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Abstract

Clinical progression of tauopathies is reflected by the transcellular propagation of
pathogenic Tau seeds with the possible involvement of extracellular vesicles as transport
vectors. However, the mechanism regulating extracellular vesicle cargo delivery to recipient
cells is poorly understood. We established a cell model for investigating extracellular vesicle-
delivery of membranes and proteins. In this model, extracellular vesicles are readily
internalized and accumulate in endolysosomes. For the first time, we show that in this acidic
compartment of recipient cells, extracellular vesicle-delivered Tau seeds cause the
accumulation and abnormal folding of normal Tau by a process that requires the participation
of autophagy. Endolysomes represent thus a cross-road where Tau seeds released from
extracellular vesicles propagate on cellular Tau on its route for autophagy-mediated
degradation, ultimately driving its accumulation, endolysosomal stress and cytotoxicity.
Whilst, autophagy stimulation is considered as a viable solution to protect neurons from
harmful cytosolic protein inclusions, our data suggest that this approach may favour the
aberrant accumulation of neurodegeneration-associated proteins induced by exogenous

pathogenic protein forms, with possible implications in the spreading of the disease.
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Introduction

Tauopathies are a group of progressive neurodegenerative diseases characterized by
intracellular fibrillar Tau protein species ultimately deposited in neurofibrillary tangles as the
pathological disorder hallmark™?. Tangles start to appear in vulnerable disease-specific brain
regions and then gradually spread along the neuronal connectivities invading the whole
brain. Indeed, the temporal and spatial tangle distribution correlates well with the extent of
neuronal loss and, importantly, with the clinical disease stages®. Based on this, most aging-
associated neurodegenerative disorders are described as proteinopathies (or misfolded
protein disorders) characterized by a gain-of-toxic function linked to impaired protein

homeostasis, protein deposition and proteotoxicity”.

Disease progression and brain propagation of pathogenic protein species involve a
prion-like course where fibrillar Tau species are able of self-propagate through a still largely
unclarified protein-to-protein mechanism, which needs to involve a cell-to-cell transmission®®.
Different means of communication account for transcellular transport of macromolecules.
Among these, extracellular vesicles (EVs), which function as paracrine vectors, are emerging
as deeply involved in pathological disease propagation’. EVs contribute to cancer?,
inflammation disorders® and also to neurodegeneration where EVs carrying replication-

competent particles contribute to disease progression'®*'.

EVs-mediated communication relies on transferring or displaying their cargo from a
donor cell to a recipient cell’>. RNAs are among the most studied EVs-cargo
macromolecules. In recipient cells, EVs-mRNA are translated into protein effectors or EVs-
miRNA regulates gene expression®***°. However, the evidence for a biological function of
proteins transported by EVs remains sparse'®, especially concerning the molecular
mechanisms regulating EVs-cargo delivery in recipient cells. Direct fusion with the plasma
membrane represents the simplest theoretical route of delivery’’. However, EVs exploit the

endocytic pathway as the main route for cell internalization'®?°. This resembles the fate of

(macroscopic) nutrients that after internalization reach endolysosomes (ELSs) for degradation
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and recycling. ELs are acidic cellular organelles whose main function is the degradation of
both intracellular and extracellular material, thus representing a major crossroad for two
major degradative pathways, respectively endocytosis and autophagy?'. Macroautophagy is
a regulated degradation pathway for organelles and long-living cytosolic proteins and

aggregates that bypass the ubiquitin-proteasome system*®,

Macroautophagy is
characterized by the formation of double-bilayer autophagosomes that act as cargo delivery
vectors for intracellular material to ELs**?*. Not surprisingly, ELs are key players in regulating

cellular proteostasis and age-associated ELs impairment is a pronounced feature of

neurodegenerative diseases, linked to cellular stress and cell death?®’.

Here, we report that ELs represent the subcellular site where EVs-delivered profibrillar
Tau meets and initiate the accumulation of an intracellular Tau pool on route for autophagy-
mediated degradation. Thus, our data propose that ELs represent a critical subcellular
location for EVs cargo delivery with disease relevance. Indeed, we show that in cells
internalizing profibrillar Tau transported by EVs, Tau accumulated within ELs causes a cell
stress response and cytotoxicity. ELs-Tau also acquires a conformation and phosphorylation

also observed when deposited in brain tangles.

Materials and Methods

Cell culturing. All cells were routinely grown at 37°C with saturated humidity and 5% CO, in
Dulbecco's Modified Eagle Medium (DMEM, Gibco, 61965-059) supplemented with 1% non-
essential amino acids (Gibco, 11140035), 1% penicillin-streptomycin (Gibco, 15140122),
10% fetal bovine serum (FBS, Gibco, 10270106) and passaged at 90% confluency. Inducible
mouse multipotent neural progenitor C17.2 cells (ECACC 07062902) were generated with
the Flp-In T-Rex tetracycline-inducible cell system according to the manufacturer instructions
(Invitrogen, K650001) and maintained in the presence of 150 ug/mL hygromycin B
(Invitrogen, 10687010) and 15 ug/ml blasticidin S (Gibco, A1113903). Gene expression was

routinely induced in the presence of 60 ng/mL tetracycline. To induce autophagy, cells were
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washed three times with PBS and then incubated at 37°C for 4 h in Hanks' Balanced Salt

Solution (Gibco, 14025-050).

Plasmids. Addgene plasmids used were: pCMV-lyso-pHluorin (RRID:Addgene 70113, gift
from C. Rosenmund®), pLAMP1-mCherry (RRID:Addgene_45147, gift from A. Palmer®),
mCherry-CD9-10 (RRID:Addgene_55013, gift from M. Davidson), mCh-Rab7A and mCh-
Rab5 (RRID:Addgene_61804, RRID:Addgene_49201, gift from G. Voeltz***'), pLV-CMV-
LoxP-DsRed-LoxP-eGFP and pcDNAS3.1-CMV-CFP;UBC-Cre25nt (RRID:Addgene_65726,
RRID:Addgene 65727, gift from J. van Rheenen®). GFP-CD63 was obtained with sequential
subcloning of the CD63 cDNA in the vector pCDNA5/FRT/TO followed by in-frame 5’-
insertion of the GFP cDNA with Hindlll/Blpl. GFP-Tauysp Was generated by replacing the
CD63 cDNA with that encoding for Tauysp with BamHI/Xhol. Tauss:-mCherry was obtained
with sequential subcloning of the Taus-mCherry cDNA in the vector pCDNAS/FRT/TO with
BamHI/Xhol. For the split GFP, Tauss;-mCherry and Tauwsp CDNAs were subcloned in
parental plasmids as described previously®*’. Plasmid transfections were performed the day
after cell plating with Lipofectamine 3000 (Invitrogen, L-3000-008), following the

manufacturer’s instructions.

Co-culture paradigms. For the analysis of transcellular transport of lipid membranes, cells
stably integrated with the LoxP-DsRed-LoxP-eGFP cassettes were cultured with DiO or DID
labelled cells for 72 h in a well of a 8-well chamber (ibidi, 80826). For all other co-culture
experiments DiO or DID cells were replaced with cells with inducible expression of the
protein product of interest. Treatment with 25 nM bafilomycin A1 (Sigma, B1793-2UG) lasted
for 4 h and that with 33 uyM dynasore (Sigma, D7693) for 2 hr. Analysis of the co-cultures
were performed in-live by laser confocal microscopy, or with a benchtop flow cytometer
(Beckman, CytoFLEX) after collecting cells with TrypLE™ (Gibco, 12604021) and
resuspension of the cells in DMEM without phenol red (Gibco, 21063045) supplemented with

10% FBS.
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EVs enrichment. Conditioned serum-free medium for EVs isolation was routinely obtained
after an incubation on cells for 72 hr. DiO-labelled, DiD-labelled of inducible C17.2 cells were
first grown in 10 cm petri dishes (Corning, 353003) to 80% confluency in complete medium.
Transiently transfected cells were washed twice with PBS at 4 h post-transfection before
switching to the serum-free conditions. EVs were isolated from conditioned media by
established procedures®. In short, dead floating cells and cell debris were removed by
centrifugation at 1’000 g for 20 min at 4°C. EVs were concentrated with 100 kDa-cutoff filters
(Sigma, UFC910096) at 3'000 g for 15 min at 4°C. The concentrated suspension was first
cleared from large membrane vesicles by centrifugation at 10’000 g for 20 min at 4°C for 20
min, followed by serial centrifugation at 100’000 g for 120 min at 10 °C (Beckman fixed-angle
TL110 rotor; Beckman Optima Max-TL ultracentrifuge). The so obtained P100 pellets,
corresponded to the enriched EVs fraction, were re-suspended in 10 uL/10 cm dish in ice-
cold PBS. Size and concentration of EVs was determined through nanoparticle tracking
analysis (NanoSight, LM10) after each EVs preparation with at least three repeated
gquantifications for each preparation. For routine cell uptake experiments, cells were
incubated with 10° freshly-enriched EVs for 16 h, or differently explained in figure legends, on

15’000 cells/cm? in an 8-well chamber.

Size exclusion chromatography. For EVs-purification by size exclusion chromatography
(SEC), P100 (pellet) or S100 (supernatant) obtained from the final 100’000 g centrifugation
were separated on a gEVoriginal/70nm column (Izon Science, SP1) topped with 14 mL PBS.
500 pL fractions were collected and fraction 7 to 24 were characterized by nanoparticle
tracking analysis and for protein concentration. Fractions were then concentrated on 30 kDa-

cutoff filters (Sigma, UFC803024) and stored frozen at -20°C.

Staining of cells. For immune-fluorescence microscopy, cells routinely grown on poly-D-
lysine coated 8-well chambers, were fixed in freshly diluted 4% formaldehyde (Sigma-Aldrich,
F1635) for 15 min at RT, washed twice with PBS supplemented with 100 mM glycine for 5

min and once with PBS. Cells were permeabilized in 0.05% saponin (Sigma-Aldrich, 84510)
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or 0.1% triton (Sigma-Aldrich, X100) in PBS for 10 min and blocked with 5% normal goat
serum (Biowest, S2000-500) in PBS for 30 min before incubation with primary antibodies for
1 h at RT in the permeabilization buffer supplemented with 0.5% normal goat serum: TFE3
(0.6 pg/ml; Sigma-Aldrich, HPA023881), LAMP1 (1/50 conditioned medium of hybridoma
cells; DSHB Hybridoma Product 1D4B was deposited by J.T. August), MC1 (1/100
conditioned medium of hybridoma cells; kindly provided by Peter Davies), AT8 (0.2 pg/ml,
Thermo Fischer Scientific, MN1020). Detection was performed with secondary antibodies (2
ug/mL at RT in the dark for 1 h) a-mouse IgG AlexaFluor™ 350 (Thermo Fischer Scientific,
A21049), a-rabbit IgG AlexaFluor™ 647 (Thermo Fischer Scientific, A21245), a-rabbit IgG
AlexaFluor™ 488 (Thermo Fischer Scientific, A11034) and o-rat IgG AlexaFluor™ 647
(Thermo Fischer Scientific, A21247). Nuclei were counterstained with 0.5 pg/mL DAPI

(Sigma-Aldrich, D9542).

For all the experiments requiring fluorescent membrane labelling, cells were incubated in 1
mL solution containing 5 yL Vybrant DIO (Molecular Probes, V22886) or Vybrant DiD
(Molecular Probes, V22887) at 37°C for 10 min, followed by extensive washing in excess
PBS. For bulk endocytosis studies, cells previously seeded overnight were incubated for 4 h
with 10 uM Alexa Fluor™ 594-dextran (Invitrogen, D22913) and analysed in live by laser

confocal microscopy.

For the identification of ELs acidic compartments, cells were incubated with 75 nM
LysoTracker Red DND-99 or Deep Red (Thermo Fischer Scientific, L7528 and L12492) in
complete medium at 37 °C for 30 min, washed with an excess of PBS and either imaged live
by laser confocal microscopy or detached with trypsin and resuspended in DMEM without

phenol red added with 10% FBS for cytometric analysis.

Western blots. For biochemical analysis by western blot, cells grown in 10 cm plates were
washed once in PBS, directly lysed in SDS-PAGE sample buffer (1.5% SDS, 8.3% glycerol,
0.005% bromophenol blue, 1.6% B-mercaptoethanol and 62.5 mM Tris pH 6.8) and boiled at

96°C for 10 min. EVs preparations were also lysed in SDS-PAGE sample buffer. Equal
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volume of cell (representing 1/20 of the total lysate) and EVs lysates (representing total
lysate) were resolved by SDS-PAGE and transferred to PVDF membranes (BioRad, 162-
0177), blocked in Odyssey Blocking Buffer (LI-COR, 927-50000) and visualized with the
infrared western blot technology on Odissey CLx device (LI-COR). Primary antibodies were
incubated for 1 h at 37°C and were specific for ALIX (1 ug/mL; abcam, ab117600), TSG101
(1 pg/mL; abcam, ab30871), TOMM20 (0.8 pg/mL; abcam, ab78547), GFP and pHluorin (5
pg/mL; abcam, ab290), EEAl (1/500; Thermo Fischer Scientific, MA5-14794), LC3B (1
pg/mL; Novus Biologicals, NB600-1384), TAU13 (0.2 ug/mL; Santa Cruz, sc-21796), GAPDH
(0.18 ug/mL; abcam, ab181602), p-actin (0.10 pg/mL; Sigma-Aldrich, A1978) and 2.3 ug/mL
B1%. Secondary antibodies were incubated for 1 h at 37°C and were a-rabbit IgG coupled to

IRDye 800CW (LI-COR) and a-mouse IgG coupled to IRDye 680RD (LI-COR).

Microscopic image analysis. Fluorescence images were acquired with either a confocal
microscope (Nikon C2) or Lionheart FX automated microscope (Biotek). Image analysis and
processing of the raw data were performed with the Gen5 (BioTek) or Fiji/lmageJ (1.51 g or
later) software. For flow cytometry analysis, cells fluorescence was acquired on CytoFLEX
analytical device (Beckman Coulter). The Imaged “JACoP” plugin was used to quantify
Pearson’s correlation coefficient (PCC) and Manders’ overlapping coefficient (MOC, M1 &
M2) for dual-colors co-localization. Alternatively, when a cellular mask was required (i.e. in
transient transfected cells), the imaged “Coloc2” plugin was used to quantify both PCC and

MOC.

For Tau-puncta quantification, C17.2 cells expressing Taus and incubated in culture
medium supplemented with vehicle (PBS), P-EVs or Tauwgp-EVS were imaged by laser
confocal microscopy. Quantification of the percentage of cells with a Tau_puncta phenotype
was normalized with the total number of DAPI-positive nuclei. Single Tau-puncta were

manually identified and analyzed with the ImageJ software.

For nuclear TFE3 quantification, cells were fixed, stained for TFE3 and imaged by laser

confocal microscopy. A DAPI-nuclear mask was applied to determine TFE3 fluorescence
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intensity within the nucleus and outside this mask. Quantification of the percentage of cells
with a nuclear TFE3 phenotype was then determined applying an arbitrary threshold to the

ratio between the two resulted masks.

Automated ELs analysis. For the identification of ELs, cells were stained live with
LysoTracker. Images acquired at confocal microscopy were analysed with Fiji/lmageJ.
Automatic segmentation of LysoTracker positive organelles was performed with a Weka
machine learning approach. Training set comprised three images in which LysoTracker
positive ELs and background regions were manually annotated. After balancing classes,
Weka was trained with Gaussian Blur (sigma 1-16), Sobel filter, Hessian, Difference of
gaussians, Membrane projections and Lipschitz features. We then applied watershed filter to
the output mask and filtered objects smaller than 0.2 um? to generate a set of ROIs for
LysoTracker positive ELs. Manual annotation of the cells of interest on each image, based on
Taugs1, Were then used to create ROIs for the cytoplasm, by subtracting the combined ROIls
of LysoTracker positive ELs from the ROI of the cell. ELs size and mean intensity were then

quantified on biFC and Tauy4; channels using this set of ROIs.

Cell toxicity assays. LDH assay (Pierce LDH Cytotoxicity Assay Kit; 88954, ThermoFisher
Scientific) was performed following the manufacturer’s instructions. In short, conditioned
medium from cells subjected to EVs treatments was collected, processed and analyzed by

measuring the absorbance at 490 nm and 680 nm in an Infinite M Plex (Tecan).

The nuclear area and the cell area were analyzed as a proxy for early cell toxicity events.
Cells treated with EVs were stained with Hoechst at 37°C for 5 min, washed with PBS, fixed,
imaged at Lionheart microscope and analyzed with the Gen5 software. The mean nuclear
area was analyzed based on a Hoechst positive nuclear mask. The mean cell area was

gquantified measuring a cell mask based on Taugy;.

Statistics and reproducibility. All the experiment reported were repeated at least in three
independent experiments if not otherwise explained in the legend of the figure. Differences

between two means were assessed by unpaired non-parametric Mann-Whitney test,
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whereas differences between more than two means were tested by non-parametric Kruskal-
Wallis one-way ANOVA, alpha = 0.05, if not otherwise indicated in figure legends. A P value
< 0.05 was used to assess significances. Statistical analysis and graphs were generated with

Prism (GraphPad software version 8).

Data availability. All raw data supporting the findings of the study are available from the

authors upon request.

Results

A cell paradigm to investigate EVs transport and internalization

We first validated our cell system as a cellular paradigm granting transcellular exchange
of EVs whilst allowing to dissect the process of aberrant cell-to-cell propagation of Tau. We
opted for myc-immortalized mouse cerebellar C17.2 cells, a cell line generated for studying

neural progenitor cells*® and seed-induced aggregation of Tau®.

In order to evaluate whether C17.2 cells were able to exchange EVs, we first co-cultured
two cell populations, one labelled with DiO, a lipophilic fluorescent tracer (emission maximum
Emmax = 501 nm) that intercalates in cellular membranes and one expressing the fluorescent
protein DsRed (Empax = 583 nm). Cells were co-cultured at a 5:1 ratio (DiO:DsRed) for 72 h
(Fig 1A). Analysis by liquid flow-cytometry revealed a substantial fraction of co-cultured cells
positive for both markers when compared to parental cells or to single cultures of DiO and
DsRed cells (Fig 1B & C). Similar results were obtained when DIiO was replaced with DiD
(Emmax = 665 nm) under the same assay conditions (Supplementary Fig 1A). Notably, the
predominant population behaving as recipient cells was the DsRed population since it
acquired the double fluorescent properties. In fact, the proportion of DsRed cells in the co-
culture for which a single tracer was still detectable was only ~17% of the total DsRed
population (Supplementary Fig 1B). Preferential EVs transport of the fluorescent tracers DiO
or DIiD possibly relied on their reduced size when compared to the ~100-time larger

tetrameric DsRed or on their association to membranes. Analysis by confocal laser scanning
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microscopy of the co-culture showed that DsRed-expressing recipient cells internalized DiO-
stained donor cell-membranes in a dot-like patter that was evocative of the endocytic system
(Fig 1D). Also, the orthogonal reconstruction of serial confocal planes confirmed that DiO-
membranes were internalized and located within the recipient cell (Fig 1D). The DiO/DsRed
or DiD/DsRed co-culture assay enabled to monitor unidirectional membrane transport with
DsRed-fluorescence identifying the recipient cells that internalized membranes originating
from DiO or DiD-labelled donor cells. In order to directly assess the involvement of EVSs,
these were enriched starting from serum-free conditioned medium of donor cells by a
standard protocol based on serial centrifugations®’. The EVs fraction was first characterized
for size and concentration by nanoparticle tracking analysis*®. The more frequent EVs
population presented a diameter of 177 + 13 nm (Fig 1E). Western blot analysis of EVs
demonstrated the relative enrichment of the EVs markers Alix and TSG101 when compared
to donor cell lysates (Fig 1F). In contrast, markers of potentially contaminating membranes,
early endosomes (EEA1) and mitochondria (TOMMZ20), displayed an opposite behaviour (Fig
1F). EVs isolated from the conditioned medium of DiD-labelled donor cells were then
incubated on DsRed-expressing recipient C17.2 cells (Fig 1G). This established a dose-
dependent accumulation of DiD-fluorescence, which gradually increased over the 0 to 16 h

incubation time (Fig 1H).

Ectopic expression of the ELs markers Rab5, Rab7, CD9 and LAMP1 fused to mCherry
(emission maximum at 610 nm) in acceptor cells established that donor membranes
accumulated in ELs of recipient cells at 16 h incubation (Supplementary Fig 2A). This
process may have occurred at least in part by a bulk-flow course similar to that used for
internalization of 10 puM TRITC-labelled dextran supplied to the culture medium in
combination to EVs (Supplementary Fig 2B). In the presence of 33 uM dynasore, a GTPase
inhibitor that also interferes with lipid raft dynamics and clathrin-mediated endocytic pit
formation®, mean DiD-fluorescence intensity was reduced by ~55% in recipient cells when

compared to untreated cells (Supplementary Fig 2C). Confocal laser scanning microscopy
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analysis of recipient cells treated with DiD-EVs visualized a distribution patter of internalized
EVs similar to that observed in the co-culture experiment (Fig 1l; compare to Fig 1D).
Accumulation of internalized EVs in an acidic compartment of recipient cells was further
supported by the co-localization of DiD-EVs with the tracer LysoTracker (Fig 1J).
Determination of the Manders’ overlapping coefficient (MOC) showed that ~74% of the DiD-
positive organelles were LysoTracker-positive ELs (M1), whereas ~20% of LysoTracker-
positive ELs contained EVs-DiD (M2) (Fig 1J). Moreover, EVs loaded with the pH-sensitive
biofluorescent protein pHluorin* (Empmax = 509 nm) in recipient cells that were treated with a
proton-pump inhibitor, displayed increased fluorescence intensity when compared to
untreated conditions (Fig 1K). In conclusion we found that C17.2 cells represented an
adequate model to analyse transcellular exchange of EVs and that EVs are internalized by

an endocytic process in recipient cells as reported previously*'.
EVs-mediated transport of proteins to ELs of recipient cells

In order to focus our attention to EVs-mediated transcellular transport of proteins, we
next generated a cell line expressing a hybrid protein composed of GFP (EmMyax = 510 nm)
and CD63, a membrane-bound tetraspanin protein family member targeted to ELs and to
EVs*. Co-culture of GFP-CD63 and DsRed cells at a 5:1 ratio led to the appearance of
double-fluorescent cells when analysed by cytofluorimetry (Supplementary Fig 3A). Again
suggesting preferential transport of GFP-CD63 when compared to DsRed, we noticed that
most DsRed-cells acquired the GFP fluorescence. The relative fluorescent generated by
GFP in double stained cells was lower to that observed when using the more concentrated
and more brightly fluorescent DiO or DID molecules. Orthogonal reconstruction by confocal
microscopy showed internalized GFP-fluorescence with a dot-like distribution resembling that
obtained with the DIiO or DiD-fluorescent tracers (Supplementary Fig 3B, compare to Fig 1D
and ). This GFP distribution pattern was clearly distinct from that observed in the GFP-CD63
expressing donor cells, which presented a more homogenous cell membrane GFP

distribution in the absence of DsRed-fluorescence (Supplementary Fig 3B). The EVs-fraction
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isolated from the conditioned medium of donor cells displayed an enrichment of GFP-CD63
protein that was superior to that of endogenous Alix when compared to the respective
amount detected by western blot in total cell lysates (Supplementary Fig 3C). GFP-CD63-
EVs were internalized by DsRed recipient cells as shown by cytofluorimetry in cells
incubated with either GFP-CD63- or parental-EVs (Supplementary Fig 3D). Internalized
GFP-CD63-EVs co-localized with ectopic expressed LAMP1 (Supplementary Fig 3E). This
cell assay enabled monitoring transcellular transport and internalization of EVs-cargo

membrane-bound proteins.

EVs transported profibrillar Tau induces Tauas; accumulation in ELs

Next, we investigated EVs-mediated transport of a protein lacking a transmembrane
domain. For this, we utilized cells expressing a fibrillogenic fragment of Tau (Tauusp) fused to
GFP in order to isolate EVs with the mostly represented diameter of 152 + 4 nm (Fig 2A).
GFP-Tauwgp Was targeted to the EVs fraction less efficiently than GFP-CD63 and was
detected at a relatively lower level than the endogenous EVs-marker Alix, but at a
significantly higher level than the potential contaminant TOMM-20 (Fig 2B). In order to
demonstrate that GFP-Tauysp was incorporated within EVs, we fist analysed by size-
exclusion chromatography (SEC) the EVs-fraction, i.e. the pellet isolated by the last 100'000
g centrifugation (Supplementary Fig 4A). As expected pelleted EVs were recovered in the
first SEC fractions representing the flow-through, whereas the main pool of soluble proteins
present in the centrifugation supernatant were recovered in the following fractions
representing the material with slower SEC migration (Supplementary Fig 4B). When
comparing the EVs-pool to the soluble protein pool, GFP-Tauygp as well as endogenous Alix
appeared enriched in EVs (Supplementary Fig 4C). Pretreatment of the EVs pool with the
detergent Tx-100 inverted this behaviour (Supplementary Fig 4C). Furthermore, GFP-Tauygp
co-isolated in the EVs-pool was largely protected from trypsin digestion in contrast to GFP-
Tauwep recovered in the soluble protein pool (Supplementary Fig 4C). These data showed

that the EVs-isolation procedure enriched for GFP-Tauygp targeted to the lumen of EVs.
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Consistent with this, we observed EVs-mediated transport of Tauysp With the determination

of acquisition of GFP fluorescence in recipient cells by flow-cytofluorimetry (Fig 2C).

Extracellular Tauygp seeds were shown to induce the aggregation of Tau in cultured
C17.2 cells®* (Supplementary Fig 5A). To assess whether a similar phenotype may be
induced by GFP-Tauwgp transported by EVs, we incubated these latter on recipient cells
engineered to express Tauuy; fused to mCherry (here referred as Taugs,, the largest splice
variant of full-length Tau). Under these conditions, confocal microscopy revealed the
induction of larger proportion of recipient cells carrying Tau-puncta when compared to cells
treated in the absence (vehicle) or in the presence of EVs isolated from parental C17.2 cells
(Fig 2D). Incubation with Tauwsp-EVS, when compared to parental-EVs, increased also the
number, the size and the fluorescence intensity of Tau-puncta analysed at the single cell
level (Fig 2E). Notably, analysis of Taus4-accumulation at the confocal microscope also
revealed increased co-localisation with the ectopically expressed ELs marker GFP-CD63 as
assessed by PCC determination (Fig 2F). This result was further substantiated by orthogonal
reconstruction of stacked confocal planes demonstrating Tauss; accumulation within the

lumen of GFP-CD63-positive organelles (Fig 2G).

EVs mediated Taugss; accumulation in recipient cells requires autophagy

Tauwep-EVs-induced accumulation of Tauss; in ELs hinted a likely participation of
autophagy-mediated transport of cytosolic Tauss; to this acidic subcellular localisation, as
previously reported®. In fact, nutrient-deprived Taussi-cells, which displayed an enhanced
autophagy flux, acquired a Tau-puncta phenotype similar to that induced by Taupsp-EVS in
CD63-positive organelles (Supplementary Fig 5B and C). These data demonstrate that
cytosolic Tau represents a substrate for autophagic degradation, which may become
impaired by the presence of Tauwsp-EVs within ELs. Consistent with this hypothesis, Tauugp-
EVs induced the formation of Tau-puncta also in mouse embryonic fibroblasts (MEF) but not
in MEF lacking ATG7 (ATG7-KO MEF), an El-like activating enzyme indispensable for

autophagosome assembly®® (Fig 2H). Lack of Tau-puncta in ATG7-KO MEF was not due to a
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defect in EVs-internalization since they displayed a Tauygp-EVs internalization that was

indistinguishable to that of normal MEF (Fig 2I).

EVs transported Tauygp binds to recipient’s cells Tauss; in ELS

Co-localization of Tauyep-EVSs and Taugs; within ELs (Fig 3A) may favour their direct
encounter. We studied previously protein-protein interaction and its subcellular localization
utilizing a split GFP technology (biFC)**** based on a predominantly monomeric GFP*.
Therefore, we isolated EVs from cells expressing GFP;.10 fused to Taumsp (GFP1.10-TauUusp)
and incubated them on cells expressing Tauss; fused to the remaining B-strand of GFP (Ty;-
mCherry-Tauyy;) (Fig 3B) and analysed them by cytofluorimetry. This demonstrated the
presence of a biFC signal in recipient cells (Fig 3C). The known sensitivity of GFP
fluorescence to acidic conditions such as that expected in ELs may lead to an
underestimation of the detected events. To assess the intracellular localization of biFC
signal, we took advantage of the acidotropic fluorescent compound LysoTracker. To exclude
a possible interference of LysoTracker with organelle acidification®®, the compound was
added just before the analysis and after controlling that the biFC signal was already present

in the cells. Utilizing a slightly modified automated trained protocol*’

to identify single
LysoTracker-positive ELs, we established first that the mean biFC intensity in the ELs
population was higher than that measured in the LysoTracker-negative cytoplasm (Fig 3D).
Based on the observation that only a small portion of the ELs population was detected by
biFC, we then analysed the biFC-positive ELs (arbitrarily defined as the 1% outliers) that
most diverged from the mean biFC fluorescence derived from the whole ELs population. This
allowed to establish that the biFC-positive ELs display Tau accumulation and increased size
(Fig 3D). Overall, the data demonstrated the physical interaction between Tauygp-EVS and
Taugs; within ELs, which correlated with Tauas; accumulation in ELs presenting an enlarged
size. This encounter of Tau species with distinct cellular origins in LAMP1-positive ELs led to

the appearance of a conformational MC1-positive epitope, which reacts to abnormal

conformations of Tau preceding Tau fibril formation and neurofibrillar toxicity*® as well as the
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double phosphorylation at Ser202/Thr305 recognized by the AT8 Tau antibody

(Supplementary Fig 6).

The data described above indicate that the interaction between Tauwgp-EVS and Tauas
occurred preferentially within ELs and not in the cytosol. Next, we wanted to establish
whether in our cell model an EVs-transported protein may reach the cytosol. For this, we
selected the Cre recombinase, since the presence of this protein within the cell cytosol is
detected with exquisite sensitivity with an adequate fluorescence reporter assay'®. We first
analysed a co-culture paradigm made of a stable cell line with inducible Cre expression and
a cell line with an integrated loxP-dependent red-to-green reporter (Supplementary Fig 7A).
Cytofluorimetric analysis established that recipient cells acquired green fluorescence
indicative of successful transcellular transport of Cre produced by donor cells. However their
relative number was not dependent on the level of Cre induction (Supplementary Fig 7B).
Overall, the relative number of Cre-positive recipient cells was inferior to that of e.g. biFC
positive cells even when the ratio of recipient to donor cells was increased 25:1
(Supplementary Fig 7C). When donor cells were transiently transfected with a Cre plasmid,
this led to a cellular Cre expression higher than that obtained with the inducible system and
the presence of detectable amounts of Cre in the EVs fraction (Supplementary Fig 7D).
Incubation of these Cre-EVs on donor cells was equally inefficient in activating the red-to-
green reporter and this did not change when the Cre-EVs treatment was performed in the
presence of Tauwep-EVS (Supplementary Fig 7E and F) although an eventual release into the

cytosol as a consequence of excessive Tau accumulation cannot be excluded.

EVs-mediated Tauys; accumulation causes lysosomal stress and cytotoxicity

Next, we investigated whether Tauysp-EVs-mediated accumulation of Taugs; within ELs
induced a potentially harmful cell response. With focus on lysosomal stress, we first analysed
the nuclear translocation of a master transcription factor of lysosomal biogenesis (TFE3)**

in recipient cells and observed increased nuclear TFE3 localization in cells treated in the

presence of Tauwgp-EVS when compared to vehicle or parental-EVs (Fig 4A). Under the
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same conditions, Tauyep-EVs also increased number, dimension and fluorescence intensity
of LysoTracker-positive ELs (Fig 4B). A significantly smaller but discernible effect was
obtained also when cells were treated with parental EVs, i.e. without the Tauygp-cargo (Fig
4B). Nevertheless, only the incubation with Tauysp-EVs affected the overall cell morphology
as observed in terms of reduced nuclear and cellular size (Fig 4C), a phenotype suggesting
an ongoing cytotoxic process®’. Consistent with this, an LDH-release assay demonstrated
the induction of cytotoxicity in a manner that was dependent on the presence of Tauysp-EVS

as well as the induction of Taug4i-expression (Fig 4D and Supplementary Fig 8).

Discussion

EVs-mediated transport of macromolecules is a route of cell-to-cell communication with
implications in health and disease. Whilst EVs biogenesis in donor cells is extensively
investigated, the cellular mechanisms involved in EVs-cargo delivery in recipient cells needs
further attention. For this reason, we focussed our investigations on the mechanisms of
protein delivery mediated by EVs in the context of cell-to-cell propagation of Tau. In terms of
a functionally relevant EVs-mediated protein transport, EVs-polypeptides present on the
EVs-surface may directly interact with their respective receptors on the cell membrane. In
contrast, for a luminal EVs-protein it is reasonable to assume that the cytosol may represent
the main intracellular target site for the interaction with its effector. However, this latter would
require a specific mechanism - for which experimental evidence is missing - that transfers the
EVs-cargo to the cytosol. In our cell system, we confirmed that direct fusion of EVs at the
plasma membrane is a possible but rather unlikely event of cargo delivery®. In contrast, and

consistent with previous reports*®?°

, we observed a high rate of EVs internalization, possibly
mimicking the internalization of e.g. high-density lipoproteins on their route to lysosomal
degradation®. Cytosolic proteins are also delivered to lysosomes for degradation by a
ubiquitous process accomplished by different forms of autophagy. Consistent with this model

(Fig 5), we demonstrated herein that the initial encounter of EV-transported Tauygp with

cellular Taugs; occurred in acidic organelles. For our experiments, we choose an EVs dose
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that was previously shown to be required for a functional activity in cultured cells'*; and
confirmed our results by co-culturing donor and recipient cells. Our data show that the
encounter of a protein substrate of autophagy with an EVs-transported protein cargo resulted
in a functionally relevant interaction between proteins originating from distinct cells. In
particular, this observation attains a specific significance for a whole class of progressive
proteinopathies, exemplified herein by tauopathies. Transcellular self-propagation of protein
seeds with pathogenic conformations is proposed to explain the progressive nature of
proteinopathies. For neurodegenerative disorders this prion-like mechanism appears to occur
for most-neurodegeneration-linked proteins, including AB-peptides®, Tau®*, huntingtin®®, a-
synuclein and TDP-43%. Extracellular seeds of these proteins cause the accumulation of
normally functioning cognate protein in pathogenic conformations as shown e.g. by the
cellular transfer of free-floating seeds of Tau®’. EVs may act as vectors of prion infectivity****
and targeting of Tau in EVs is reported®®®°. We now demonstrate that EVs-transported
pathogenic Tau species induce a nhumber of disease hallmarks in host cells, such as Tau
accumulation, acquisition of a pro-pathologic epitope, ELs stress and cytotoxicity. Notably,
our data are evidence that this adverse cascade of events may initiate within the acidic
compartment of the host cell. Whether pathogenic Tau accumulated at this site ultimately is
released in the cytosol or the specific location where Tau accumulated along the acidic

degradative pathways are matter of future studies.

Turnover of cytosolic wild-type Tau, a long-lived protein, is mediated through the
ubiquitin proteasome system and different forms of autophagy®®. The age-dependent decline
in the activity of these pathways is considered as the main cause for the build-up of aberrant
protein forms; which in turns is possibly accelerated by the presence of protein aggregates®"
% Increased ELs number and aberrant ELs storage in neurons are hallmarks of
neurodegeneration“. Our data showed that Tauwsp-EVs-induced Tau accumulation

correlated with an ELs response characterized by morphological changes and the induction

of TFE3 nuclear translocation. This molecular signature is also observed in the post-mortem
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human brain affected by neurodegeneration®. Autophagy appears upregulated in early AD,
possibly as a response to protein accumulation, but then the autophagy flux - LC3, p62 and
ELs enlargement — becomes progressively impaired®®. Moreover, ELs markers are found
enriched in brain protein deposits®® ™. Considering the similarity with the observation made in
our cell system, the effects reported herein may represent an underestimation of what may

occur in non-dividing post-mitotic neurons.

Autophagy stimulation is generally considered as a viable solution to protect neurons
from harmful protein aggregates. However, delivering Tau to ELs for degradation may
contribute to the formation of fibrillogenic Tau fragments’®> and our data suggest that
autophagy inhibition, rather than stimulation, may result in an approach to slow-down
transcellular propagation of toxic Tau species. Since Tau is normally delivered to ELs"*"* (Fig
5, step 2), a possible mechanistic explanation for this hypothesis is supported by the finding
that EVs-Tauyep binds and causes an aberrant Tau conformation ultimately impairing its
degradation in ELs’® (Fig 5). Interestingly, it has been shown that within ELs AB-peptides’® or
a-synuclein”’ form aggregates and the acidic environment of ELs may favour fibril
formation®®!. Based on our single ELs analysis, the existence of discrete subpopulations of
ELs may be inferred each possibly specialized in the degradation of proteins with origin from
one or more of the three main routes: the secretory, the autophagic or the endocytic
pathways. The encounter of exogenous Tauygp seeds with cellular Tau demonstrated by the
split GFP approach may thus occur in an acidic organelle that may take care of disposing
extracellular and cytosolic proteins. Overall our data support the interplay of the endocytic

and autophagic pathways in progressive proteinopathies.
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Figure legends

Figure 1 — A cell paradigm to investigate EVs transport and internalization

A Scheme of co-culture assay for monitor transcellular transport of macromolecules
(DiO in green, DsRed in magenta).

B 2D scatter plots of single cell DsRed and DiO fluorescence by flow-cytofluorimetry for
the indicated cell populations (n ~5 x10® cells/condition).

C 1D plots of DiO-fluorescence intensity for single DsRed cells co-cultured with parental
cells (P cells) or DiO-labelled cells (DiO cells), the data are pooled from five flow-
cytofluorimetry analyses (n ~5 x10° cells/replicate). The histogram shows the DiO
fluorescence intensity determined for DsRed cells co-cultured as indicated (mean * s.e.m. of
six biological replicates with 48.6 x10% 57.1 x10° cells respectively). ***P<10™"°, unpaired
non-parametric Mann-Whitney test.

D Fluorescent confocal image of a DIO & DsRed co-culture (DiO in green, DsRed in
magenta), the image includes an orthogonal reconstruction of 14 focal z-planes
demonstrating internalized DiO-stained membranes in a DsRed cell. Scale bar: 10 ym.

E Size distribution of a representative EVs preparation determined by nanoparticle
tracking analysis. The size of the most represented EVs population is given (mode * s.d. of
three technical replicates, n = 1.1 x10%, 0.9 x10%, 0.9 x10° particles respectively).

F Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers
Alix and TSG101, or for potentially contaminating endosomes (EEA1) or mitochondria
(TOMM20). Molecular weight markers are given on the left.

G Scheme of the DID-EVs assay on acceptor DsRed cells (DIiD in green, DsRed in
magenta).

H DiD-fluorescence intensity in single DsRed cells incubated with the indicated amount
of DID-EVs for 2 h (mean * s.e.m. of three biological replicates with 8.6 x10°, 7.2 x10°, 8.0
x103, 7.9 x10° cells respectively) or with 1 x10° DIiD-EVs for the indicated times (mean =
s.e.m. of three biological replicates with 8.3 x10°, 11.0 x10°% 10.0 x10%, 9.1 x10° 9.2 x10°
cells respectively). ***P<10™ non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05.
I Fluorescent confocal image of DsRed cells incubated for 4 h with 1 x10° DiD-EVs
(DIiD in green, DsRed in magenta, N = nucleus). Scale bar: 10 ym (1 ym for the enlarged
inset).

J Fluorescent confocal image of C17.2 cells incubated for 16 h with 1 x10° DiD-EVs (in
green) and counterstained with 75 nM LysoTracker (in magenta); co-emission of the two
fluorophores results in a white colour and indicate localisation of EVs within acidic
organelles. Scale bar: 10 ym (1 um for the enlarged inset). Shown are also Pearson’s

correlation coefficient (PCC) and Manders’ overlapping coefficient (M1 & M2) for 33 images
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from a representative experiment: 1-99 percentiles (whiskers), 25-75 percentiles (box),
median (horizontal bar within the box). The majority of DID puncta localizes with the relative
minority of LysoTracker-organelles.

K Scheme of pHluorin fluorescence quenching by the acidic ELs environment upon
pHluorin-CD63-EVs internalization. Maximal pHluorin fluorescence at neutral pH is shown in
dark green and the pH<7 quenched emission in light green. Acidification of ELs occurs
though active proton (H") transport by the proton pump (V-ATPase) inhibited by bafilomycin
(baf).

L Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs-markers
Alix and TSG101, or with a GFP-antibody detecting pHluorin-CD63 that is highly EVs

enriched. Molecular weight markers are given on the left.

M 1D plots of single cell pHIuorin-fluorescence intensity by flow-cytofluorimetry for cells
incubated with 1 x10° pHluorin-CD63-EVs (pHluorin-EVs) for 16 h in the absence (in green)
or presence (in magenta) of 25 nM bafilomycin-Al co-supplemented for the last 4 h
(pHIuorin-EVs & baf;) or without EVs (vehicle, in black). The histogram shows GFP-
fluorescence intensity for the given treatments (mean + s.e.m. of three biological replicates
with 12.6 x10°% 9.5 x10°, 12.1 x10° cells respectively), ***P<10™, non-parametric Kruskal-
Wallis one-way ANOVA, alpha = 0.05.

Figure 2 —EVs transported Tauwgp induces cellular Taus; accumulation in ELs via
autophagy

A Size distribution of a representative Tauwgp-EVS preparation determined by
nanoparticle tracking analysis. The size of the most represented EVs population is given
(mode # s.d. of three technical replicates with 1.6 x10° 1.5 x10° 1.6 x10° particles
respectively).

B Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers
Alix and TSG101, or with a GFP-antibody detecting GFP-Tauygp. Molecular weight markers
are given on the left.

C 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for Tauga;
cells incubated with 1 x10° parental EVs (P-EVs, in black) or GFP- Tauygp-EVs (Tauwgp, in
green) for 24 h, data are pooled from three biological replicates (~4.6 x10° cells/replicate).
The histogram shows GFP-fluorescence intensity for the given treatments (mean + s.e.m. of
three biological replicates with 14.9 x10°, 15.9 x10° cells respectively), ***P<10™"°, unpaired
non-parametric Mann-Whitney test.

D Fluorescent image of Tauys; cells incubated for 24 h with 1 x10° Tauygp-EVs (Tauyay
in grey, N = nucleus). Scale bar: 10 ym. The histogram shows % of cells with a Tau-puncta

phenotype for the given treatments: vehicle (V), parental-EVs (P) or Tauwsp-EVS (Taumgp)
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(mean + s.d. of three biological replicates with 2.2 x10°, 4.0 x10°, 4.7 x10° cells respectively).
*P<0.0288, ordinary one-way ANOVA with Tukey post-hoc test, alpha = 0.05.

E Fluorescent confocal image of Tauua; cells incubated for 24 h with either 1 x10° P-EVs
(P) or 1 x10° Tauwsp-EVs (Tauwep) (Tauss in grey, N = nucleus). Scale bar: 10 ym. The
histograms show the number of Tau-puncta per cell (mean = s.d., n = 16, 21 cells
respectively), area of puncta and Tauss; puncta fluorescence (mean + s.e.m., n = 480, 1070
puncta respectively) for the given treatments. *P=0.0325, ****P<107"°, unpaired non-
parametric Mann-Whitney test.

F Fluorescent confocal image of cells expressing Taus; and GFP-CD63 (CD63)
incubated for 24 h with either vehicle (V), 1 x10° P-EVs (P) or 1 x10° Tauwgp-EVs (Tauwgp)
(Tauss; in magenta, CD63 in green, N = nucleus), co-emission of the two fluorophores results
in a white colour and indicate localisation of Tauss; within CD63 positive organelles. Scale
bar: 10 um. Shown is Pearson’s correlation coefficient (PCC) for 29, 31, 34 cells respectively
from three biological replicates: 1-99 percentiles (whiskers), 25-75 percentiles (box), median
(horizontal bar within the box). *P=0.0457, *P=0.0005, non-parametric Kruskal-Wallis one-
way ANOVA, alpha = 0.05.

G Fluorescent confocal image of a cell expressing Taus; and GFP-CD63 (CD63)
incubated for 24 h with 1 x10° Tauygp-EVs (Tauyep) (Tauss in magenta, CD63 in green, N =
nucleus), the image includes an orthogonal reconstruction of 6 focal z-planes and z-planes
series demonstrating a single enlarged Tau-puncta enclosed in CD63 positive membranes.
Scale bar: 10 ym (1 um for the enlarged inset). The scatter plot shows Taugs;- and CD63-
fluorescence from the dotted-line represented in z=6. Scale bar: 10 ym (1 um for the
enlarged inset).

H Fluorescent images of MEF cells expressing Taug; incubated for 24 h with 1 x10°
Taumep-EVSs (Tauy; in grey, N = nucleus). Scale bar: 10 ym. The histogram shows the % of
cells with a Tau-puncta phenotype for the given recipient cells: parental MEF (MEF) or
ATG7-KO MEF (KO) cells (mean * s.d. of four biological replicates with 1.0 x103, 1.5 x10°
cells respectively). *P=0.0026, two-tailed unpaired Student t-test.

I 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for Tauga;
MEF cells (MEF and KO) incubated with 1 x10° parental EVs (P-EVs, black) or 1 x10° GFP-
Tauwmep-EVs (Tauwsp, green) for 24 h, data are pooled from three biological replicates (58.9
x10%, 59.8 x10° 59.0 x10° 59.4 x10° cells respectively). The histogram shows GFP-
fluorescence intensity for the given treatments expressed as fold increase of the respective
P-EVs treatment (mean * s.e.m. of three biological replicates), "*P<0.05, ****P<10™°, two-

way Anova with Tukey post-hoc test, alpha = 0.05.

Figure 3 — EVs transported Tauysp binds to recipient’s cells Tauyy; in ELS
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A Fluorescent confocal image of a Tauss; cell (in magenta) incubated for 72 h with 6
x10° GFP-Tauwgp-EVs (in green), co-emission of the two fluorophores results in a white
colour and indicate localisation of GFP-Tauygp-EVs within Tau-puncta. Scale bar: 10 um (1
pum for the enlarged inset).

B Scheme of the bimolecular fluorescence reconstitution (biFC) based on GFP. The first
to tenth B-strands of GFP are fused to Tauygp and expressed in donor cells; the remaining
eleventh B-strand of the GFP is fused to Tauss; and expressed in recipient cells.

C 2D scatter plots of single cell Tauss; and biFC fluorescence by flow-cytofluorimetry for
cells incubated for 72 h with either 6 x10° P-EVs or 6 x10° GFP4.;o-Tauwsp-EVs (n = 1.2 x10°,
0.8 x10° cells respectively). The histograms show the % of Ti;-Tauss; cells with biFC-
fluorescence (mean + s.d. of three biological replicates, ****P=4 x107°, two-tailed unpaired
Student t-test) and biFC fluorescence intensity in Taugs; cells incubated with 6 x10° P-EVs
(P)or6 x10° GFP,_1o-Tauygp-EVs (Taumep) (Mean £ s.e.m. of three biological replicates with
1.2 x10°, 0.8 x10° cells respectively, ****P<10™"°, unpaired non-parametric Mann-Whitney
test).

D Fluorescent confocal image of T1;-Tauas cells (in magenta) incubated for 72 h with 6
x10° GFPy.o-Tauwsp-EVs (biFC in green) and stained for LysoTracker (in yellow), co-
emission of the three fluorophores results in a white colour and indicate localisation of biFC
within LysoTracker positive Tau-puncta. Scale bar: 10 um. The first histogram shows biFC-
fluorescence intensity inside and outside the LysoTracker mask (mean + s.e.m., n= 193 cells
from three biological replicates, **** P<10™*°, paired non-parametric Wilcoxon test). The violin
plot shows the distribution of biFC-fluorescence in LysoTracker positive ELs (n= 2.7 x10°
ELs), the green dotted-line represent the 1% outliers. The last three histograms show biFC-
fluorescence, Tauuss-fluorescence and area of LysoTracker positive ELs (mean £ s.m, n= 2.7

x10°® ELs, ****P<10*°, unpaired non-parametric Mann-Whitney test ).

Figure 4 - EVs-mediated Tauss; accumulation causes lysosomal stress and
cytotoxicity

A Fluorescent confocal image of a Tauss; cell incubated for 24 h with either vehicle (V),
1 x10° parental-EVs (P) 1 x10° Tauwsp-EVs (Tauwep) and stained for TFE3 (in grey, N =
nucleus). The histogram shows the % of cells with a nuclear TFE3 localization for the given
treatments (mean = s.d. of three biological replicates with >1.2 x10° cells/condition).
*P=0.0275, Ordinary one-way ANOVA with Tukey post-hoc test, alpha = 0.05.

B Fluorescent confocal image of Tauss; cells incubated for 24 h with either vehicle (V), 1
x10° P-EVs (P) or 1 x10° Tauygp-EVs (Tauwsp) and stained for LysoTracker (in grey, N =
nucleus). The histograms show, for the given treatments, LysoTracker-fluorescence

analysed by flow-cytofluorimetry (mean + s.e.m. of three biological replicates with ~2.7 x10°
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cells/condition, ****P<10™°, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05),
the number and size of LysoTracker positive ELs analysed by confocal (mean * s.e.m. of
three biological replicates with 55, 54, 38 cells respectively, *P=0.0135, **P=2 x10*
*+P<2 1 x10°, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05)

C Tauas; cells incubated for 24 h with either vehicle (V), 1 x10° P-EVs (P) or 1 x10°
Tauwmep-EVs (Tauwep), stained for Hoechst and visulaized by fluorescence microscopy. The
histograms show cell size, based on a Tauss mask, and nuclear size, based on a hoechst
mask, for the given treatments (mean + s.d. of three biological replicates with 11.9 x103, 13.6
x103, 15.9 x10® cells/condition from three biological replicates). **P=0.0082, ****P<10*° non-
parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05.

D Cells with or without Tauss; expression (£ induction) incubated for 24 h with either
vehicle (V), 1 x10° P-EVs (P) or 1 x10° Tauwesp-EVs (Tauwep). The histogram shows lactate
dehydrogenase activity for the given treatments (mean + s.d. of three biological replicates).
*++P<] 5x107, ordinary two-way ANOVA with Tukey post-hoc test, alpha = 0.05.

Figure 5 — ELs as intracellular organelles allowing disease initiation

Scheme of intracellular and extracellular delivery of cargo to ELs. 1) Extracellular vesicles
(EVs) transporting Tauygp are internalized by endocytosis in recipient cells, localize all along
the endocytic pathway and accumulate in ELs. 2) Tauas; is a substrate of autophagy and it is
delivered to ELs for degradation. 3) Extracellular Tauysp and intracellular Tauss; encounter,
interact and propagate pathological conformations in ELs. 4) Eventual release into the

cytosol as a consequence of excessive Tau accumulation.

Supplementary Figure 1 — DiD membranes are exchanged in co-cultures

A 1D plots of DiD-fluorescence intensity for single DsRed cells co-cultured with parental
cells (P) or DiD-labelled cells (DiD), the data are pooled from three flow-cytofluorimetry
analyses (n ~5 x10° cells/replicate). The histogram shows the DiD fluorescence intensity
determined for DsRed cells co-cultured as indicated (mean = s.e.m. of three biological
replicates with 35.2 x10°, 54.1 x10° cells respectively). ****P<10™"°, unpaired non-parametric
Mann-Whitney test.

B Quantification of Fig 1B. The histogram shows the % of DsRed cells with DiO-
fluorescence determined for DsRed cells co-cultured for 72 h with parental cells (P) or DiO-
cells (DiO) (mean * s.e.m. of six biological replicates with 48.4 x10° 56.5 x10° cells

respectively). ***P=2.2 x10®, unpaired non-parametric Mann-Whitney test.

Supplementary Figure 2 — Internalized DiD-EVs are localized in the endocytic pathway
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A Fluorescent confocal image of C17.2 cells transiently transfect with endocytic markers
fused to mCherry (in magenta) incubated for 24 h with 1 x10° DiD-EVs (in green), co-
emission of the two fluorophores results in a white colour and indicate localisation of DiD-
EVs within endocytic positive organelles. Scale bar: 10 um (1 ym for the enlarged inset).

B Fluorescent confocal image of a C17.2 cell incubated for 4 h with 11 x0° DiD-EVs and
10 uM of TRITC-dextran (DiD in green, dextran in magenta), co-emission of the two
fluorophores results in a white colour and indicate localisation of DiD-EVs in dextran positive
endocytic organelles. Scale bars: 10 um (1 um for the enlarged inset).

C 2D scatter plots of single cell DsRed and DiD fluorescence for three biological
replicates (n ~1.4 x10° cells/replicate) by flow-cytofluorimetry for DsRed cells incubated with
1 x10° EVs (DiD-EVs) for 2 h in the absence (magenta) or presence of 33 uM dynasore

(green) when compared to PBS control (vehicle, in grey).

Supplementary Figure 3 — CD63-EVs are internalized in lamp1-positive ELs

A 2D scatter plots of single cell DsRed and GFP fluorescence by flow-cytofluorimetry for
the indicated cell populations for three biological replicates (n > 800 cells/condition). The
histogram shows the GFP fluorescence intensity determined for DsRed cells co-cultured with
parental cells (P) or GFP-CD63 expressing cells (CD63) (mean + s.e.m. of four biological
replicates with 1.5 x10° 1.0 x10® cells respectively). ***P<10™*°, unpaired non-parametric
Mann-Whitney test.

B Fluorescent confocal image for GFP-CD63 & DsRed co-culture (GFP in green,
DsRed in magenta). The magnified image on the right includes an orthogonal reconstruction
of 5 z-planes demonstrating internalized GFP-CD63 in a DsRed cell. Scale bar: 10 ym.

C Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers
Alix and TSG101, or with a GFP-antibody detecting GFP-CD63 that is highly EVs enriched.
Molecular weight markers are given on the left.

D 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for parental
cells (P cells) incubated with 1 x10° parental EVs (P-EVs, in black) or GFP-CD63-EVs
(CD63, in green) for 24 h. The histogram shows GFP-fluorescence intensity for the given
treatments (mean * s.e.m. of three biological replicates with 24.6 x10° 24.4 x10° cells
respectively), ***P<10™°, unpaired non-parametric Mann-Whitney test.

E Fluorescent confocal image of a C17.2 cell transiently transfect with mCherry-LAMP1
(in magenta) incubated for 24 h with 1 x10° CD63-EVs (in green), co-emission of the two
fluorophores results in a white colour and indicate localisation of CD63-EVs within LAMP1

positive organelles. Scale bar: 10 ym (1 um for the enlarged inset).
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Supplementary Figure 4 — EVs transported Tauywgp protein is localized within the lumen
of EVs

A Scheme of the serial centrifugation procedure for enrichments of EVs from
conditioned media of donor cells. P100 represents the pellet fraction recovered after a
100’000 x g centrifugation and S100 the respective supernatant.

B Representative experiment showing EVs concentration analysed by nanoparticle
tracking analysis and protein concentration measured as absorbance at 280 nm in SEC
fractions. The P100 and S100 recovered from the conditioned media of ~50 x10° C17.2 cells
expressing GFP- Tauygp were applied to SEC columns separately. SEC fractions were
pooled each three starting from F7 to F24.

C Assay to study luminal localization of Tauygp transported through EVs. 10 x10° GFP-
Tauwep-EVs were treated with either vehicle, 0.1% triton or 0.1 pg/mL trypsin and
subsequently applied separately to a SEC column. After separation, fractions 7-to-15 (EVs-
enriched) and fractions 16-to-24 were pooled. Western blots of EVs lysates for GFP-antibody
detecting GFP-Tauwgp and for the luminal EVs marker protein ALIX. Molecular weight

markers are given on the left.

Supplementary Figure 5 — Tauys; puncta induced by EVs transported Tauywgp resemble
those induced by Tauygp fibrils and starvation

A Fluorescent confocal image of Taugs; cells (in grey, N = nucleus) incubated for 16 h
with 0.5 uM of Tauwgp fibrils. The image includes an orthogonal reconstruction of 14 focal z-
planes demonstrating intracellular formation of Tauss; puncta. Scale bar: 10 um.

B Taugs; cells treated with either vehicle (V), starved in HBSS (H) or starved in HBSS
and simultaneously treated with 25 nM bafilomycin A1 (H & B) for 4 h. Western blots of
Taugs cell lysates for the autophagy marker LC3 and for housekeeping protein ACTIN.
Molecular weight markers are given on the left. Fluorescent image of Tauas; cells incubated
for 4 h with HBSS (in grey, N = nucleus). Scale bar: 10 ym. The histogram shows % of cells
with a Tau-puncta phenotype for the given treatment (mean + s.d. of three biological
replicates with 1.6 x10° 1.3 x10° cells respectively). *P= 0.05, unpaired non-parametric
Mann-Whitney test.

C Fluorescent confocal image of cells expressing Taus4; and GFP-CD63 (CD63) (Tauya
in magenta, CD63 in green, N = nucleus) incubated for 4 h with either vehicle or starved in
HBSS, co-emission of the two fluorophores results in a white colour and indicate localisation

of Taugas; Within CD63 positive organelles. Scale bar: 10 um (1 uym for the enlarged inset).

Supplementary Figure 6 — EVs transported Tauwgp induce the appearance of

pathological Tau epitopes
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A Fluorescent confocal image of a Ty;-Taugg; cell (in magenta) incubated for 72 h with 6
x10° GFP-Tauwgp-EVs and stained either for MC1 or AT8 (in green), co-emission of the four
fluorophores results in a white colour and indicate localisation of MC1/AT8 within and Tauga;.

Scale bar: 10 um.

Supplementary Figure 7 — EVs protein cargo transported through EVs rarely reach the
cytosol of recipient cells

A Scheme of co-culture assay to monitor trans-cytosolic transport of proteins using Cre-
based recombination assay. Cre cells (in grey) co-cultured with DsRed cells (magenta) for 72
h results in recombined GFP cells (in green).

B Cre cells induced to express different amounts of Cre protein by tetracycline. Western
blots of cell lysates for the Cre and for the housekeeping protein GAPDH. Molecular weight
markers are given on the left. The histogram shows the % of DsRed cells with recombination
in 72 h co-culture with Cre cells for the given concentration of tetracycline (mean * s.d. of
three biological replicates with 21.3 x10°, 21.4 x10° 22.3 x10° cells respectively). Non-
parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05.

C Cre cells co-cultured with DsRed cells for 72 h at different Cre:DsRed ratios analysed
by flow-cytofluorimetry. The histogram shows the % of DsRed cells with recombination for
the given Cre (D):DsRed (R) ratio (mean * s.d. of three biological replicates with 23.1 x10°,
9.5 x10° 22.8 x10° 21.8 x10° cells respectively). *P= 6.7 x10% non-parametric Kruskal-
Wallis one-way ANOVA, alpha = 0.05.

D WB analysis of donor cell lysates (CL) and isolated EVs fraction (EVs) for the
indicated protein markers (Cre and TSG101). Cre protein expression were induced with the
indicated concentrations of tetracycline or by transient transfection. Molecular weight
markers are shown on the left of each panel.

E Confocal image showing a recipient DsRed cell (in magenta) that underwent to
recombination (in green) when incubated for 72 h with 1 x10° Cre-EVs. Scale bar: 10 um.

F DsRed cell incubated with 1-to-1 mixture of 1 x10° Cre-EVs with 1 x10° parental-EVs

(P) or 1 x10° Cre-EVs with 1 x10° Tauygp-EVs for 72 h analysed by flow-cytofluorimetry. The
histogram shows the % of DsRed cells with recombination for the given treatment (mean *
s.d. of four biological replicates with 26.3 x10°, 28.7 x10°, 28.3 x102 cells respectively). **P=
4.7 x10°, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05.

Supplementary Figure 8 — Inducible Taugs; expression

Fluorescent image of Tauss; inducible cells (in grey) incubated for 24 h with vehicle or 60

ng/mL of tetracycline and nuclei stained with Hoechst (in blue). Scale bar: 10 ym.
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