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Seeding Activity-Based Detection Uncovers the Different Release Mechanisms of Seed-Competent Tau Versus Inert Tau via Lysosomal Exocytosis
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The pathological aggregation of tau characterizes a set of neurodegenerative diseases collectively referred to as tauopathies. Recent studies using cellular and animal models have suggested that tau pathology progresses by trans-cellular propagation. The process of propagation is mediated by certain species of extracellular tau, which are taken up by recipient cells and serve as a seed for tau aggregation. Tau propagation is currently one of the most active areas of research in dementia. Previous efforts to identify the specific tau molecules involved in propagation have suggested that multiple forms of tau with different molecular weights derived from recombinant tau or brain lysates exert seeding activity. Nonetheless, the molecular characteristics of the “extracellular” seed-competent tau as well as its release mechanisms remain to be elucidated. Given that tau is physiologically released into the extracellular space, it is critical to distinguish seed-competent tau from normal monomeric tau. Utilizing biosensor cells expressing P301S mutant tau fused to CFP/YFP, here we discriminated between seed-competent tau and inert monomer tau released from HEK293 cells. By analyzing the size-exclusion fractions of the media, we found that seed-competent tau was enriched in high molecular weight fractions of >2,000 kDa, while the majority of soluble tau in the media positively detected by ELISA was in low molecular weight fractions. We also found that lysosomal stress not only increased Ca2+-dependent release of seed-competent tau but also altered its molecular size. Inhibiting lysosomal exocytosis specifically decreased release of seed-competent tau without influencing total tau. These data underscore the differential response of seed-competent tau and inert tau to lysosomal stress and indicates the presence of distinct release mechanisms via lysosomes.

Keywords: tau, propagation, seed, Alzheimer’s disease, secretion, lysosome


INTRODUCTION

Tau pathology manifests in synaptically connected brain regions in Alzheimer’s disease (Braak and Braak, 1991). Trans-cellular propagation has been considered as one of the mechanisms that could account for the spatiotemporal progression of tau pathology (Clavaguera et al., 2009; Frost et al., 2009). This process is initiated by the release of a certain form of tau into the extracellular space, followed by its uptake by recipient cells and subsequent seed-dependent aggregation.

Over the last few years, there has been considerable interests in identifying specific tau species involved in this process (herein referred to as seed-competent tau); nonetheless, the molecular characteristics of seed-competent tau remained controversial. Earlier studies have shown that insoluble, fibrillar forms of tau can spontaneously bind to cell surface and trigger the uptake (Frost et al., 2009; Santa-Maria et al., 2012). However, even soluble tau, especially phosphorylated tau with high molecular weight has been suggested to be efficiently taken up by neurons (Takeda et al., 2015). Moreover, recent studies have revealed that much smaller tau species including low molecular weight oligomers or even monomer can be a seed-competent form (Wu et al., 2013; Mirbaha et al., 2015, 2018).

While these studies have collectively indicated that multiple forms of tau could participate in the transmission of tau pathology, the findings are based only on seeding ability of recombinant tau or tau in brain lysates that mostly represent its intracellular form. Therefore, a critical question remains as to what forms of seed-competent tau are actually released into the extracellular space.

Another unsolved question in the field relates to the release mechanism of seed-competent tau. Despite being a cytoplasmic protein, tau is also physiologically released into the extracellular space in response to various external stimuli (Yamada et al., 2011, 2014; Karch et al., 2012; Pooler et al., 2013). It remains unknown whether the release of seed-competent tau is also facilitated by external stimuli and whether the release occurs via the same pathway as normal soluble tau.

In this study, by discriminating seed-competent tau from inert soluble tau using tau biosensor cells expressing P301S mutant tau fused to CFP/YFP (Holmes et al., 2014), we sought to re-characterize the molecular nature of extracellular seed-competent tau and investigate the mechanisms that specifically influence release of seed-competent tau.



MATERIALS AND METHODS


Plasmids

2N4R human tau and tau repeat domain (RD) in pNG2 were kind gifts from Dr. E.-M. Mandelkow. P301S mutation was introduced to RD in pNG2 (a kind gift from Dr. E.-M. Mandelkow) or 1N4R human tau in pcDNA3 (a kind gift from Dr. M. Hasegawa) by site-directed mutagenesis.



Preparation of Recombinant Tau Fibrils

Recombinant tau was purified as previously described (Aoyagi et al., 2007). RD/P301S tau proteins were fibrillized as previously described (Takahashi et al., 2015) and sonicated using SONIFER 250 (BRANSON).



HEK293 Cell Culture and Fibril Transduction

HEK293 cells cultured on 6 well plates were transfected with 1N4R P301S mutant tau in pcDNA3 using Lipofectamine 3000 (Life Technologies) or FuGENE6 (Promega). Twenty-four hours later, the cells were treated with 5 μg of RD/P301S fibrils using Lipofectamine 3000 or Multifectam (Promega) for 6 h and the cells were washed with DMEM to remove RD. Media were collected at 72 h after RD transduction and centrifuged at 2,000 × g for 10 min and stored at −80°C with the complete protease inhibitors (Roche) and PhosSTOP phosphatase inhibitors (Roche). For immunocytochemistry, cells were plated on PDL-coated cover slips in 12 well plates, and the amounts of reagents and fibrils were reduced into 40%.



Immunocytochemistry

Cells were fixed with 4% PFA and permeabilized and blocked with 3% BSA solution containing 0.2% Triton X-100. Cells were incubated with indicated primary antibodies (HJ8.5, a kind gift from Dr. Holtzman and PHF-1, a kind gift from Dr. Davies), followed by Alexa fluor 488-conjugated secondary antibodies with DRAQ5.



ELISA

Tau-5 antibody (0.5 μg/well) was coated in wells of 96 half well plates. On the next day, the plates were blocked with 4% BSA/PBS for 1 h at 37°C. Samples and standards diluted with ELISA sample buffer (0.25% BSA/PBS supplemented with complete) were applied and incubated at 4°C overnight. On the next day, biotinylated HJ8.7 (a kind gift from Dr. Holtzman) or biotinylated BT2 (Thermo Fisher Scientific) were applied at the concentration of 0.3 μg/ml and incubated at 37°C for 1.5 h, followed by incubation with streptavidin-poly-HRP40 (Fitzgerald) at room temperature for 1.5 h. Assays were developed with TMB superslow (Sigma) and the reaction was stopped by addition of 1M H3PO4 and read at 450 nm.



Size Exclusion Chromatography

The media were centrifuged at 20,400 × g for 5 min and filtered through 30 kDa Amicon ultra and washed 13 times with PBS to eliminate the compounds. The media were then separated by a Superose six column (GE healthcare) in PBS at 0.5 ml/min with an AKTA explorer 10S (GE healthcare). HEK293 cells expressing P301S tau with RD transduction were sonicated with ice cold PBS supplemented with complete and PhosSTOP. After centrifugation at 100,000 × g for 20 min, the supernatants were collected as PBS-soluble cell extracts and loaded onto the column. Recombinant 2N4R tau (2.1 μg) was loaded as a control. HMW calibration kit (GE healthcare) was used to estimate molecular weights.



Detection of Seed-Competent Tau Using Biosensor Cells

The media from HEK293 cells were filtered through 30 kDa Amicon ultra and washed 13 times with PBS to eliminate the compounds. Biosensor cells (ATCC® CRL-3275TM) are HEK293 cell line that stably expresses the tau RD with the disease-associated P301S mutation fused to either CFP or YFP (Holmes et al., 2014). Biosensor cells were plated on PDL-coated 12-mm round coverslips in 12 well plate at 1.0 × 105 cells/well. Next day, the filtered media or size exclusion fractions were applied. Seventy-two hours later, biosensor cells were fixed with 4% PFA and the nuclei were counterstained with DRAQ5. The images were obtained via FRET channel (excited with a 458 nm laser and fluorescence was captured with 500–550 nm filter) (Takeda et al., 2016) and FRET positive cell number were counted.



Immunodepletion

rProtein G agarose beads (Life Technologies) were incubated with indicated antibodies for 4 h with rotation at 4°C. Beads-antibody complex was precipitated, washed three times and incubated with media overnight with rotation at 4°C. Beads-antibody complex was centrifuged and washed three times with PBS. Seeding activity in the supernatant was determined using biosensor cells.



Statistical Analysis

Statistical analysis was performed using Prism 8 (Graph Pad software). The comparison of two groups was done by unpaired t-test. The comparison of multiple groups was done by one-way ANOVA or two-way ANOVA with Tukey’s post hoc test. Data are shown as mean ± SEM.



RESULTS


Donor HEK293 Cells Release Seed-Competent Tau in High Molecular Weight Fractions of >2,000 kDa

To characterize seed-competent tau released into the media, we first prepared donor cells harboring tau aggregates. To this end, HEK293 cells expressing full-length form of tau with P301S mutation were transduced with fibrils made of tau RD harboring P301S mutation. Six hours after transduction, the fibrils were removed and the cells were analyzed at 3-day post transduction using two different tau antibodies (i.e., HJ8.5 and PHF-1) that do not recognize RD. Full-length tau was diffusely distributed in the cytosol without RD transduction, whereas it formed aggregates in discrete puncta upon RD transduction, consistent with the previous studies (Frost et al., 2009) (Figure 1A).
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FIGURE 1. Seed-competent tau released from cells is enriched in the fractions of ∼2,000kDa. (A) HEK293 cells expressing full-length tau with P301S mutation were immunostained with HJ8.5 antibody or PHF-1 antibody (green) after transduction of RD fibrils. Nuclei were stained by DRAQ5 (blue). (B) Schematic depiction of tau propagation assay used in the study. (C) The addition of media from P301S full-length tau expressing HEK293 cells transduced with RD fibrils significantly increased FRET-positive biosensor cells compared to the cells without tau expression or the cells without tau expression and RD transduction. N = 3, ∗∗∗p < 0.001. (D) The media from full-length tau expressing cells with RD transduction were incubated by indicated antibodies. Seeding activities in immunodepleted media were analyzed by tau biosensor cells. N = 4. ∗∗p < 0.01. (E) The PBS-soluble cell extracts from HEK293 cells expressing full-length tau with or without RD transduction were separated using a size-exclusion chromatography. N = 3. Eluted fractions were analyzed with Tau-5/HJ8.7 ELISA. Recombinant 2N4R tau was loaded as a control. Monomer fractions predicted by recombinant tau were indicated by arrows. (F) The media from full-length tau expressing cells with or without RD transduction were separated using a size-exclusion chromatography. Eluted fractions were analyzed with Tau-5/HJ8.7 ELISA. N = 4. (G) The media from full-length tau expressing cells with RD transduction were separated by a size-exclusion chromatography and analyzed with tau biosensor cells. N = 3.


Biosensor cells stably express two forms of RD with P301S mutation fused to CFP/YFP and thereby accumulate FRET-positive aggregates upon the entry of seed-competent tau (Holmes et al., 2014). To specifically evaluate extracellular seed-competent tau that can spontaneously enter the cells, we collected media from the donor HEK293 cells and applied them to the recipient biosensor cells without lipofection that forces internalization of tau (Figure 1B). Addition of the media from cells expressing P301S full length tau with RD transduction resulted in a robust increase of FRET-positive biosensor cells (Figure 1C). In contrast, the media from cells without full-length tau expression yielded significantly less FRET-positive biosensor cells, which were at similar levels to that from cells without both tau expression and RD transduction (Figure 1C). The result suggests that the robust seeding activity in donor HEK293 media requires both full-length tau expression and RD transduction.

To see whether seeding activity is mediated by tau expressed in donor HEK293 cells, we have also performed immunodepletion assays using anti-tau antibodies that do not recognize RD. Addition of media after immunodepletion with both HJ8.5 (recognizing amino acids 7–13) and PHF-1 (recognizing phosphorylated amino acids at 396 and 404) antibodies significantly reduced FRET-positive biosensor cells compared to GAPDH antibody used as a control, confirming that seeding activity is not due to potentially remaining RD fibrils (Figure 1D).

Next, we sought to assess the molecular weight of seed-competent tau by a size exclusion chromatography. We first fractionated PBS-soluble cell extracts of HEK293 cells transduced with or without RD and analyzed them by ELISA. Cellular tau from cells with RD transduction were distributed in various sizes ranging from >2,000 kDa fractions to monomer fractions (fraction No. 17–19, indicated by the arrows) whose molecular weight match that of full-length recombinant tau loaded separately as a control (Figure 1E). Tau levels from cells without RD transduction were mainly distributed in fractions No. 13–19 whose molecular weights correspond to 158–669kDa. These results suggest that intracellular tau forms high molecular weight species upon RD transduction. In contrast, when the media was fractionated, ELISA showed the most robust signals at monomer fractions and only a trace amount of signals at fractions >2,000 kDa regardless of RD transduction (Figure 1F). These data indicate that release efficiency depends on tau species: with high efficiency for lower molecular weight tau and low efficiency for high molecular weight tau.

Next we analyzed these size exclusion fractions of the media from cells with RD transduction with biosensor cells. The largest number of FRET-positive biosensor cells were observed upon exposure to fraction No. 1–3 (>2,000 kDa), while only a few positive cells were yielded by addition of the presumable monomeric fractions (No. 17–19) that exhibited the most robust ELISA signals (Figure 1F). This result suggests that extracellular, seed-competent tau exists as >2,000 kDa high molecular weight species, whose levels in the media are markedly low in abundance yet specifically detected by biosensor cells.



Lysosomal Stress Increased the Release of Seed-Competent Tau in a Ca2+-Dependent Manner

The amount of normal tau released from cells are influenced by various external stimuli (Pooler et al., 2013; Mohamed et al., 2014; Yamada et al., 2014). This led us to hypothesize that the release of seed-competent tau is also altered upon stimulation. Because the dysregulation of lysosomes has been implicated in the transmission of aggregated proteins (Victoria and Zurzolo, 2017), we examined if lysosomal stress influences its release. We briefly exposed donor HEK293 cells transduced with RD to bafilomycin A1 or chloroquine, which differentially impairs lysosomal functions by neutralizing pH or accumulating in its lumen, respectively. Although prolonged treatment with bafilomycin A1 or chloroquine has been shown to increase cellular tau levels by inhibiting its lysosomal degradation (Jo et al., 2014), 2-h exposure of these compounds did not cause detectable changes in the cellular tau levels (data not shown). Nonetheless, the addition of the media from cells treated with bafilomycin A1 or chloroquine resulted in a significant increase in the number of FRET-positive biosensor cells (Figure 2A). In contrast, both treatments did not change the levels of inert soluble tau in media detected by ELISA (Figure 2B). Interestingly, when BAPTA-AM, a membrane-permeable Ca2+ chelator, was administered prior to chloroquine treatment, the addition of the media did not increase the number of FRET-positive biosensor cells (Figure 2C).
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FIGURE 2. Lysosomal stress increases the release of seed-competent tau. (A) Full-length tau expressing cells with RD transduction were treated with bafilomycin A1 (100 nM) or chloroquine (100 μM) for 2 h. The seeding activities in the media were analyzed with biosensor cells. N = 3–6. ∗p < 0.05, ∗∗p < 0.01. (B) Tau concentration in media detected by Tau-5/BT2 ELISA was not altered by treatment with bafilomycin A1 or chloroquine. N = 3–6. (C) Pre-treatment with BAPTA-AM (20 μM) for 30 min significantly inhibited the increase of FRET-positive biosensor cells by chloroquine. N = 3, ∗∗p < 0.01, ∗∗∗p < 0.001. (D) The addition of media from cells treated with GPN (200 μM) or NED-19 (10 μM) significantly decreased the number of FRET-positive biosensor cells. N = 3, ∗p < 0.05. (E) Tau concentration in media detected by Tau-5/HJ8.7 ELISA was not altered by treatment with GPN or NED-19. N = 3. (F) Full-length tau expressing cells with RD transduction were treated with chloroquine for 2 h. The media were separated with a size-exclusion chromatography and analyzed with tau biosensor cells. N = 3.


Both chloroquine and bafilomycin A1 are known to enhance lysosomal exocytosis, which is a Ca2+ dependent exocytosis process (Eguchi et al., 2018; Tsunemi et al., 2019). Therefore, we hypothesized that lysosomal exocytosis is involved in release of seed-competent tau. To test this hypothesis, we inhibited lysosomal exocytosis by two different compounds, Glycyl-L-phenylalanine 2-naphthylamide (GPN) and NED-19. GPN is a specific substrate of cathepsin C and disrupts lysosomal membrane by accumulating inside of lysosomes (Ibata et al., 2019). In contrast, NED-19 is an antagonist of NAADP, which is required for Ca2+ release from lysosomes (Padamsey et al., 2017). Addition of the media from cells treated with GPN or NED-19 resulted in a significant decrease in FRET-positive biosensor cells without altering tau concentration detected by ELISA (Figures 2D,E). Taken together, these data suggest that lysosomal stress exerts a unique mechanism of release on seed-competent tau, but not on inert soluble tau likely via lysosomal exocytosis.

Next, we asked whether the size of seed-competent tau is changed upon chloroquine treatment. When the media from cells treated with chloroquine were separated by size exclusion chromatography, we found that the distribution of seeding activity was distinct from those in cells without chloroquine treatment. While the media from cells without chloroquine had a peak of seeding activity in fractions No. 1–3 (Figure 1G), chloroquine shifted the peak toward smaller molecular weights (fractions No. 4–6) (Figure 2F). The data suggest that chloroquine treatment also alters the size of seed-competent tau released from cells.



DISCUSSION

While multiple forms of tau with various sizes ranging from fibrils to a monomer formed in vitro have previously been shown to have a seeding activity, the molecular characteristics of seed-competent tau released from cells has remained to be elucidated. Utilizing biosensor cells to specifically detect seed-competent tau, we found that tau species with a molecular weight of >2,000 kDa present in media spontaneously enter the biosensor cells without the aid of lipofection and trigger seed-dependent aggregation. While seeding activity was only evident in the media from cells with RD transduction, ELISA detected very low levels of tau with a molecular weight of >2,000 kDa regardless of RD transduction. This data indicate that tau might form high molecular weight complexes that do not have seeding activity, which can be discriminated by biosensor cells.

We also found that lysosomal stress caused by bafilomycin A1 and chloroquine enhanced the release of seed-competent tau without altering release of inert soluble tau. Intriguingly, the increased release of seed-competent tau by chloroquine was mediated in a Ca2+-dependent manner, whereas release of inert soluble tau was not affected by chloroquine.

The dysregulation of lysosomes has been implicated in the transmission of aggregated proteins, although how it will impact tau propagation has not been empirically tested. In this study, we have first demonstrated the involvement of lysosomal exocytosis on release of seed-competent tau by using GPN and NED-19. These data collectively indicate that the release of seed-competent tau and inert soluble tau are differentially regulated under lysosomal stresses and by lysosomal exocytosis.

The seeding activity in the media was not completely abolished by GPN and NED-19, suggesting that other secretory pathways might be also involved. For example, tau in exosomes has been shown to propagate between cells (Wang et al., 2017), which is consistent with partial inhibition of seeing activity by antibodies in our study.

By analyzing the media with size exclusion chromatography, we also found that chloroquine treatment increased seed-competent tau of smaller molecular weight ranges than control. This could be due to the processing that occurs during lysosomal exocytosis. Given that shorter fibrils are more potent to induce aggregation than longer fibrils (Tarutani et al., 2016), seed-competent tau with smaller molecular weights increased by chloroquine might be more potent to propagate between cells.

Although HEK293 propagation models were used in this study as they release significant amount of seed-competent tau and thus allows its better quantification, neuronal models will be necessary to further investigate how lysosomal exocytosis influences the propagation between synaptically connected neurons as well as whether neurons also show similar uptake preferences toward seed-competent tau with different molecular weight sizes.

In addition, it should also be noted that multiple tau strains have been shown to propagate distinct amyloid conformations (Sanders et al., 2014). Although we detected the seeding activity of tau exclusively in the >2,000 kDa fractions, it would be possible that distinct tau strains form seed-competent tau of different sizes.

Further studies using different types of cells, aggregates or mutations will enable further detailed characterization of the molecular nature of extracellular seed-competent tau.

Given that inert normal tau is also actively released into the extracellular space, therapeutic strategies such as simple sequestration of extracellular tau may interfere with its yet-to-be identified physiological functions. From this perspective, being able to distinguish seed-competent tau from inert soluble tau in this study should help identify novel cellular processes that specifically influence tau propagation without disturbing its normal functions.
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