau levels in homogenate fraction) of the individual patients. (C) Validation of the Simoa-based 4R 1060 
tau aggregate assay, showing high specificity and concentration-dependency for 4R tau aggregates but not for 4R tau monomers 1061 
or 3R tau aggregates. (D) Levels of small 4R tau aggregates in the brain homogenate fraction. (E) Representative DNA-PAINT 1062 
super-resolved image of an AD sample at 1:30 dilution (compared to the normal 1:10) showing the presence of long aggregates 1063 
and of a PSP sample at 1:2 dilution, showing the presence of small, round aggregates in a crowded image. Scale bar = 1 µm. 1064 
(F) Mean length of small AT8-positive aggregates and percentage of fibrillar AT8-positive aggerates (eccentricity > 0.9). (G) 1065 
Localisation density of tau aggregates in an HT7 DNA-PAINT experiment. Each point represents one case (PiD: n = 4 per group, 1066 
rest n = 5 per group).  1067 
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 1070 
Supplementary Figure 2: Phospho-epitope profiling and co-localisation of small tau aggregates. (A) Validation of Simoa 1071 
assays for the detection of tau aggregates phosphorylated at T181, T217 and S356. (B–E) Aggregate-specific Simoa assays 1072 
quantifying the proportion of tau aggregates positive for phospho-epitopes AT8 (pS202/pT205), pT181, pT217, and pS356, 1073 
expressed as ratios over HT7 aggregates (pan tau). (F) Total levels of S356 phosphorylation (monomeric and aggregated tau) 1074 
measured by Simoa. (G–I) Percentage of co-localisation of pT181, pT217, or pS356 (488 channel) with AT8-positive tau 1075 
aggregates as determined by two-colour single-molecule co-localisation microscopy. (J) Histograms of fluorescence intensity 1076 
(AT8-641 channel) of AT8-positive aggregates, stratified by co-localisation with secondary phospho-epitopes (488 channel). Each 1077 
row corresponds to a co-labelling condition (AT8–T181, T217, S356, Ubiquitin), and each column to a disease group (PSP, PiD, 1078 
CBD, AD, HC). Co-labelled and non-co-labelled populations are shown in dark and light grey, respectively. Each point represents 1079 
one case (n = 4 for PiD, n = 5 for other disease groups). For (B – I) one-way ANOVA with Tukey’s post hoc test; *p < 0.05, **p < 1080 
0.01, ***p < 0.001.  1081 
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 1083 
Supplementary Figure 3: Co-localisation of tau and ubiquitin in brain homogenate across tauopathies. (A) Number of spots 1084 
per field-of-view (FOV) detected by SiMPull using tau (AT8, HT7, Tau13, Tau46 in the 641 channel) and ubiquitin antibodies (488 1085 
channel), with spatially overlapping signals indicating co-localised aggregates. (B) Fraction of tau or ubiquitin spots co-localised 1086 
with the respective partner, plotted separately for each antibody pair. Dotted lines denote expected random co-localisation rates. 1087 
Each bar represents mean ± SD (n = 4 for PiD, n = 5 for other disease groups). 1088 

  1089 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 11, 2025. ; https://doi.org/10.1101/2025.06.10.658934doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.10.658934
http://creativecommons.org/licenses/by/4.0/


S4 1090 

 1091 
Supplementary Figure 4: Disease-specific profiles of stress and inflammatory markers across tauopathies. 1092 
(A) Western blot analysis of sarkosyl insoluble fraction. (B–H) Quantification of cell stress and inflammatory markers in brain 1093 
homogenate from AD, PSP, CBD, PiD, and HC. Markers include: (B) Aß aggregates (Simoa), (C) p53 aggregates (Simoa), (D) 1094 
Bax (apoptosis, ELISA), (E) MLKL (necroptosis, ELISA), (F) Iba1 (microglial activation, ELISA), (G) GFAP (astrocytic activation, 1095 
ELISA), and (H) ASC specks (inflammasome activation, SiMPull). Each point represents an individual donor (n = 4 for PiD, n = 5 1096 
for other disease groups); horizontal bars indicate group medians. One-way ANOVA with Tukey’s post hoc test; *p < 0.05, **p < 1097 
0.01. 1098 

 1099 

 1100 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 11, 2025. ; https://doi.org/10.1101/2025.06.10.658934doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.10.658934
http://creativecommons.org/licenses/by/4.0/

