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A novel monoclonal antibody 
generated by immunization 
with granular tau oligomers binds 
to tau aggregates at 423‑430 
amino acid sequence
Yoshiyuki Soeda 1*, Emi Hayashi 2, Naoko Nakatani 2, Shinsuke Ishigaki 3, 
Yuta Takaichi 4, Taro Tachibana 2,5, Yuichi Riku 6,7, James K. Chambers 4, Riki Koike 1, 
Moniruzzaman Mohammad 3 & Akihiko Takashima 1

Prior to the formation of amyloid fibrils, the pathological hallmark in tau‑related neurodegenerative 
disease, tau monomers aggregate into a diverse range of oligomers. Granular tau oligomers, 
consisting of approximately 40 tau protein molecules, are present in the prefrontal cortex of 
patients at Braak stages I‑II, preclinical stages of Alzheimer’s disease (AD). Antibodies to granular 
tau oligomers as antigens have not been reported. Therefore, we generated new rat monoclonal 
antibodies by immunization with granular tau oligomers. Three antibodies from different hybridoma 
clones showed stronger immunoreactivity to granular tau oligomers and tau fibrils compared with 
monomeric tau. Of the three antibodies, 2D6‑2C6 showed 3000‑fold greater immunoreactivity in 
P301L‑tau transgenic (rTg4510) mice than in non‑transgenic mice, while MC1 antibody, which detects 
pathological conformations of tau, showed a 5.5‑fold increase. These results suggest that 2D6‑2C6 
recognizes aggregates more specifically than MC1. In AD subjects, 2D6‑2C6 recognized neurofibrillary 
tangles and pretangles, and co‑localized within AT8‑positive cells containing phosphorylated tau 
aggregates. The epitope of 2D6‑2C6 is the 423–430 amino acid (AA) sequence of C‑terminal regions. 
Taken together, a novel monoclonal antibody, 2D6‑2C6, generated by immunization with granular tau 
oligomers binds to tau aggregates at the 423–430 AA sequence.
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Tau is a microtubule-associated protein that is highly soluble in healthy neurons. Neurofibrillary tangles (NFTs), 
a pathological hallmark of Alzheimer’s disease (AD), are composed primarily of hyperphosphorylated and 
insoluble aggregated forms of  tau1. Brains of individuals with neurodegenerative tauopathies, including Pick’s 
disease, chronic traumatic encephalopathy, corticobasal degeneration, and progressive supranuclear palsy, show 
abnormal tau accumulation. In addition, tau aggregation correlates with dementia severity and neuronal loss in 
 AD2–4. Mutations in the microtubule-associated protein tau (MAPT) gene are responsible for frontotemporal 
dementia with parkinsonism linked to chromosome 17 (FTDP-17), a hereditary neurodegenerative tauopathy. 
Many reports have correlated tau pathological changes and neuronal atrophy in transgenic mice harboring 
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single mutant  tau5,6. The prion-like propagation model of tau proposes that extracellular tau seeds released from 
neurons are responsible for the propagation of tau pathology in cell models and in vivo7–9. These findings have 
paved the way for the development of biologics, including antibody drugs targeting tau. Furthermore, fifteen 
drugs, including active and passive immunotherapies targeting tau, have undergone clinical trials for AD and 
related  tauopathies10.

Tau-related toxicity, such as neuronal loss and behavioral abnormalities, is involved in tau oligomer formation 
but not in monomeric tau and NFT, according to many previous  studies6,11–13. Tau pathology and tau-related 
toxicity are induced by extracellular, intracellular or both types of tau  oligomers13–15. Exposure to recombinant 
tau oligomers prepared by polymerization reactions impairs synaptic plasticity and causes  neurotoxicity16,17. 
Extracellular tau oligomers have been observed in vesicles from the brains of AD patients, and these vesicular tau 
oligomers propagate tau pathology in vivo18. These previous papers indicate that the extracellular tau oligomer 
released from cells bearing abnormal aggregated tau is a candidate for the tau seed, which propagates tau pathol-
ogy. Therefore, visualization tools to detect oligomeric tau are useful for elucidating the disease mechanism of 
tauopathies. However, the development of tools to detect tau oligomers is insufficient.

We identified granular tau oligomers preceding NFT formation in an in vitro  study19. Granular tau oligomers 
are 15–25 nm sarkosyl-insoluble aggregates comprising approximately 40 tau  proteins19. Unlike soluble oligom-
ers, granular oligomer structures can be detected by atomic force microscopy (AFM)19. In vivo experiments have 
shown that granular tau oligomers contribute to neuronal cell  death5,20–22. Furthermore, a study using human 
tissue found increased levels of granular tau oligomers in the frontal cortex from Braak stage I-II  subjects23. 
These results suggest that granular tau oligomers may be an early marker of AD and a target for early interven-
tion. However, no antibodies against granular tau oligomers have been reported. In this study, we developed 
antibodies against granular tau oligomers using an iliac lymph node  method24,25, and analyzed the binding of 
the antibodies to tau aggregates in vitro and in vivo.

Results
Screening of antibodies derived from rat immunized granular tau oligomers
We utilized the iliac lymph node  method24,25 to produce rat monoclonal antibodies targeting granular tau oli-
gomers. This method has been demonstrated to yield approximately 10 times more positive hybridomas than 
conventional techniques that employ mouse or rat spleen  cells26. We collected culture media from 768 hybridoma 
colonies (Supplemental Fig. 1) and assessed the immunoreactivity of the antibodies using ELISA and dot blot 
assays with immobilized recombinant granular tau oligomers. Three hybridomas (2B2, 2D6, and 8D6) exhibited 
strong granular tau oligomer immunoreactivity Supplemental Fig. 1). Subsequently, single cells were isolated 
and cloned from these three hybridomas. The cultured media obtained from 573 of these cloned colonies under-
went ELISA and dot blot analyses (Supplemental Fig. 1). Through this process, we successfully identified three 
specific antibodies (2B2-1B6, 2D6-2C6, and 8D6-1F7) that exhibit binding affinity to granular tau oligomers 
(Supplemental Fig. 1).

During tau aggregation, monomeric tau polymerizes, eventually forming fibrillar tau through intermediate 
aggregates called tau oligomers and granular tau  oligomers19. Sucrose density gradient centrifugation can separate 
aggregated tau samples from recombinant tau (Supplemental Fig. 4)19 and brain  tissue23,27 into six fractions based 
on their aggregate size and density. Each of the six fractions consists of the following tau: Fraction 1, no apparent 
aggregates; Fraction 2, small tau granules; Fraction 3, granular tau oligomers; and Fractions 4–6, short and long 
tau fibrils (Supplemental Fig. 4)19. We assessed the binding efficacy of our three antibodies with these tau frac-
tions using dot blot analysis. The control pan-tau antibody (JM; derived from immunogen 2N4R-tau)28 showed 
similar immunoreactive intensities for tau across all fractions (Fig. 1A). The 2D6-2C6 antibody showed a 3.9-, 
5.4-, and 6.0-fold increase in immunoreactivity in Fractions 3, 4, and 5–6, respectively, compared with Fraction 
1 (monomer) (Fig. 1B). The 2B2-1B6 antibody showed increased immunoreactivity in Fractions 2 (2.0-fold), 3 
(3.3-fold), 4 (2.3-fold), 5 (2.3-fold), and 6 (2.8-fold) compared with Fraction 1 (Fig. 1C). The 8D6-1F7 antibody 
immunoreactivity of Fractions 2, 3, 4, 5 and 6 was 2.0-, 3.0-, 2.0-, 2.0-, and 1.8-fold higher than that of Fraction 
1, respectively (Fig. 1D). Similar results were observed in experiments using the three antibodies at different tau 
concentrations (Supplemental Fig. 2). Together, these results show that 2D6-2C6 is immunoreactive for granular 
tau oligomers and fibrils, while 2B2-1B6 and 8D6-1F7 bind smaller granular tau to tau fibrils.

In vivo immunoreactivity of 2D6‑2C6, 2B2‑1B6, and 8D6‑1F7
Neurofibrillary tangle pathology increases with age in rTg4510 transgenic mice overexpressing human P301L 
mutant tau, a tau associated with frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-
17)29. The immunoreactivity of the three rat monoclonal antibodies with samples derived from the rTg4510 mice 
was assessed through dot blot analysis. The pan-tau antibody (tau5) binds both human and mouse  tau6. In cell 
homogenates derived from both rTg4510 and non-Tg mice, the immunoreactivity intensity of tau5 in rTg4510 
mice was higher than that in non-Tg mice (Fig. 2A). MC1 antibody can detect tau conformation changes along 
with tau aggregation in rTg4510 mice using dot blot  analysis30 and  immunohistochemistry29. The MC1 antibody, 
used as a positive control, showed 5.50-fold more immunoreactivity in rTg4510 mice than in non-Tg mice under 
normalization by tau5 (Fig. 2A). Surprisingly, 2D6-2C6 immunoreactivity was 3000-fold greater in rTg4510 
mice than in non-Tg mice (Fig. 2B), indicating increased immunoreactivity to aggregated tau in vivo compared 
to that of MC1. Similar results were obtained from stepwise dilutions of samples taken from rTg4510 mice. The 
immunoreactivity of 2B2-1B6 (Fig. 2C) and 8D6-1F7 (Fig. 2D) were similar between rTg4510 and non-Tg mice. 
Therefore, we conducted further experiments using 2D6-2C6.

The AT8 antibody, which recognizes phosphorylated paired helical filament tau at Ser202, Thr205, and 
 Ser20831, reacted with tau aggregates in neuronal somata and neurites in hippocampal pyramidal cells of rTg4510 
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mice, but not in non-Tg mice (Supplemental Fig. 3)29. As with the AT8 antibody, immunostaining with the 
2D6-2C6 antibody (Fig. 2E) was clear in regions containing CA3, CA1, and the entorhinal cortex, where tau 
aggregation was previously reported in rTg4510  mice29. This immunoreactivity was not observed in non-Tg 
mice (Fig. 2F). These results suggest that 2D6-2C6 binds tau aggregates in both immunohistochemical and 
biochemical analyses. To evaluate the immunoreactivity of 2D6-2C6 with mouse tau, non-Tg cerebral cortex 
samples were subjected to western blotting. Mouse tau was detected by both tau5 (Fig. 2G, right panel) and 
2D6-2C6 (Fig. 2G, left panel), indicating that the binding of 2D6-2C6 is not human-specific. To confirm whether 
2D6-2C6 recognizes tau aggregates in human subjects, we investigated the immunoreactivity of 2D6-2C6 using 
paraffin sections from two AD cases with Braak’s NFT stage V and a healthy control (Supplemental Table 1). 
2D6-2C6-immunopositivity was densely observed in the hippocampus (Fig. 3A, B) and parahippocampal gyrus 
of two cases with AD but sparse in those of neurologically healthy control (Fig. 3C) by DAB staining. Expanded 
images showed that 2D6-2C6 immunolabeled flame-like NFTs (Fig. 3D), pretangles (Fig. 3E) and neuritic plaque 

Figure 1.  Binding of antibodies against granular tau oligomers to fractionated recombinant tau aggregates. 
Recombinant human full-length (FL) tau was polymerized by heparin and then fractionated into Fractions 
(Fr) 1–6 through sucrose step gradient centrifugation. As the fraction number increases, denser tau aggregates 
are observed 19. For instance, Fr. 1 contains monomeric and multimeric tau, while granular tau oligomers are 
predominantly found in Fr. 3. Fibrils are present in Fr. 4–6. Dot blot analysis detected tau in Fr. 1–6 using 
the pan-tau rabbit polyclonal antibody JM (A) and monoclonal antibodies such as 2D6-2C6 (B), 2B2-1B6 
(C) and 8D6-1F7 (D), derived from rat immunized with granular tau oligomers. Fraction 1 contained tau at 
a concentration of 100 μg/ml. Tau immunoreactivity was quantified by densitometry (ImageJ software), and 
the levels of 2D6-2C6, 2B2-1B6 and 8D6-1F7-reactive tau were normalized to the corresponding JM-reactive 
tau. Quantitative data are presented as a percentage of Fr. 1 (mean ± SD from 4 experiments). P values were 
determined using one-way ANOVA followed by Tukey’s multiple comparisons test. Significance levels are 
indicated as *(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p < 0.0001), and ns denotes not significant. There are 
annotations on solid lines (comparing Fr. 1 to Fr. 2, 3, 4, 5 or 6) and dotted lines (comparing Fr. 3 to Fr. 2, 4, 
5 or 6). The dotted signals of Fr. 6 were cropped from different parts of the same membrane (Supplemental 
Fig. 5A–D).
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(Fig. 3F); it is well known that neuritic plaques often exhibit tau epitopes as well as amyloid-β32,33. Double immu-
nofluorescence revealed that the immunoreactivity of 2D6-2C6 overlaid that of AT8 (Figs. 3G–I, right panel) 
and T22 (Figs. 3J–L, right panel), which are anti-hyperphosphorylated tau and anti-oligomer tau antibodies, 
respectively. These results indicate that 2D6-2C6 binds phosphorylated tau aggregates including pretangles and 
NFTs in AD subjects.

Taken together, 2D6-2C6 is identified as a novel tau monoclonal antibody that is immunoreactive for tau 
aggregates including granular tau oligomers, with greater sensitivity than the MC1 antibody, and effectively 
stained human pretangles and NFTs.

Epitope mapping of 2D6‑2C6 on tau
To determine the 2D6-2C6 epitope of tau, we examined the binding of tau deletion mutants (ΔR, ΔN, and ΔC) 
(Fig. 4A) to 2D6-2C6 using SDS‒PAGE western blotting. The pan-tau antibody JM reacted with WT-tau and 
all three deletion mutants (Fig. 4B, left panel). However, 2D6-2C6 bound WT-tau, ΔN-tau, and ΔR-tau, but not 
ΔC-tau (Fig. 4B, right panel). This result indicates that the epitope of 2D6-2C6 is located in the C-terminal region 
(370–441 AAs) of tau. We further divided the C-terminal region into three segments (370–391, 392–416, and 

Figure 2.  Binding of tau aggregation antibodies in an in vivo model. The TBS-soluble fraction was obtained 
from rTg4510 mice overexpressing human P301L mutant tau (0N4R) and from non-transgenic mice (non-Tg) 
at 10 months of age. This fraction was then subjected to dot blot (A–D), immunohistochemistry (E, F) and 
western blot (G) analyses. (A–D) The dot blot analysis detected tau in the occipital cortex homogenates from 
rTg4510 mice. The following antibodies were used: MC1 (0.74 μg/ml), which reacts with conformational tau 
aggregates (A, upper panel), pan-tau mouse monoclonal antibody (tau5; A, middle panel), and tau aggregation 
antibodies 2D6-2C6 (0.74 μg/ml) (B), 2B2-1B6 (C), and 8D6-1F7 (D). Densitometry of tau immunoreactivity 
was quantified. The levels of MC-1, 2D6-2C6, 2B2-1B6, and 8D6-1F7-reactive tau were normalized by the 
corresponding tau5-reactive tau levels. Quantitative data are presented as a percentage of non-Tg mice 
(mean ± SD of 4–5 mice). P values were determined using Student’s t tests. Significance is indicated by *(p < 0.05) 
shown on black columns comparing non-Tg with rTg4510 mice. (E, F) Immunohistochemistry using the 
2D6-2C6 antibody highlighted accumulated tau aggregates (arrows) in the CA3 region (left panels), CA1 region 
(middle panels), and entorhinal cortex (right panels) of rTg4510 mice (E), but not of non-Tg mice (F). (G) In 
the western blot analysis, both 2D6-2C6 (left panel) and tau5 (right panel) detected endogenous tau in non-Tg 
mice.
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417–441 AAs) and synthesized peptides corresponding to these sequences (Fig. 4C). Dot blot analysis showed 
that 2D6-2C6 binds to the peptide with AAs 417–441, but not to those with AAs 370–391 or 392–416 (Fig. 4D). 
Western blotting is not effective in detecting these peptides due to their short lengths. Additional peptides were 
synthesized by removing AA residues at the N- and/or C-terminal sides of the 417–441 sequence (Fig. 4C) and 

Figure 3.  Immunohistochemistry and double immunofluorescence using 2D6-2C6 antibody on autopsied 
AD cases. (A–F) Immunohistochemistry using 2D6-2C6 antibody on autopsied AD cases. The panels (A–C) 
display CA1 of autopsied samples. Two cases with AD (A, B) demonstrated 2D6-2C6-immunopositivity in 
the CA1, whereas a neurologically healthy control (C) did not show dense aggregates. The 2D6-2C6 antibody 
immunolabeled NFTs (D), pretangles (E), and neuritic plaque (F) in the CA1. Black scale bars = 100 μm (A–C) 
and 20 μm (D–F). (G–L) Double immunofluorescence using 2D6-2C6 antibody combined with other anti-tau 
antibodies. All panels here are taken at the CA1 from the same AD case. Panels (G–I) indicate a combination of 
2D6-2C6 and AT8, whereas panels (J–L) indicate a combination of 2D6-2C6 and T22. The 2D6-2C6 fluorescent 
signals were mostly merged with AT8 signals for NFT (G), pretangle (H), and neuritic plaque (I). The 2D6-2C6 
and T22 antibodies also exhibited colocalization (J–L). Pretangle (K) was more sensitively detected by 2D6-2C6 
antibody compared to T22. White scale bars = 10 μm.
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were subjected to dot blot analysis (Fig. 4E–H). The peptides with AAs 417–436 and 422–441 reacted with 2D6-
2C6 (Fig. 4E), indicating that the epitope of 2D6-2C6 is located within the 422–436 AA sequence. Focusing 
on the C-terminal side of the 422–436 AAs, 2D6-2C6 bound to peptides with AAs 422–436 (Fig. 4F), 422–433 
(Fig. 4F) and 422–431 (Fig. 4G), but not to peptides with AAs 422–429 (Fig. 4G), indicating that the epitope of 
2D6-2C6 is within the 422–431 AA residues of tau. Focusing on the N-terminal sides, while 2D6-2C6 binding was 
observed in incubation with peptides with AAs 423–433 (Fig. 4G), 423–431 (Fig. 4H) and 423–430 (Fig. 4H), the 
signal was completely abolished by incubation with AAs 424–433 (Fig. 4G) and 425–436 (Fig. 4F). These results 
demonstrate that the epitope of the novel tau aggregation antibody 2D6-2C6 is the 423–430 AA sequence on tau.

Binding of other tau antibodies against C‑terminal regions with tau aggregates
We evaluated the binding of antibodies to C-terminal regions with tau aggregates. Monoclonal tau antibodies, 
RTM38 (immunogen: 417–441)34 and tau46 antibody (epitope: 404–441)35 bound to the 417–441 peptide, but 
not to the 423–430 peptide (Fig. 5B), indicating that the epitopes of RTM38 and tau46 are either the 417–422 or 
431–441 AA sequences. To evaluate the binding of RTM38 and tau46 with tau aggregates, we prepared recom-
binant monomeric tau (Fraction 1), granular tau oligomers (Fraction 3) and fibrils (Fraction 6) and conducted 
dot blot assays (Fig. 5C). Unlike 2D6-2C6 (second image from top of Fig. 5C, D), both RTM38 (second image 
from bottom of Fig. 5C, E) and tau46 (lower image of Fig. 5C, F) bound equally with tau in Fraction 1, Fraction 3 

Figure 4.  Epitope mapping of 2D6-2C6 on tau. (A) Schematic representation of human wild-type (WT) tau 
protein and its deletion mutants. The full-length 2N4R tau consists of an N-terminal region that includes a 
proline-rich region and N-terminal inserts, a microtubule binding repeat region, and a C-terminal region. The 
ΔN mutant lacks residues 1–243, the ΔR mutant lacks residues 244–369, and the ΔC mutant lacks residues 370–
441. (B) cDNAs encoding WT, ΔN, ΔR and ΔC were transfected into cultured COS-7 cells. Tau proteins in the 
cell lysate were detected with the pan-tau antibody JM (B, left panel) and 2D6-2C6 (B, right panel) using SDS‒
PAGE western blot analysis. (C) Schematic representation of peptides with partial sequences of the C-terminal 
region. (D–H) The peptides were dotted onto a nitrocellulose membrane and then reacted with 2D6-2C6.
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and Fraction 6. These data indicate that RTM38 and tau46, which are anti-tau antibodies against the C-terminal 
region with epitopes outside the 423–430 AA residues, serve as pan-tau antibodies but not as tau aggregation 
antibodies. Taken together, the 423–430 AA residues in the C-terminal regions are particularly exposed upon 
aggregation and are specifically recognized by the tau aggregation antibody 2D6-2C6.

Discussion
Elucidating the formation of granular tau oligomers is essential for a better understanding of  tauopathies19,21,23,36. 
In this study, we developed a novel monoclonal antibody, 2D6-2C6, that binds tau aggregates specifically, includ-
ing granular tau oligomers, but not normal tau. Furthermore, 2D6-2C6 detected tau aggregates in the brains of 
AD subjects and in an in vivo mouse model. The epitope of 2D6-2C6 is located at AAs 423–430 in the C-terminus 
region of tau. While several antibodies targeting tau oligomers have been reported previously, this study is the 
first to identify an antibody that recognizes the C-terminal region of tau and binds tau aggregates specifically.

Novelty of 2D6‑2C6 compared to existing tau aggregation antibodies and other well‑charac‑
terized antibodies
The A11 polyclonal antibody recognizes the common conformation of amyloidogenic protein oligomerization 
independent of AA  sequence37. In dot blot analysis, A11 bound recombinant tau fibrils but not oligomers, includ-
ing granular tau  oligomers19. A 2B10 monoclonal antibody was generated against low-n tau oligomers using the 
mutant tau repeat region with the deletion of lysine 280 (TauRDΔK). The antibody penetrated cells and inhibited 
intercellular tau  oligomerization38. Although its epitope was not identified, the antibody likely binds the microtu-
bule-binding region on tau. T22 polyclonal antibody and TORC1 monoclonal antibody were identified by Kayed 
and colleagues as tau oligomer  antibodies39,40. These antibodies detect oligomeric tau by SDS‒PAGE western 
blot analysis, which suggests that the conformation of the antibody-positive tau oligomers are resistant to high 
concentration detergents. However, no epitopes have been reported for either  antibody39,40. Pretangle appears to 
be more sensitively detected by 2D6-2C6 antibody compared to T22. TNT2 binds to the phosphatase-activating 
domain (7–12 AA sequence) on tau and detects early pretangle tau pathology in AD human subjects. Because 
TNT2 does not bind late-stage tangles, the epitope of TNT2 is lost with tangle  evolution41. Tau phosphorylation 
antibodies such as AT8 and PHF-1 are well-known antibodies that react with pathological tau. Recent studies 
have reported that AT8 is more selective for pathological tau than PHF-142. AT8 reported to exhibit nonselective 

Figure 5.  Binding of other antibodies against C-terminal regions with tau aggregates. (A) The sequence at 
amino acid residues 417–441 in the tau C-terminal region is illustrated. The epitope of 2D6-2C6 covers residues 
423–430. (B) Peptides (417–441 and 423–430) were dotted onto a nitrocellulose membrane and probed with 
the 2D6-2C6 antibody, as well as other C-terminal monoclonal antibodies: RTM38 (immunogen: 417–441) and 
tau46 (epitope: 404–441). (C–F) Recombinant human full-length tau was polymerized using heparin and then 
fractionated. Monomer and multimer tau, granule tau oligomers, and longer fibrils are observed in Fraction 1, 
3, and 6, respectively. A dot blot analysis detected tau in all three fractions using the pan-tau rabbit polyclonal 
antibody (JM), 2D6-2C6, RTM38, and tau46 (C). Tau immunoreactivity was quantified by densitometry (using 
ImageJ software). Levels of 2D6-2C6 (D), RTM38 (E), and tau46 (F)-reactive tau were normalized by the 
corresponding JM-reactive tau levels. Quantitative data are presented as a percentage of Fraction 1 (mean ± SD 
of 4 experiments). P values were determined using one-way ANOVA followed by Tukey’s multiple comparisons 
test. **** indicates p < 0.0001.
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binding in mouse brain  samples43. 2D6-2C6 is likely an antibody that detects conformational changes independ-
ent of phosphorylation. MC1 and TOC1 are known tau conformation antibodies. MC1, a mouse monoclonal 
antibody, recognizes the pathological conformation of tau in vitro, in vivo, and in AD human  subjects44,45. 
In vitro experiments showed that MC1 is immunoreactive to tau oligomers to tau fibrils (Supplemental Fig. 4)19, 
with its epitope located in discontinuous tau AA sequences in both the N-terminus (7–9 AAs) and R3 (313–322 
AAs)45. In vitro analyses reveal that 2D6-2C6, similar to MC1 (Supplemental fig. 4)19, is capable of detecting both 
tau fibrils and granular tau oligomers. Conversely, in vivo, the binding affinity of 2D6-2C6 for tau aggregates 
surpasses that of MC1, suggesting that 2D6-2C6 is highly effective in detecting tau aggregation compared to 
MC1. TOC1 is a mouse monoclonal antibody whose immunogen was a crosslinked dimer  tau46. Its epitope is 
located between the 209–224 AA sequence on  tau47. While TOC1 binds oligomeric tau, no reports demonstrate 
that TOC1 binds to tau fibrils. 2D6-2C6 is an antibody that captures fibers from granular tau oligomers rather 
than dimers, suggesting it may detect periods closer to disease progression. Tau5 and tau46 are general-purpose 
tau antibodies, but their reactivity was recently reported to decrease with tau  phosphorylation42. In contrast, 
2D6-2C6 antibodies have a better signal-to-noise (S/N) ratio in vivo than in vitro, speculating that, unlike these 
general-purpose antibodies, 2D6-2C6 reactivity is not decreased by phosphorylation. Antibodies targeting tau 
aggregation that specifically recognize C-terminal regions have not been reported. In contrast to the previous 
tau aggregation antibodies, our novel discovery, 2D6-2C6, is an antibody that is distinctively immunoreactive to 
the C-terminal region of tau. A recent study established a resource designed to guide informed antibody choice 
for tau  detection42. To detect total tau, an optimal strategy might employ a combined panel of N-terminal, mid-
domain and C-terminal antibodies. To our knowledge, there are no tau aggregation antibodies that recognize the 
C-terminus. This may have hindered optimal research strategies for studying the mechanism of tau aggregation. 
The 2D6-2C6 antibody found in this study can help advance this area of research.

Tau aggregation and the C‑terminal region of tau
Several reports have shown a role of the C-terminal region of tau in aggregation. Tau phosphorylation at  S42248,49 
and  S39650 in the C-terminal region was observed in mild cognitive impairment and the early stages of AD. 
Furthermore, substitutions with negatively charged AAs to act as pseudophospho-mimetics  S422E51, and S396E/
S404E52 increases tau aggregation in vitro. The C-terminus region containing Tau-CTF24 (residues L243-L441) 
cleaved by calpain accelerated heparin-induced tau fibrillization ability compared to full-length  tau53. Overex-
pression of ΔD421-tau cleaved by caspase also promoted oligomerization in the brains of  mice54. While tauC3 
antibody-positive Δ421 tau has been observed in the brains of AD  patients49,55, tauC3 binds mature tangles 
rather than pretangles. This indicates that tau is cleaved after the formation of tau  fibrillization56. Results of a 
recent report show that the C-terminus region is exposed outside the repeat region when 0N3R recombinant 
tau is  aggregated57. These previous reports and our results suggest that exposure of the 423–430 AA sequence 
associated with tau aggregation occurs in early AD and MCI. Cryo-EM revealed structural cores in 3R + 4R 
tauopathies (AD, CTE) , 3R tauopathy (PiD) , and 4R tauopathies (PSP, CBD, GGT, GPT, AGD)58–60. In these 
tauopathies, the core was included in R1-R4 and extended to approximately 18 AA residues from the C-terminal 
region of tau. An experiment with AFM detected thick fibrils in full-length tau aggregates compared with tau 
consisting of only the repeat  region61. These results indicate that, in tau aggregation, sequences other than the 
core structure constitute a structural conformation, which is recognized by 2D6-2C6. In human AD brain 
slices, 2D6-2C6 immunoreactivity co-localizes with that of AT8 (see Fig. 3), which detects phosphorylated tau 
aggregates, indicating that tau 423–430 AA residues recognized by 2D6-2C6 are externally exposed during tau 
aggregation in human samples.

Other monoclonal antibodies, such as  RTM3834 and  tau4635, which recognize the C-terminal sequences of 
tau, have been reported. Interestingly, these antibodies have a different epitope from 2D6-2C6 and bind equally 
to both non-aggregating and aggregating tau (see Fig. 5). These observations indicate that only the 423–430 
AA sequence in the C-terminus of tau is exposed during aggregation. Furthermore, 2D6-2C6 provides valuable 
insights into one aspect of the tau aggregation mechanism. The reason why we could produce tau aggregation 
antibodies with a new mechanism might stem from our use of β-sheet-positive granular tau oligomers as the 
immunogen. This approach contrasts that of previous reports that used β-sheet-negative oligomers containing 
cross-linked tau  dimers46 and low-n  oligomers38 as immunogens.

2D6-2C6 binds more strongly with tau aggregates in vivo than in vitro. Unlike in vitro, in vivo tau undergoes 
posttranslational modifications, including phosphorylation and acetylation. The paper clip conformation of tau 
formed by pseudophosphorylation at the AT8, AT100, and PHF1 sites is bound by the MC1  antibody62. Tau 
phosphorylation at S422, which is located near the vicinity of the 2D6-2C6 epitope, enhances the formation of 
SDS-stable  dimers51. These observations suggest that the negative charge from phosphorylation at S422 may 
facilitate exposure of the 423–430 AA sequence in tau.

Granular tau oligomer antibody as a diagnostic tool for tauopathies
Tau antibodies are essential tools in biomarker analysis of AD. For example, tau phosphorylation at T217 and 
T181 in plasma and CSF is increased in AD and the preclinical stage of AD compared with  controls63,64. Goedert 
and colleagues reported that tau aggregates with a ring-like structure from 0N4R P301S tau transgenic mice by 
sucrose gradient centrifugation increased tau seed assembly in cultured  cells27. Furthermore, vesicle tau oligom-
ers with globular particles from AD patients spread tau pathology in vitro and in vivo18. OptoTau, a tau protein 
fused with CRY2olig, is a light-sensitive protein that can form homo-oligomers that form granular tau oligomers 
in cells and act as a seed for tau fibrils in vitro65. Our previous report showed that granular tau oligomers were 
observed in Braak stage I  AD23. Thus, the 2D6-2C6 antibody against granular tau oligomers may be useful for 
the detection of preclinical biomarkers for AD.
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Limitations of the study
2D6-2C6 is not a human-specific antibody because it also reacts with mouse tau. Even AT8, which can well detect 
tau pathology, has previously been reported to show nonselective binding in mouse brain samples. This implies 
that even if the antibody reacts with mouse tau, it does not completely negate the significance of the antibody 
in detecting human pathology.

In vitro, 2D6-2C6 is significantly more reactive to aggregated tau than to non-aggregated tau, though it is not 
completely insensitive to monomeric tau. However, the S/N ratio of 2D6-2C6 is better in vivo than in vitro. This 
result may be attributed to in vivo conditions, which include factors such as phosphorylation and interaction 
with other molecules, that are not present in vitro.

This study may not have sufficiently examined tau phosphorylation because 2D6-2C6 was produced by 
immunization using recombinant tau aggregates. However, in human AD subjects, 2D6-2C6 co-localized with 
neurons stained by the tau phosphorylation antibody AT8, which recognizes pretangles and NFTs, indicating 
that 2D6-2C6 reacts with phosphorylated tau aggregates. Tau phosphorylation at the T427 AA residue is strong 
in AD patients and FTLD-tau patients compared with healthy  controls66. The T427 AA residue lies within the 
epitope of 2D6-2C6 (423–430 AA sequence). Thus, targeting the phosphorylation of the 2D6-2C6 epitope may 
be a diagnostic and therapeutic strategy for tauopathies by removing toxic tau oligomers but not normal tau.

In conclusion, our results show that the C-terminal 423–430 AAs of tau are positioned outward during the 
formation of granular tau oligomers. Thus, 2D6-2C6 antibodies targeting the 423–430 AA sequence may be 
promising for the early diagnosis of tauopathies.

Methods
Materials
Full-length human 2N4R tau cDNA was inserted into the pRK172 vector for recombinant tau  preparation19. 
Wild-type 2N4R and mutant forms of 2N4R tau with deletions of the repeat region (ΔR) at 244–369 AAs, the 
N-terminal region (ΔN) at 1–243 AAs, and the C-terminal region (ΔC) at 370–441 AAs were inserted into the 
pCI-neo vector (Promega, Madison, Wisconsin, USA) for transient transfection (Fig. 4A). Peptides (> 50% 
purity) were obtained from Cosmo Bio Co., Ltd (Koto-ku, Tokyo, Japan). Chemical reagents were purchased from 
Nacalai Tesque Inc. (Kyoto, Japan), FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), and Sigma‒Aldrich 
(St. Louis, Missouri, USA).

Preparation of recombinant tau protein
Escherichia coli (E.coli) BL21 (DE3) (BioDynamics laboratory Inc., Bunkyo-ku, Tokyo, Japan) transformed with 
the full length or mutant cDNA and cultured. Tau protein expression was induced by the addition of isopropyl-
β-D-1-thiogalactopyranoside (Nacalai Tesque Inc.). To obtain a crude fraction, E. coli expressing tau were soni-
cated and boiled. The fraction was purified using Cellufine Phosphate (JNC Corp., Chiyoda-ku, Tokyo, Japan), 
ammonium sulfate fractionation, an NAP10 column (GE Healthcare, Chicago, USA), and reversed-phase-HPLC 
(COSMOSIL Protein-R Waters; Nacalai Tesque Inc.). After freeze-drying, recombinant tau protein was dissolved 
in Milli-Q  water19. Tau protein concentration was determined with Coomassie brilliant blue (CBB) stain using 
bovine serum albumin (BSA) as a protein standard.

Tau polymerization reaction
Recombinant 2N4R tau protein (10 μM) and thioflavin T (10 μM), which can detect β sheet-rich amyloid struc-
tures, were mixed in buffer containing HEPES (10 mM, pH = 7.4) and NaCl (100 mM). Tau polymerization 
was induced by the addition of heparin (0.06 mg/ml; Acros Organics, Antwerp, Belgium) and incubation at 37 
℃. Fluorescence resulting from the binding of thioflavin T with aggregated tau was monitored using a BioTek 
Synergy HTX multimode reader (excitation wavelength, 444 nm; emission wavelength, 485 nm) (Agilent, Santa 
Clara, California, USA). Samples were recovered at various times after tau polymerization reactions.

Sucrose step gradient centrifugation
Sucrose density gradient centrifugation was conducted based on a previously described  method19 with minor 
modifications. Briefly, a sucrose gradient solution consisting of four layers (20, 30, 40 and 50% sucrose) was 
prepared in buffer containing HEPES (10 mM, pH = 7.4) and NaCl (100 mM). The polymerized tau was layered 
on top of the sucrose gradient solution. Following centrifugation (50,000 rpm, for 2 h using either an MLS50 
rotor (Beckman Coulter, Brea, California, USA) or a TLS55 rotor (Beckman Coulter). Each layer was collected 
as Fractions 1 through 5, while the pellet was recovered as Fraction 6.

Preparation of rat monoclonal antibodies against granular tau oligomers
For buffer exchange, Fraction 3 was subjected to centrifugation at 50,000 rpm using TLA55 (Beckman Coulter) 
for 1 h. Subsequently, the pellets containing granular tau oligomers were resuspended in PBS. The tau protein 
concentration in the resuspension was determined using CBB staining. A rat was immunized with an initial 
dose of 125 µg of the granular tau oligomers, followed by a booster injection of 87 µg 16 days later. Four days 
post booster, the rat was sacrificed. Utilizing the iliac lymph node  method24,25, rat monoclonal antibodies were 
produced. Initial screening of the antibodies derived from hybridoma colonies for binding to granular tau oli-
gomers was performed using ELISA.
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Atomic force microscopy (AFM)
AFM can observe the morphology of recombinant tau  aggregates19. After completing the tau polymerization 
reaction, the recovered tau aggregates were diluted to a concentration of 1 μM in Milli-Q water. The samples were 
then deposited onto mica sheets and incubated for 10 min in a moisture box. After rinsing with Milli-Q water, 
the tau aggregates were visualized using a cantilever (either OMCL-TR400PSA or BL-AC40TS-C2; Olympus, 
Tokyo, Japan) on an SPM 9700 instrument (Shimadzu, Kyoto, Japan) under dynamic mode.

Animals
rTg4510  mouse6, a transgenic model for human tauopathy, expresses human tau 0N4R isoform containing 
the frontotemporal dementia associated P301L mutation. The rTg4510 mice were generated by crossing the 
responder line (#015815, Jackson Laboratory, Bar Harbor, Maine, USA) with an activator line (#016198, Jackson 
Laboratory). The responder line, carrying a  tauP301L cDNA downstream of a tetracycline operon–responsive ele-
ment (TRE), was maintained on the FVB/N background. The activator line, expressing a tetracycline-controlled 
transactivator (tTA) under the control of the CaMKIIα promoter, was maintained on the C57BL/6 J background. 
The rTg4510 and non-transgenic mice (FVB/N-C57BL/6 J), male and female, were individually housed and 
received food ad libitum. The mice were kept under standard conditions with a constant temperature of approxi-
mately 25 ℃ and a 12 h:12 h light/dark cycle. At 10 months of age, the mice (rTg4510 mice, n = 4; non-transgenic 
mice, n = 5) were anesthetized with isoflurane and sacrificed. The left hemisphere was placed in 10% formalin, 
from which paraffin blocks were produced. The occipital cortex was extracted from the right hemisphere for 
biochemical assays and stored at -80 ℃.

Preparation of a TBS‑soluble fraction from mouse brain
The occipital cortex from rTg4510 mice was homogenized in cold TBS buffer containing protease inhibitors and 
phosphatase inhibitors. After homogenization, the mixture was centrifuged (23,000 rpm, 15 min, 4 ℃) using a 
TLA55 rotor (Beckman Coulter). The supernatant was stored at −80 ℃ until use in biochemical experiments.

Dot blot analysis
Dot blot analysis was employed to detect tau in the samples. These samples included Fractions 1–6 from the 
sucrose gradient step centrifugation and the TBS-soluble fraction from the occipital cortex of mice. Samples (1–2 
µL) were loaded onto nitrocellulose membranes (Cytiva, Tokyo, Japan). The membranes were then blocked with 
5% milk at room temperature for 1 h, followed by incubation with antibodies against granular tau oligomers, 
as well as pan-tau antibodies such as JM (immunogen, 2N4R-tau;28), tau5 (epitope, tau 210–241 AA residues; 
Invitrogen, AHB0042, Waltham, Massachusetts, USA ), RTM38 (immunogen, 417–441 AA residues; FUJIFILM 
Wako Pure Chemical Corp., 017–26893) and Tau46 (epitope, 404–441 AA residues; Invitrogen, 13–6400), for 
overnight at 4 ℃. Secondary antibodies (Jackson ImmunoResearch, West Grove, Pennsylvania, USA) conjugated 
with horseradish peroxidase were added to the membranes and incubated at room temperature for 2 h. Chemi-
luminescence was detected using the Chemi-Lumi One series (Nacalai Tesque, Kyoto, Japan) on an Amersham 
Imager 600 (Cytiva, Marlborough, Massachusetts, USA). Dot intensity was quantified by defining regions of 
interest (ROIs) in the image as circles and measuring the mean gray value using ImageJ. Raw data are shown in 
Supplemental Fig. 5.

Western blot
TBS soluble fractions from mice were suspended in Laemmli sample buffer containing 2-mercaptoethanol and 
boiled for 10 min. The samples were loaded and separated on a SuperSep Ace 5–20% gel (FUJIFILM Wako Pure 
Chemical) and subsequently transferred to nitrocellulose membranes (Cytiva). Next, proteins were detected 
using a procedure similar to the dot blot analysis. Raw data are shown in Supplemental Fig. 5.

Human samples and analysis
We included two autopsied cases with AD (two males who died at the age of 84 and 87, respectively) and a con-
trol without any neurological disorders (a male who died of pneumonia at the age of 67). The demography of 
included subjects was summarized in Supplemental Table 1. Autopsies were undertaken after obtaining of writ-
ten informed consent from family members in accordance with ethical committee of Aichi Medical University. 
The brains were fixed in 20% formalin for at least a month, followed by standardized trimming and paraffin 
embedding. Sections of hippocampus at the lateral geniculate nucleus underwent immunohistochemical analy-
ses. The 2D6-2C6 anti-tau oligomer antibody was used with 1:100 dilution overnight, and antigen retrieval was 
taken with 98℃ citrate buffer (pH6.0) for 25 min. We undertook secondary immunolabeling using a standard 
avidin-biotin method.

We also performed double immunofluorescence using 2D6-2C6 antibody coupled with an anti-hyperphos-
phorylated tau mouse monoclonal antibody (AT8, 1:500, Thermo Fisher, Waltham, MA) or an anti-tau-oligomer 
rabbit polyclonal antibody (T22, 1:500, Millipore, Burlington, MA). Anti-rat, mouse, or rabbit IgG coupled with 
Alexa 488 or 568 was used for secondary immunolabeling. Immunofluorescent specimens were observed using 
a laser-confocal microscope (FV-3000, Olympus, Tokyo Japan) under the same settings for each coupling of 
primary antibodies.

Immunohistochemistry for mouse samples
Tau in paraffin sections from the brains of mice was detected using the AT8 antibody (phospho-Ser202, Thr205, 
Ser208) and the 2D6-2C6 antibody, following the protocol described  previously67.
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Statistical analysis
The results are expressed as the means ± SDs. The significance of differences between two groups was evaluated 
using Student’s or Welch’s t tests. For comparisons involving three or more groups, one-way analysis of vari-
ance followed by Tukey’s multiple comparisons test was employed. All analyses were performed using PRISM9 
(GraphPad Software Inc., Boston, Massachusetts, USA). p < 0.05 was considered statistically significant.

Ethical statements
All animal experiments and procedures were reviewed and approved by the Gakushuin University Animal Exper-
imentation Committee (Permit No. 17). All animal experiments were performed in accordance with Japanese and 
university guidelines and regulations for the care and use of experimental vertebrate animals. The authors have 
complied with the ARRIVE guidelines 2.0 for reporting. All recombinant DNA experiments were reviewed and 
approved by the Gakushuin University Recombinant DNA Experiment Safety Committee (Permit No. R4-12). 
Human experiment was performed in line with the regulations outlined in the Declaration of Helsinki (WMA, 
2013), and the research-purpose archiving of autopsied subjects was approved by the Ethical Committee of Aichi 
Medical University (AKBRC 2019-M019).

Data availability
The datasets used and/or analysed during this study available from the corresponding author on reasonable 
request.

Received: 27 March 2024; Accepted: 25 June 2024

References
 1. Grundke-Iqbal, I. et al. Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal 

pathology. Proc. Natl. Acad. Sci. USA 83, 4913–4917. https:// doi. org/ 10. 1073/ pnas. 83. 13. 4913 (1986).
 2. Bierer, L. M. et al. Neocortical neurofibrillary tangles correlate with dementia severity in Alzheimer’s disease. Arch. Neurol. 52, 

81–88. https:// doi. org/ 10. 1001/ archn eur. 1995. 00540 25008 9017 (1995).
 3. Gomez-Isla, T. et al. Clinical and pathological correlates of apolipoprotein E epsilon 4 in Alzheimer’s disease. Ann. Neurol. 39, 

62–70. https:// doi. org/ 10. 1002/ ana. 41039 0110 (1996).
 4. Tomlinson, B. E., Blessed, G. & Roth, M. Observations on the brains of demented old people. J. Neurol. Sci. 11, 205–242. https:// 

doi. org/ 10. 1016/ 0022- 510x(70) 90063-8 (1970).
 5. Kimura, T. et al. Aggregation of detergent-insoluble tau is involved in neuronal loss but not in synaptic loss. J. Biol. Chem. 285, 

38692–38699. https:// doi. org/ 10. 1074/ jbc. M110. 136630 (2010).
 6. Santacruz, K. et al. Tau suppression in a neurodegenerative mouse model improves memory function. Science 309, 476–481. https:// 

doi. org/ 10. 1126/ scien ce. 11136 94 (2005).
 7. Mudher, A. et al. What is the evidence that tau pathology spreads through prion-like propagation?. Acta Neuropathol. Commun. 

5, 99. https:// doi. org/ 10. 1186/ s40478- 017- 0488-7 (2017).
 8. Frost, B., Jacks, R. L. & Diamond, M. I. Propagation of tau misfolding from the outside to the inside of a cell. J. Biol. Chem. 284, 

12845–12852. https:// doi. org/ 10. 1074/ jbc. M8087 59200 (2009).
 9. Clavaguera, F. et al. Transmission and spreading of tauopathy in transgenic mouse brain. Nat. Cell Biol. 11, 909–913. https:// doi. 

org/ 10. 1038/ ncb19 01 (2009).
 10. Song, C. et al. Immunotherapy for Alzheimer’s disease: Targeting beta-amyloid and beyond. Transl. Neurodegener. 11, 18. https:// 

doi. org/ 10. 1186/ s40035- 022- 00292-3 (2022).
 11. Gómez-Isla, T. et al. Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer’s disease. Ann. Neurol. 41, 

17–24. https:// doi. org/ 10. 1002/ ana. 41041 0106 (1997).
 12. Wittmann, C. W. et al. Tauopathy in drosophila: neurodegeneration without neurofibrillary tangles. Science 293, 711–714. https:// 

doi. org/ 10. 1126/ scien ce. 10623 82 (2001).
 13. Martinisi, A. et al. Severe oligomeric tau toxicity can be reversed without long-term sequelae. Brain 144, 963–974. https:// doi. org/ 

10. 1093/ brain/ awaa4 45 (2021).
 14. Khlistunova, I. et al. Inducible expression of tau repeat domain in cell models of tauopathy: Aggregation is toxic to cells but can 

be reversed by inhibitor drugs. J. Biol. Chem. 281, 1205–1214. https:// doi. org/ 10. 1074/ jbc. M5077 53200 (2006).
 15. Lasagna-Reeves, C. A. et al. Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice. 

Mol. Neurodegener. 6, 39. https:// doi. org/ 10. 1186/ 1750- 1326-6- 39 (2011).
 16. Ash, P. E. A. et al. TIA1 potentiates tau phase separation and promotes generation of toxic oligomeric tau. Proc. Natl. Acad. Sci. 

USA https:// doi. org/ 10. 1073/ pnas. 20141 88118 (2021).
 17. Fá, M. et al. Extracellular tau oligomers produce an immediate impairment of LTP and memory. Sci. Rep. 6, 19393. https:// doi. 

org/ 10. 1038/ srep1 9393 (2016).
 18. Ruan, Z. et al. Alzheimer’s disease brain-derived extracellular vesicles spread tau pathology in interneurons. Brain 144, 288–309. 

https:// doi. org/ 10. 1093/ brain/ awaa3 76 (2021).
 19. Maeda, S. et al. Granular tau oligomers as intermediates of tau filaments. Biochemistry 46, 3856–3861. https:// doi. org/ 10. 1021/ 

bi061 359o (2007).
 20. Kimura, T. et al. Hyperphosphorylated tau in parahippocampal cortex impairs place learning in aged mice expressing wild-type 

human tau. EMBO J. 26, 5143–5152. https:// doi. org/ 10. 1038/ sj. emboj. 76019 17 (2007).
 21. Takashima, A. Tauopathies and tau oligomers. J. Alzheimers Dis. 37, 565–568. https:// doi. org/ 10. 3233/ jad- 130653 (2013).
 22. Soeda, Y. et al. Toxic tau oligomer formation blocked by capping of cysteine residues with 1,2-dihydroxybenzene groups. Nat. 

Commun. 6, 10216. https:// doi. org/ 10. 1038/ ncomm s10216 (2015).
 23. Maeda, S. et al. Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer’s disease. Neurosci. Res. 54, 

197–201. https:// doi. org/ 10. 1016/j. neures. 2005. 11. 009 (2006).
 24. Arakawa, T., Yoshimi, T., Azuma, M. & Tachibana, T. Production of a monoclonal antibody specific for Pou5f1/Oct4. Monoclon. 

Antib. Immunodiagn. Immunother. 32, 229–231. https:// doi. org/ 10. 1089/ mab. 2013. 0004 (2013).
 25. Sado, Y. et al. Establishment by the rat lymph node method of epitope-defined monoclonal antibodies recognizing the six different 

alpha chains of human type IV collagen. Histochem. Cell Biol. 104, 267–275. https:// doi. org/ 10. 1007/ bf014 64322 (1995).
 26. Kishiro, Y., Kagawa, M., Naito, I. & Sado, Y. A novel method of preparing rat-monoclonal antibody-producing hybridomas by 

using rat medial iliac lymph node cells. Cell Struct. Funct. 20, 151–156. https:// doi. org/ 10. 1247/ csf. 20. 151 (1995).

https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1001/archneur.1995.00540250089017
https://doi.org/10.1002/ana.410390110
https://doi.org/10.1016/0022-510x(70)90063-8
https://doi.org/10.1016/0022-510x(70)90063-8
https://doi.org/10.1074/jbc.M110.136630
https://doi.org/10.1126/science.1113694
https://doi.org/10.1126/science.1113694
https://doi.org/10.1186/s40478-017-0488-7
https://doi.org/10.1074/jbc.M808759200
https://doi.org/10.1038/ncb1901
https://doi.org/10.1038/ncb1901
https://doi.org/10.1186/s40035-022-00292-3
https://doi.org/10.1186/s40035-022-00292-3
https://doi.org/10.1002/ana.410410106
https://doi.org/10.1126/science.1062382
https://doi.org/10.1126/science.1062382
https://doi.org/10.1093/brain/awaa445
https://doi.org/10.1093/brain/awaa445
https://doi.org/10.1074/jbc.M507753200
https://doi.org/10.1186/1750-1326-6-39
https://doi.org/10.1073/pnas.2014188118
https://doi.org/10.1038/srep19393
https://doi.org/10.1038/srep19393
https://doi.org/10.1093/brain/awaa376
https://doi.org/10.1021/bi061359o
https://doi.org/10.1021/bi061359o
https://doi.org/10.1038/sj.emboj.7601917
https://doi.org/10.3233/jad-130653
https://doi.org/10.1038/ncomms10216
https://doi.org/10.1016/j.neures.2005.11.009
https://doi.org/10.1089/mab.2013.0004
https://doi.org/10.1007/bf01464322
https://doi.org/10.1247/csf.20.151


12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:16391  | https://doi.org/10.1038/s41598-024-65949-7

www.nature.com/scientificreports/

 27. Jackson, S. J. et al. Short fibrils constitute the major species of seed-competent tau in the brains of mice transgenic for human 
P301S tau. J. Neurosci. 36, 762–772. https:// doi. org/ 10. 1523/ jneur osci. 3542- 15. 2016 (2016).

 28. Takashima, A. et al. Presenilin 1 associates with glycogen synthase kinase-3β and its substrate tau. Proc. Natl. Acad. Sci. 95, 
9637–9641 (1998).

 29. Ramsden, M. et al. Age-dependent neurofibrillary tangle formation, neuron loss, and memory impairment in a mouse model of 
human tauopathy (P301L). J. Neurosci. 25, 10637–10647. https:// doi. org/ 10. 1523/ jneur osci. 3279- 05. 2005 (2005).

 30. Sahara, N. et al. Characteristics of TBS-extractable hyperphosphorylated tau species: Aggregation intermediates in rTg4510 mouse 
brain. J. Alzheimers Dis. 33, 249–263. https:// doi. org/ 10. 3233/ JAD- 2012- 121093 (2013).

 31. Malia, T. J. et al. Epitope mapping and structural basis for the recognition of phosphorylated tau by the anti-tau antibody AT8. 
Proteins 84, 427–434. https:// doi. org/ 10. 1002/ prot. 24988 (2016).

 32. Riku, Y. et al. TDP-43 proteinopathy and tauopathy: Do they have pathomechanistic links?. Int. J. Mol. Sci https:// doi. org/ 10. 3390/ 
ijms2 32415 755 (2022).

 33. Shin, R. W., Ogomori, K., Kitamoto, T. & Tateishi, J. Increased tau accumulation in senile plaques as a hallmark in Alzheimer’s 
disease. Am. J. Pathol. 134, 1365–1371 (1989).

 34. Kubo, A. et al. Distribution of endogenous normal tau in the mouse brain. J. Comp. Neurol. 527, 985–998. https:// doi. org/ 10. 1002/ 
cne. 24577 (2019).

 35. Kosik, K. S. et al. Epitopes that span the tau molecule are shared with paired helical filaments. Neuron 1, 817–825. https:// doi. org/ 
10. 1016/ 0896- 6273(88) 90129-8 (1988).

 36. Lo, C. H. Heterogeneous tau oligomers as molecular targets for Alzheimer’s disease and related tauopathies. Biophysica 2, 440–451. 
https:// doi. org/ 10. 3390/ bioph ysica 20400 39 (2022).

 37. Kayed, R. et al. Common structure of soluble amyloid oligomers implies common mechanism of pathogenesis. Science 300, 
486–489. https:// doi. org/ 10. 1126/ scien ce. 10794 69 (2003).

 38. Chandupatla, R. R., Flatley, A., Feederle, R., Mandelkow, E. M. & Kaniyappan, S. Novel antibody against low-n oligomers of tau 
protein promotes clearance of tau in cells via lysosomes. Alzheimers Dement. 6, e12097. https:// doi. org/ 10. 1002/ trc2. 12097 (2020).

 39. Lasagna-Reeves, C. A. et al. Identification of oligomers at early stages of tau aggregation in Alzheimer’s disease. FASEB J. 26, 
1946–1959. https:// doi. org/ 10. 1096/ fj. 11- 199851 (2012).

 40. Castillo-Carranza, D. L. et al. Passive immunization with tau oligomer monoclonal antibody reverses tauopathy phenotypes without 
affecting hyperphosphorylated neurofibrillary tangles. J. Neurosci. 34, 4260–4272. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3192- 13. 
2014 (2014).

 41. Combs, B., Hamel, C. & Kanaan, N. M. Pathological conformations involving the amino terminus of tau occur early in Alzheimer’s 
disease and are differentially detected by monoclonal antibodies. Neurobiol. Dis. 94, 18–31. https:// doi. org/ 10. 1016/j. nbd. 2016. 05. 
016 (2016).

 42. Ellis, M. J. et al. Identification of high-performing antibodies for the reliable detection of tau proteoforms by Western blotting and 
immunohistochemistry. Acta Neuropathol. 147, 87. https:// doi. org/ 10. 1007/ s00401- 024- 02729-7 (2024).

 43. Petry, F. R. et al. Specificity of anti-tau antibodies when analyzing mice models of Alzheimer’s disease: Problems and solutions. 
PLoS ONE 9, e94251. https:// doi. org/ 10. 1371/ journ al. pone. 00942 51 (2014).

 44. Jicha, G. A., Berenfeld, B. & Davies, P. Sequence requirements for formation of conformational variants of tau similar to those 
found in Alzheimer’s disease. J. Neurosci. Res. 55, 713–723. https:// doi. org/ 10. 1002/ (sici) 1097- 4547(19990 315) 55:6% 3c713:: Aid- 
jnr6% 3e3.0. Co;2-g (1999).

 45. Jicha, G. A., Bowser, R., Kazam, I. G. & Davies, P. Alz-50 and MC-1, a new monoclonal antibody raised to paired helical filaments, 
recognize conformational epitopes on recombinant tau. J. Neurosci. Res. 48, 128–132. https:// doi. org/ 10. 1002/ (sici) 1097- 4547(19970 
415) 48:2% 3c128:: aid- jnr5% 3e3.0. co;2-e (1997).

 46. Patterson, K. R. et al. Characterization of prefibrillar tau oligomers in vitro and in Alzheimer disease. J. Biol. Chem. 286, 23063–
23076. https:// doi. org/ 10. 1074/ jbc. M111. 237974 (2011).

 47. Ward, S. M. et al. TOC1: Characterization of a selective oligomeric tau antibody. J. Alzheimers Dis. 37, 593–602. https:// doi. org/ 
10. 3233/ jad- 131235 (2013).

 48. Kimura, T. et al. Sequential changes of tau-site-specific phosphorylation during development of paired helical filaments. Dementia 
7, 177–181. https:// doi. org/ 10. 1159/ 00010 6875 (1996).

 49. Vana, L. et al. Progression of tau pathology in cholinergic Basal forebrain neurons in mild cognitive impairment and Alzheimer’s 
disease. Am. J. Pathol. 179, 2533–2550. https:// doi. org/ 10. 1016/j. ajpath. 2011. 07. 044 (2011).

 50. Wesseling, H. et al. Tau PTM profiles identify patient heterogeneity and stages of Alzheimer’s disease. Cell 183, 1699-1713.e1613. 
https:// doi. org/ 10. 1016/j. cell. 2020. 10. 029 (2020).

 51. Tiernan, C. T. et al. Pseudophosphorylation of tau at S422 enhances SDS-stable dimer formation and impairs both anterograde 
and retrograde fast axonal transport. Exp. Neurol. 283, 318–329. https:// doi. org/ 10. 1016/j. expne urol. 2016. 06. 030 (2016).

 52. Ding, H., Matthews, T. A. & Johnson, G. V. Site-specific phosphorylation and caspase cleavage differentially impact tau-microtubule 
interactions and tau aggregation. J. Biol. Chem. 281, 19107–19114. https:// doi. org/ 10. 1074/ jbc. M5116 97200 (2006).

 53. Matsumoto, S. E. et al. The twenty-four KDa C-terminal tau fragment increases with aging in tauopathy mice: Implications of 
prion-like properties. Hum. Mol. Genet. 24, 6403–6416. https:// doi. org/ 10. 1093/ hmg/ ddv351 (2015).

 54. Loon, A. et al. Accumulation of C-terminal cleaved tau is distinctly associated with cognitive deficits, synaptic plasticity impair-
ment, and neurodegeneration in aged mice. Geroscience 44, 173–194. https:// doi. org/ 10. 1007/ s11357- 021- 00408-z (2022).

 55. Basurto-Islas, G. et al. Accumulation of aspartic acid421- and glutamic acid391-cleaved tau in neurofibrillary tangles correlates 
with progression in Alzheimer disease. J. Neuropathol. Exp. Neurol. 67, 470–483. https:// doi. org/ 10. 1097/ NEN. 0b013 e3181 7275c7 
(2008).

 56. Moloney, C. M., Lowe, V. J. & Murray, M. E. Visualization of neurofibrillary tangle maturity in Alzheimer’s disease: A clinicopatho-
logic perspective for biomarker research. Alzheimers Dement. 17, 1554–1574. https:// doi. org/ 10. 1002/ alz. 12321 (2021).

 57. Dregni, A. J. et al. Inclusion of the C-terminal domain in the β-sheet core of heparin-fibrillized three-repeat tau protein revealed 
by solid-state nuclear magnetic resonance spectroscopy. J. Am. Chem. Soc. 143, 7839–7851. https:// doi. org/ 10. 1021/ jacs. 1c033 14 
(2021).

 58. Scheres, S. H., Zhang, W., Falcon, B. & Goedert, M. Cryo-EM structures of tau filaments. Curr. Opin. Struct. Biol. 64, 17–25. https:// 
doi. org/ 10. 1016/j. sbi. 2020. 05. 011 (2020).

 59. Zhang, W. et al. Novel tau filament fold in corticobasal degeneration. Nature 580, 283–287. https:// doi. org/ 10. 1038/ s41586- 020- 
2043-0 (2020).

 60. Shi, Y. et al. Structure-based classification of tauopathies. Nature 598, 359–363. https:// doi. org/ 10. 1038/ s41586- 021- 03911-7 (2021).
 61. Wegmann, S., Medalsy, I. D., Mandelkow, E. & Müller, D. J. The fuzzy coat of pathological human tau fibrils is a two-layered 

polyelectrolyte brush. Proc. Natl. Acad. Sci. USA 110, E313-321. https:// doi. org/ 10. 1073/ pnas. 12121 00110 (2013).
 62. Jeganathan, S. et al. Proline-directed pseudo-phosphorylation at AT8 and PHF1 epitopes induces a compaction of the paperclip 

folding of Tau and generates a pathological (MC-1) conformation. J. Biol. Chem. 283, 32066–32076. https:// doi. org/ 10. 1074/ jbc. 
M8053 00200 (2008).

 63. Janelidze, S. et al. Cerebrospinal fluid p-tau217 performs better than p-tau181 as a biomarker of Alzheimer’s disease. Nat. Commun. 
11, 1683. https:// doi. org/ 10. 1038/ s41467- 020- 15436-0 (2020).

https://doi.org/10.1523/jneurosci.3542-15.2016
https://doi.org/10.1523/jneurosci.3279-05.2005
https://doi.org/10.3233/JAD-2012-121093
https://doi.org/10.1002/prot.24988
https://doi.org/10.3390/ijms232415755
https://doi.org/10.3390/ijms232415755
https://doi.org/10.1002/cne.24577
https://doi.org/10.1002/cne.24577
https://doi.org/10.1016/0896-6273(88)90129-8
https://doi.org/10.1016/0896-6273(88)90129-8
https://doi.org/10.3390/biophysica2040039
https://doi.org/10.1126/science.1079469
https://doi.org/10.1002/trc2.12097
https://doi.org/10.1096/fj.11-199851
https://doi.org/10.1523/JNEUROSCI.3192-13.2014
https://doi.org/10.1523/JNEUROSCI.3192-13.2014
https://doi.org/10.1016/j.nbd.2016.05.016
https://doi.org/10.1016/j.nbd.2016.05.016
https://doi.org/10.1007/s00401-024-02729-7
https://doi.org/10.1371/journal.pone.0094251
https://doi.org/10.1002/(sici)1097-4547(19990315)55:6%3c713::Aid-jnr6%3e3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-4547(19990315)55:6%3c713::Aid-jnr6%3e3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-4547(19970415)48:2%3c128::aid-jnr5%3e3.0.co;2-e
https://doi.org/10.1002/(sici)1097-4547(19970415)48:2%3c128::aid-jnr5%3e3.0.co;2-e
https://doi.org/10.1074/jbc.M111.237974
https://doi.org/10.3233/jad-131235
https://doi.org/10.3233/jad-131235
https://doi.org/10.1159/000106875
https://doi.org/10.1016/j.ajpath.2011.07.044
https://doi.org/10.1016/j.cell.2020.10.029
https://doi.org/10.1016/j.expneurol.2016.06.030
https://doi.org/10.1074/jbc.M511697200
https://doi.org/10.1093/hmg/ddv351
https://doi.org/10.1007/s11357-021-00408-z
https://doi.org/10.1097/NEN.0b013e31817275c7
https://doi.org/10.1002/alz.12321
https://doi.org/10.1021/jacs.1c03314
https://doi.org/10.1016/j.sbi.2020.05.011
https://doi.org/10.1016/j.sbi.2020.05.011
https://doi.org/10.1038/s41586-020-2043-0
https://doi.org/10.1038/s41586-020-2043-0
https://doi.org/10.1038/s41586-021-03911-7
https://doi.org/10.1073/pnas.1212100110
https://doi.org/10.1074/jbc.M805300200
https://doi.org/10.1074/jbc.M805300200
https://doi.org/10.1038/s41467-020-15436-0


13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:16391  | https://doi.org/10.1038/s41598-024-65949-7

www.nature.com/scientificreports/

 64. Tatebe, H. et al. Quantification of plasma phosphorylated tau to use as a biomarker for brain Alzheimer pathology: Pilot case-
control studies including patients with Alzheimer’s disease and down syndrome. Mol. Neurodegener. 12, 63. https:// doi. org/ 10. 
1186/ s13024- 017- 0206-8 (2017).

 65. Soeda, Y., Yoshimura, H., Bannai, H., Koike, R., Shiiba, I. & Takashima, A. Intracellular tau fragment droplets serve as seeds for 
tau fibrils. bioRxiv https:// doi. org/ 10. 1101/ 2023. 09. 10. 557018 (2023).

 66. Giacomini, C. et al. A new TAO kinase inhibitor reduces tau phosphorylation at sites associated with neurodegeneration in human 
tauopathies. Acta Neuropathol. Commun. 6, 37. https:// doi. org/ 10. 1186/ s40478- 018- 0539-8 (2018).

 67. Takaichi, Y. et al. Amyloid β and tau pathology in brains of aged pinniped species (sea lion, seal, and walrus). Acta Neuropathol. 
Commun. 9, 10. https:// doi. org/ 10. 1186/ s40478- 020- 01104-3 (2021).

Acknowledgements
This work was supported by JSPS KAKENHI (Grant Number 20K06896 and 23K05993) to Y.S.; Takeda Science 
Foundation to Y.S.; Abe Yoshishige Foundation to Y.S.; and AMED (Grant Number JP21wm0425016) to A.T. We 
appreciate the support of the NAI, Inc. (Yokohama, JAPAN) for the English language review.

Author contributions
Y.S. and A.T. conceived and designed the study. Y.S. conducted antibody screening, dot blot analysis, and epitope 
mapping experiments and drafted this article. E.H., N.N. and T.T. generated rat monoclonal tau aggregation 
antibodies. Y.R. collected human brain samples. Y.R., S.I. and M.M. immunostained human brain sections. 
Y.T. and J.K.C. immunostained mouse brain sections using the 2D6-2C6 antibody. R.K. conducted part of the 
immunostaining of mouse brain sections and critically supported the drafting of the article. Y.S., S.I., and A.T. 
critically discussed the design of the experiments and the article.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 65949-7.

Correspondence and requests for materials should be addressed to Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1186/s13024-017-0206-8
https://doi.org/10.1186/s13024-017-0206-8
https://doi.org/10.1101/2023.09.10.557018
https://doi.org/10.1186/s40478-018-0539-8
https://doi.org/10.1186/s40478-020-01104-3
https://doi.org/10.1038/s41598-024-65949-7
https://doi.org/10.1038/s41598-024-65949-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel monoclonal antibody generated by immunization with granular tau oligomers binds to tau aggregates at 423-430 amino acid sequence
	Results
	Screening of antibodies derived from rat immunized granular tau oligomers
	In vivo immunoreactivity of 2D6-2C6, 2B2-1B6, and 8D6-1F7

	Epitope mapping of 2D6-2C6 on tau
	Binding of other tau antibodies against C-terminal regions with tau aggregates

	Discussion
	Novelty of 2D6-2C6 compared to existing tau aggregation antibodies and other well-characterized antibodies
	Tau aggregation and the C-terminal region of tau
	Granular tau oligomer antibody as a diagnostic tool for tauopathies
	Limitations of the study

	Methods
	Materials
	Preparation of recombinant tau protein
	Tau polymerization reaction
	Sucrose step gradient centrifugation
	Preparation of rat monoclonal antibodies against granular tau oligomers
	Atomic force microscopy (AFM)
	Animals
	Preparation of a TBS-soluble fraction from mouse brain
	Dot blot analysis
	Western blot
	Human samples and analysis
	Immunohistochemistry for mouse samples
	Statistical analysis
	Ethical statements

	References
	Acknowledgements


