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that have exosomal morphology was PrPC. STI1 partially 
co-localized with Rab5 and Rab7 in endosomal com-
partments, and a dominant-negative for vacuolar protein  
sorting 4A (VPS4A), required for formation of multivesic-
ular bodies (MVBs), impaired EV and STI1 release. Flow 
cytometry and PK digestion demonstrated that STI1 local-
ized to the outer leaflet of EVs, and its association with 
EVs greatly increased STI1 activity upon PrPC-dependent 
neuronal signaling. These results indicate that astrocytes 
secrete a diverse population of EVs derived from MVBs 
that contain STI1 and suggest that the interaction between 
EVs and neuronal surface components enhances STI1–
PrPC signaling.

Keywords  Exosomes · Chaperones · Prion protein · 
STI1 · Extracellular vesicles

Abstract  The co-chaperone stress-inducible protein 1 
(STI1) is released by astrocytes, and has important neu-
rotrophic properties upon binding to prion protein (PrPC). 
However, STI1 lacks a signal peptide and pharmacologi-
cal approaches pointed that it does not follow a classical 
secretion mechanism. Ultracentrifugation, size exclusion 
chromatography, electron microscopy, vesicle labeling, 
and particle tracking analysis were used to identify three 
major types of extracellular vesicles (EVs) released from 
astrocytes with sizes ranging from 20–50, 100–200, and 
300–400  nm. These EVs carry STI1 and present many 
exosomal markers, even though only a subpopulation 
had the typical exosomal morphology. The only protein, 
from those evaluated here, present exclusively in vesicles 
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Introduction

The co-chaperone stress-inducible protein 1 (STI1) was 
first described as a stress response protein, the expression 
of which increased after heat-shock, similar to classical 
heat shock proteins (Hsps) [1, 2]. STI1 binds to Hsp70 
and Hsp90 in a complex responsible for the correct fold-
ing of client proteins [3, 4]. Elimination of STI1 does not 
affect growth in yeast, although STI1 mutants synergize 
with the effects of Hsp90 mutants to affect growth [5]. In  
Caenorhabditis elegans, lack of STI1 is not lethal, although 
it decreases life span and increases sensitivity to heat stress 
[6]. In mice, STI1 is expressed early in the embryo [7] indi-
cating its key and non-redundant role in mammals.

In contrast to its classical intracellular localization, STI1 
and its human homologue HOP (Hsp70/Hsp90 Organizing 
Protein) were found in the conditioned medium (CM) of sev-
eral cell types [8–11]. Previous work from our group char-
acterized the glycosylphosphatidylinositol (GPI)-anchored 
prion protein (PrPC) as a membrane receptor for STI1 [12–
14]. Upon binding, STI1 triggers PrPC-dependent survival 
and differentiation in both neuronal cells [15–17] and astro-
cytes [18], and increases the proliferation of glioblastoma 
cells [10]. Secreted STI1 has also been described as a ligand 
for activin A receptor type II-like kinase 2 (ALK2), which 
induces SMAD-dependent proliferation of ovarian cancer 
cells [19].

Similar to STI1, Hsp70, Hsp60, and Hsp90 lack a con-
sensus secretory signal peptide, but are also secreted [20, 
21]. The secretion of Hsp70 and Hsp90 is reportedly  
mediated by exosomes [20, 22, 23], which are intraluminal  
vesicles formed in endocytic compartments known as mul-
tivesicular bodies (MVBs) [24–26]. However, the secretion 
of these proteins may also occur by a non-exosomal, lipid-
raft-dependent mechanism [21].

Intercellular communication through small vesicles has 
recently been validated in several systems [27], but their 
functions are not fully understood. Extracellular vesicles 
(EVs) are found in physiologic conditions, and function 
both in signaling and in the transfer of membrane and/
or cargo molecules. It is generally believed that EVs may 
include microparticles shed from the cell membrane, as 
well as exosomes [24–26]. Notwithstanding, there is little 
agreement regarding the characterization of these vesicles. 
The use of distinct protocols of isolation, together with the 
heterogeneity of these vesicles in size, and in phospholipid 
and protein composition [28–31] contribute to the lack of 
consensus in the area. In fact, such divergence is reflected 
in the multiple designations that appear in the literature: 
microparticles, microvesicles, exosomes, enlargeosomes, 
ectosomes, iccosomes, prostasomes, or prominosomes 
[32, 33]. Proteins such as chaperones, tetraspanins, adhe-
sion molecules, Rabs, cytoskeletal components, metabolic 

enzymes, and PrPC are well-accepted markers for exosomes 
[25, 26, 34–36]; however, a consensus profile of markers for 
the different types of vesicles is still lacking.

The presence of Hsps in the extracellular space has been 
associated with neuroprotection, immunity, and cancer [37–
40]. Thus, a deeper understanding, as well as the develop-
ment of novel therapeutic approaches to various diseases, 
would greatly benefit from a thorough understanding of the 
mechanisms associated with the release of Hsps.

In this work, we examined the release of STI1 by astro-
cytes, and explored the properties of EVs secreted by this 
cell type. We found that astrocytes release STI1 among a 
heterogeneous population of multivesicular body-derived 
EVs, which contain classical exosome markers, and lead 
to the activation of PrPC-dependent neuronal signaling 
pathways.

Materials and methods

Reagents

All culture media components, Lipofectamine, and brefel-
din A (BFA) were purchased from Invitrogen-Life Tech-
nologies (Carlsbad, CA, USA). His6–STI1, His6–PrPC, and 
GFP–STI1 vectors were constructed, and recombinant pro-
teins were expressed and purified as previously described 
[12]. Vps4A–GFP and Vps4A E228Q–GFP constructs were 
a gift from Wes Sundquist (University of Utah School of 
Medicine). Polyclonal anti-STI1 antibodies raised in rabbit 
were produced by Bethyl Laboratories [12]. A polyclonal 
antibody against recombinant mouse PrPC was produced in 
PrPC-null (Prnp0/0) mice [41]. A rabbit polyclonal Hsp70 
antibody was purchased from Chemicon International 
(Temecula, CA, USA). A mouse monoclonal ApoE anti-
body, rat monoclonal LAMP1 antibody, mouse monoclonal 
Hsp90 antibody, and goat anti-GFP–HRP were obtained 
from Abcam (Cambridge, MA, USA). Mouse monoclonal 
anti-βII-microglobulin was from BD Biosciences. Mouse 
anti-human transferrin receptor (TfR) was purchased from 
Zymed Laboratories (Santiago, Chile). Mouse monoclonal 
anti-GAPDH was from AMBION/Life Technologies (Carls-
bad, CA, USA). Mouse monoclonal anti-Vsp4/SKD1 was 
from Millipore (Billerica, MA, USA), and anti-rabbit Alexa 
488 or anti-mouse Alexa 633 were purchased from Invitro-
gen (Carlsbad, CA, USA). Anti-phospho-ERK1/2 and anti-
total ERK1/2 antibodies were from Cell Signaling (Danvers, 
MA, USA). Polyvinyl alcohol (PVA/MW 25,000, 88 mol% 
hydrolyzed was from Polysciences (Warrington, PA, USA). 
Poli-l-lysine, 5,5′-dithiobis (2-nitrobenzoic acid), acetylthi-
ocholine, dibutyryl-cAMP, [9,10-3H] myristic acid, and 
monensin were purchased from Sigma-Aldrich (Saint 
Louis, MO, USA). The 96-well MICROLON 600 high 
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binding plates were by Greiner Bio One (Frickenhausen, 
Germany). Superose 12 prep grade was from GE Health-
care (Amersham, UK) and the Amicon concentrator was 
from Millipore (Billerica, MA, USA). PVA was purchased 
from PolySciences (Warrington, PA, USA) and aldehyde-
sulphate latex beads surfactant free, white, 4 μm were from 
Invitrogen (Carlsbad, CA, USA). [9,10-3H] myristic acid 
was purchased from PerkinElmer (Waltham, MA, USA).

Animals

All experiments followed the guidelines of the National 
Institutes of Health (The Principles of Laboratory Animal 
Care 8th edition, 2011 http://www8.nationalacademies.or
g/onpinews/newsitem.aspx?RecordID=12910), and were 
approved by the local Animal Care and Use Committees at 
the A.C. Camargo Hospital and at the University of Western 
Ontario. ZrchI Prnp0/0 mice were provided by Dr. C. Weiss-
mann (Scripps Florida, Jupiter, FL) [42], and the wild-type 
control mice (ZrchI Prnp+/+) were generated by crossing F1 
descendants from 129/SV to C57BL/6J mating.

Plasmids

The pEGFP–C1 was purchased from Clontech (Mountain 
View, CA, USA), and the constructs GFP–STI1 [43], YFP–
STI1 [43], mCherry–Rab7, mCherry–Rab5, GFP–VPS4, or 
GFP–VPS4 DN were previously described [44].

Primary hippocampal neuronal cultures

Primary hippocampal cultures were prepared as previously 
described. Briefly, the hippocampal structure was dissected 
in HBSS and treated with trypsin (0.06  %) in HBSS for 
20 min at 37 °C. The protease was inactivated with 10 % 
fetal calf serum (FCS) in Neurobasal medium for 5  min. 
After three washes with HBSS, cells were mechanically 
dissociated in Neurobasal medium containing B-27 sup-
plement, glutamine (2  mM), and penicillin/streptomycin 
(100  μg/ml). Cells (106) were plated onto 35-mm plates 
coated with 5 μg/ml poly-l-lysine.

Cultures of primary cortical astrocytes and SN56 cells

Astrocyte primary cultures were prepared as previously 
described [9, 16] from the cerebral hemispheres of embry-
onic day 17 (E17) wild-type and PrPC-null mice. Briefly, 
single cell suspensions were obtained by dissociating cer-
ebral hemispheres in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with glucose (33 mM), glutamine, 
penicillin/streptomycin, and sodium bicarbonate (3  mM). 
Cells were plated on pre-coated poly-l-lysine plates, and 
grown in DMEM enriched with 10 % FCS centrifuged for 

16 h at 100,000 × g to remove endogenous vesicles. The 
medium was changed every 2  days. SN56 is a cell line 
derived from mouse septum neurons and was cultured as 
previously described [45, 46].

Transfection and imaging

For transfection experiments, confluent astrocytes were 
treated with 10 μl of Lipofectamine (1 mg/ml solution) and 
5 μg DNA (pEGFP–C1, GFP–STI1, YFP–STI1, mCherry–
Rab7, mCherry–Rab5, GFP–VPS4, or GFP–VPS4 DN) in 
Optimem. After 4 h, the medium was changed to DMEM 
enriched with 10 % FCS, and cells were further incubated 
for 48  h. Live cells were imaged on a Leica SP5 confo-
cal microscope (for YFP–STI1 and GFP–VPS4 or GFP–
VPS4 DN) or on a Leica TIRF microscope (for GFP–STI1, 
mCherry–Rab7, and mCherry–Rab5).

For ground-state depletion and individual molecule 
return (GSDIM), astrocyte primary cultures were plated 
on coverslips and at 70–80  % of confluence were fixed 
in a solution of 4 % paraformaldehyde/PBS for 20 min at 
room temperature. Cells were rinsed three times in PBS 
and unspecific binding sites were blocked for 1 h at room 
temperature with 2  % BSA and 2  % FBS in PBS 0.1  % 
Triton X-100. The cells were incubated overnight with anti-
STI1 (1:200) [12] and anti-VPS4 (1:250) antibodies. Cells 
were washed five times with PBS and incubated for 1  h 
with anti-rabbit conjugated with Alexa 488 or anti-mouse 
conjugated with Alexa 633. Coverslips were coated with 
50 μl of a solution of 1 % PVA pH 7.4 (polyvinyl alco-
hol/MW 25,000, 88  mol%), using a spincoater for 30  s 
at 3,000  rpm. The samples were mounted on depression 
slides, and GSDIM [16, 47] images were acquired using a 
Leica SR GSD system. Briefly, the images were acquired 
with a HCX PL APO 100x/1.47 Oil CORR objective. The 
fluorophores were pumped into a dark state using 75  % 
excitation laser power, and the molecules returning from 
the dark state were imaged using 30 % excitation laser and 
10-ms exposures with an Andor iXon X3 897 back-illumi-
nated EMCCD camera. The localization and construction 
of the final GSDIM super-resolution image was completed 
using a localization algorithm available within a GSD soft-
ware module in the Leica Application Suite for Advanced 
Fluorescence (LAS AF).

Preparation and fractionation of astrocyte-conditioned 
media (CM)

Conditioned medium was prepared as previously described 
[9]. Briefly, confluent astrocytes grown in 100-mm culture 
dishes were washed three times with phosphate-buffered 
saline (PBS) and were covered with serum-free medium 
for 48 h. The CM was collected on ice and pre-cleared by 

http://www8.nationalacademies.org/onpinews/newsitem.aspx?RecordID=12910
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centrifugation (300 × g for 10 min, 2,000 × g for 10 min, 
and 10,000 × g for 30 min) followed by filtering through 
gravity (0.22  μm pore size). Fractionation was done by 
sequential ultracentrifugation at 100,000 × g for 1 h, 2 h, 
and 16 h, in a SW40Ti rotor (Beckman-Coulter, Brea, CA, 
USA). The pellet from each ultracentrifugation was re-sus-
pended in 100 μl of PBS. The final supernatant was concen-
trated 100-fold in an Amicon concentrator (Fig. 1a).

For isopycnic density centrifugation, pre-cleared CM 
was subjected to a 2-h centrifugation of 100,000  ×  g to 
deplete exosomes. To the remaining supernatant, 0.33  
g/ml KBr was added followed by 48-h ultracentrifugation 
at 285,000 × g at 10 °C in a SW40Ti rotor. Twelve frac-
tions were collected, and proteins from these fractions were 
TCA-precipitated and resolved via 10 % SDS-PAGE [9, 48].  
For density determination, a standard curve was pre-
pared using conductivity data and weight measures of six  
different concentrations of KBr in DMEM. Conductivity 
data from samples was then acquired continuously through  

the gradients and density values were obtained by reference 
to the standard curve [49].

For gel filtration chromatography, pre-cleared CM was 
concentrated tenfold in an Amicon concentrator. One mil-
liliter of concentrated CM was fractionated by gel filtration 
using a 50-cm column packed with Superose 12 prep grade 
with 3,000-kDa exclusion (GE). Twenty-five fractions of 
3.5 ml each were collected and analyzed.

For perturbations in intracellular protein trafficking, 
confluent astrocytes were pre-incubated with BFA (mg/ml) 
or monensin (5 μM) for 1 h, after which the medium was 
changed to serum-free medium containing the drugs. After 
48 h, CM was subjected to fractionation.

Lipid analysis

For lipid disturbance, saponin (0.32 %), SDS (1 %), Triton 
X-100 (0.5 %) plus NP40 (0.5 %) or NaCl (800 mM) were 
added to the CM with gentle vortexing. The samples were 

Fig. 1   STI1 is found in both soluble and sedimented fractions after 
sequential ultracentrifugation of astrocyte CM, and is released by 
non-classical secretion. a Astrocyte CM was cleared of cell debris by 
centrifugation and concentrated 100×, or sequentially ultracentrifu-
gated for 1, 2, and 16 h. After each round of centrifugation, the pellet 
and supernatant were separated, and the supernatant was taken to the 
next step of centrifugation. The final supernatant was concentrated 
100×. b CM was sequentially ultracentrifugated for 1, 2, and 16 h, 
and the fractions were separated by SDS-PAGE followed by immu-
noblots for transferrin receptor (TfR), Hsp90, Hsp70, STI1, GAPDH, 

LAMP, flotillin, Tsg101, VPS36, and PrPc. For lysosomal-associated 
membrane protein 1 (LAMP) and GAPDH, additional cell extracts 
were used as a positive control. c Astrocyte medium conditioned for 
12, 24, or 48 h was ultracentrifuged and the fractions (1, 2, or 16 h 
pellets and supernatants) were separated by SDS-PAGE followed by 
immunoblotting for STI1. d Astrocyte cultures were treated with bre-
feldin A (BFA, 1 μg/ml) and monensin (Mn, 5 μM). The CM was 
ultracentrifuged for 2  h, and the fractions (pellet and super) were 
separated by SDS-PAGE, followed by immunoblot for STI1 and  
β2-microglobulin
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then incubated on ice for 30 min before they were fraction-
ated. For lipid formation, 60  % confluent astrocytes were 
labeled with 1 μCi/ml [9,10-3H] myristic acid. After 72 h, 
the cells were washed three times with PBS and covered 
with serum-free medium for 48 h. CM was fractionated by 
gel filtration chromatography. Lipids were extracted from 
the fractions by chloroform–methanol (1:1), dried, resus-
pended in 100 μl chloroform, and transferred to scintillation 
vials for measurement of [3H] incorporation.

ERK phosphorylation

Phosphorylation assays were done using the PhosphoPlus 
p44–42 MAPK (Thr202/Tyr204) antibody kit as previously 
described. Briefly, primary hippocampal cell cultures (106 
cells) from either Prnp+/+ or Prnp0/0 mice were plated on 
dishes pretreated with poly-l-lysine. The cells were stimu-
lated with 100-fold concentrated CM, CM fractions from 
ultracentrifugation, or CM fractions from gel filtration. In 
some experiments, 50 μl of CM were pre-incubated with 
either anti-STI1 antibody (3 μg/ml) or with a peptide that 
mimics the binding site for STI1 (p10, 6  μg/ml—PrPC 
peptide amino acids 113-GAAAAGAVVGGLGGYM-
LGSA-128, NeoMPS France) for 30  min before stimula-
tion. Thirty seconds to 10  min after stimulation, the cells 
were rinsed once with ice-cold PBS and lysed in Laemmli 
buffer. For ERK1/2 phosphorylation assays, cell extracts 
were subjected to SDS-PAGE followed by immunoblotting 
with anti-phospho-ERK1/2 and anti-total ERK1/2 antibod-
ies. After washing, membranes were incubated with per-
oxidase conjugated anti-rabbit or anti-mouse IgGs. Reac-
tions were developed using ECL (GE). The bands obtained 
after X-ray film exposure to the membranes were analyzed 
by densitometric scanning and quantified using the Scion 
(Frederick, MD, USA) Image software. Values represent 
the ratio between phospho-ERK (p42 plus p44) and total 
ERK (p42 plus p44) for each sample. Values obtained from 
untreated cultured neurons from Prnp+/+ or Prnp0/0 mice 
were set at 1.0, and the other values were relative to it.

Immunoblot analyses

Proteins were subjected to SDS-PAGE and transferred to 
nitrocellulose membranes. Western blotting was conducted 
using rabbit anti-STI1 (1:5,000), mouse anti-PrPc (1:1,000), 
mouse anti-LAMP1 (1:1,000), mouse anti-GAPDH 
(1:1,000), mouse anti-Hsp90 (1:1,000), mouse anti-βII 
microglobulin (1:500), mouse anti-ApoE (1:1,000), mouse 
anti-TfR (1:500), rabbit anti-GFP, and rabbit anti-Hsp70 
(1:200) antibodies. After washing, membranes were incu-
bated with peroxidase conjugated anti-rabbit or anti-mouse 
IgGs. Reactions were developed using ECL (GE Life Sci-
ences, Uppsala, Sweden), and membranes were exposed to 

X-ray film. The appropriate rabbit or mouse pre-immune 
sera were used as negative controls.

Release of GFP–STI1

A 100-mm confluent plate of astrocytes was transfected 
with 40 μl Lipofectamine and 20 μg DNA (GFP of GFP–
STI1) in Optimem for 4 h. Cells were washed, incubated for 
24 h, and serum starved for 48 h to produce CM. Cleared 
CM was fractionated by ultracentrifugation for 2 h. The pel-
lets were resuspended in 50 μl PBS and the supernatant was 
concentrated. Pellets and supernatants were added to pri-
mary cultured neurons or SN-56 cells, and live cells were 
imaged after 30 min in a Leica SP5 confocal microscope. 
Alternatively, pellets and supernatants were immunoblotted 
for GFP or STI1.

ELISA

A 96-well plate was coated overnight at 4 °C with 50 μl 
of concentrated conditioned media or fraction. Afterwards, 
the wells were washed three times with wash buffer (0.3 % 
Triton X-100 in PBS). Each well was filled with 100 μl 
blocking buffer (5 % milk in PBS) and the plate was incu-
bated for 2 h at 37 °C. After washing, 50 μl anti-STI1 [12] 
in PBS was added to the wells at a final dilution of 1:300. 
After incubation for 2 h at 37 °C, the solution was removed, 
the wells were washed, and 50 μl of anti-rabbit-HRP con-
jugated in PBS was added to the wells to a final dilution of 
1:2,000. After incubation for 1 h at 37 °C, the wells were 
washed, and 50 μl of an orthophenylenediamine solution 
(0.33  mg/ml in 0.5  M citrate buffer, pH 5.2, and 0.4  % 
hydrogen peroxide) were added to each well. After 5 min 
at room temperature, protected from light, the enzymatic 
reaction was stopped by the addition of 50 μl of 4 M sul-
furic acid. The absorbance (490 nm) was measured using a 
Bio-Rad microplate reader.

Silver staining

Fractionated CM was subjected to SDS-PAGE and the gel 
was silver stained. Briefly, gel was fixed in 50  % metha-
nol and stained with 0.8  % AgNO3, 1.4  % NH4OH, and 
0.0756 % NaOH. Color was developed with 0.005 % citric 
acid and 0.05 % formaldehyde, and the reaction was blocked 
by the addition of 45 % methanol and 10 % acetic acid.

Electron microscopy

Isolated extracellular vesicles

Fractions from ultracentrifugation or gel filtration chro-
matography were deposited onto Formvar-carbon-coated 
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electron microscopy grids, fixed with a mixture of 2 % para-
formaldehyde and 0.125 % of glutaraldehyde, and single or 
double immunogold-labeled with primary antibodies fol-
lowed by addition of protein A-gold (PAG). Samples were 
contrasted end embedded in a mixture of methylcellulose 
and uranyl acetate, and observed under a Zeiss EM 900 
transmission electron microscope.

Ultrathin sections

Astrocytes obtained from primary cultures were fixed in 
2.5 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) 
for 2  h at room temperature, post-fixed in 1  % osmium 
tetroxide +0.8 % potassium ferricyanide +5 mM calcium 
chloride in 0.1 M cacodylate buffer (pH 7.2) on ice for 1 h, 
and blockstained (fixed) in 1 % uranyl acetate in maleate 
buffer at 4 °C for 1 h. After dehydration in a graded series in 
ethanol at 4 °C, samples were infiltrated with ethanol/epon 
mixtures and polymerized in pure epon at 60 °C for 48 h. 
Ultrathin sections were stained with uranyl acetate and lead 
citrate, and observed in a Zeiss EM 900 transmission elec-
tron microscope.

Flow cytometry

Conditioned medium from astrocytes was ultracentrifuged 
for 2 h, and the derived pellet was incubated with aldehyde-
sulphate latex beads (surfactant free, white, 4 μm) over-
night at 4  °C with gentle agitation in PBS. To block the 
remaining active sites, the beads were incubated for 30 min 
with 100 mM glycine. After two washes with 3 % BSA in 
PBS, vesicle-bead complexes were stained with antibodies 
against STI1, PrPC, Hsp90, and flotillin followed by anti-
mouse or anti-rabbit IgG labeled with Alexa488. Specific 
staining was compared to isotype-matched antibodies by 
flow cytometry. Samples were analyzed on a FACSCalibur 
flow cytometer.

Microvesicle analysis and quantification

Conditioned medium was fractioned by sequential ultracen-
trifugation or gel filtration chromatography, and the number 
of particles and particle size was counted by a nanoparti-
cle tracking analysis device (Nanosight LM20, coupled to 
a CCD camera and a laser emitting a 60-mW beam at 405-
nm wavelength). The acquisitions were performed for 60 s 
using the following parameters: shutter of 604, gain of 100, 
and threshold of 10.

PK digestion

Extracellular vesicles isolated from CM after 16 h of cen-
trifugation were resuspended in 100 μl of PBS or PBS plus 

0.5 % Triton X-100 and incubated with 400 ng of PK for 
10 min at 37 °C. Reaction was stopped with the addition of 
Laemmli buffer and samples were subjected to Western blot 
using antibodies against STI1.

Statistical analyses

Experiments were replicated at least three times. Statistical 
analyses were done by ANOVA followed by Tukey’s post 
hoc test.

Results

STI1 is found in both soluble and insoluble fractions from 
CM and its release is independent of the Golgi apparatus or 
secretory lysosomes

Stress-inducible protein 1 is known to be released by astro-
cytes [9], even though it does not have a signal peptide. We 
thus explored the possibility of an unconventional STI1 
release through EVs. Given that the protocols to isolate EVs 
are quite variable in the literature, we chose to use distinct 
ultracentrifugation times to isolate CM fractions (Fig. 1a). 
Upon sequential ultracentrifugation of CM (100,000 × g), 
STI1 was found in the pellets obtained at 1, 2, and 16 h of 
centrifugation, and also in the final supernatant (Fig.  1b). 
STI1 was detected in the culture medium as early as 12 h 
after conditioning, and accumulated over time, suggesting 
that this co-chaperone is constitutively released from astro-
cytes in the conditions used here, and is stable in the CM 
(Fig. 1c). Quantification of STI1 release by ELISA indicates 
that after 48 h, STI1 concentration in the CM from 3 × 105 
cells is 85.4 ± 13.9 pM.

Transferrin receptor, Hsp90, Hsp70, flotillin, Tsg101, 
VPS36, and PrPC, which are found in exosomes released 
by several cell types [25], were present in all CM pellets  
(1, 2, and 16 h), but were absent in the supernatant (Fig. 1b). 
GAPDH was not detected in any fraction, indicating that 
STI1 release was not the result of membrane leakage caused 
by cell death. LAMP-1, a constituent of lysosomes that can 
be released through an unconventional pathway mediated by 
secretory lysosomes [50–52] was also absent from the CM 
fractions, indicating that in our experimental conditions, 
there was no contribution of this pathway to the final protein 
profile of the CM (Fig. 1b). To further test for the involve-
ment of the classical secretory pathway in STI1 release, 
astrocytes were pre-treated with BFA or monensin (Mn), 
and CM was fractionated by ultracentrifugation. Treatment 
with either BFA or Mn had no effect on the release of STI1, 
whereas both drugs abolished the release of β-II microglobu-
lin, a component of the MHC complex secreted by Golgi 
(Fig. 1d).
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These results indicate that STI1 is released into compart-
ments that can be differentially sedimented by ultracentrifu-
gation (1, 2, and 16 h). The release of both non-sedimented 
and sedimented forms of STI1 is independent of both Golgi-
mediated classical secretion and non-classical pathways 
mediated by secretory lysosomes.

Released STI1 is associated with lipids

The presence of astrocyte-derived STI1 in structures that 
can be sedimented by 100,000 × g centrifugation raises the 
possibility of its incorporation into either protein aggre-
gates or membranous vesicles. To discriminate between 
these two possibilities, CM was treated with high salt or 
detergents and fractionated by sequential ultracentrifuga-
tion. Treatment with detergent (Triton X-100 plus NP40, 
SDS or saponin) shifted STI1 as well as PrPC from the pel-
let (100,000 × g for 1, 2, and 16 h) (Fig. 2a) to the super-
natant (Fig.  2b). In contrast, high-salt treatments (NaCl 
800 mM) did not alter the pattern of STI1 or PrPC associa-
tion to the pelleted fraction (Fig. 2a, b). These results sug-
gest that released, sedimentable STI1 might be associated 
with lipids. Recombinant His-tagged STI1 added either to 
the CM or to DMEM remained in the supernatant following 
ultracentrifugation, thus ruling out artifactual pelleting of 
released STI1 (Fig. 2c).

STI1 is released by astrocytes in three types of lipid 
vesicles

To further identify the vesicles or particles containing 
released STI1, a gel filtration chromatography assay was 
developed and used to separate the CM in 25 fractions 
according to molecular mass. These fractions were immu-
noblotted for STI1 and PrPC (Fig.  3a). STI1 was mainly 
found in fractions 1–2, 5–6, 11–12, 16–17, which may rep-
resent four types of vesicles of distinct sizes (Fig. 3a). In 
this chromatography, recombinant STI1 and other proteins 
of 60 kDa were found in fractions 16–17 (data not shown), 
indicating that endogenous STI1 in fractions 16–17 corre-
sponded to the soluble STI1 that remained in the superna-
tant after ultracentrifugation (see Fig. 1). Serum withdrawal 
did not affect the amount or distribution of STI1 secretion 
(Supplementary Fig.  1). PrPC was found in fractions 5–6 
(Fig. 3a), whereas recombinant PrPC segregated into frac-
tions 21–22 (data not shown), suggesting that endogenous 
PrPC in the astrocyte-derived CM was associated with other 
proteins or vesicular structures. To confirm the presence of 
lipids associated with STI1 and PrPC, the CM was treated 
with SDS prior to gel filtration chromatography. In deter-
gent-treated CM, STI1 shifted to fractions 16–20, and PrPC 
to fraction 21, suggesting that lipids are required for the dif-
ferential distribution of these proteins in the chromatogra-
phy (Fig. 3b). The relative levels of STI1 and PrPC in each 
fraction before and after detergent treatment show the shift 
of STI1 from fractions 1–2, 5–6 and 11–12 to fractions 16–
22 and PrPC from fraction 5–6 to fractions 21–22 (Fig. 3c).

We confirmed the presence of lipids in each fraction by 
labeling astrocytes with [3H]-myristic acid, a lipidic precur-
sor. In agreement with the results in Fig. 3a, [3H] labeling in 
fractions 2, 5–6, and 11–12 closely corresponded with the 
fractions that contained sedimentable STI1 (Fig. 3d).

Chromatography fractions were also evaluated by nano-
particle tracking and two peaks containing 1.4 × 108 parti-
cles/ml were found in fractions 1–2 and 5–6. A third peak 
containing 0.6  ×  108 particles/ml was found in fractions 
11–12 (Fig. 3e). Pellets from ultracentrifugation were also 
evaluated by particle tracking in respect to number (Fig. 3f) 
and size distribution and compared with chromatography 
fractions (Fig. 3g). Particles from 1 h of centrifugation and 
chromatography fractions 1–2 had a similar average size of 
300 nm. Particles from 2 h of centrifugation and chromatog-
raphy fractions 5–6 had an average size of 137 and 195 nm, 
respectively. Particles from 16  h of centrifugation had an 
average size of 143  nm, while chromatography fractions 
11–12 presented an average size of 64 nm. Thus, both tech-
niques seem to segregate vesicles of three different sizes, 
although separation by chromatography showed a smaller 
standard deviation, consistent with better separation using 
this method. Additionally, our experiment demonstrates that 

Fig. 2   STI1 in ultracentrifugation pellets is associated with lipids. 
CM from astrocytes was treated with distinct detergents (triton 
0.5 % + NP40 0.5 %; SDS 1 %; or saponin 0.32 %) and high salt 
(800  mM NaCl) for 30  min. After treatment, the CM was ultracen-
trifuged for 1, 2, and 16 h and the pellets (a) or supernatant (b) were 
separated by SDS-PAGE, followed by immunoblotting against STI1 
and PrPC. c 200 ng of recombinant His6–STI1 was added to DMEM 
or to conditioned medium incubated for 30  min, followed by 2  h 
ultracentrifugation. SDS-PAGE and immunoblot for His6 was done 
for the pellets and supernatants
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Fig. 3   STI1 and PrPC are 
present in lipid compartments. 
a–c CM from astrocytes was 
untreated (a) or treated with 
SDS (b) followed by gel filtra-
tion chromatography (Superose 
12 prep grade, GE Healthcare) 
and collection of 25 fractions. 
The proteins were precipitated 
with TCA and separated by 
SDS-PAGE, followed by immu-
noblotting with antibodies for 
STI1 and PrPC and c quantified 
by densitometry. d Semi-
confluent astrocyte cultures 
were labeled with [9,10-3H] 
myristic acid. After 3 days, the 
cells were washed with PBS 
and the medium was condi-
tioned for 48 h. The CM was 
run through gel filtration, lipids 
were extracted with methanol-
chloroform, and the fractions 
were counted using liquid scin-
tillography. The graph compares 
the contents of STI1 (absolute 
values) and lipids (cpm). e The 
number of vesicles in fractions 
1–2, 5–6, and 11–12 were ana-
lyzed by nanoparticle tracking. 
f The number of vesicles in 
the pellets of 1, 2, or 16 h of 
centrifugation was analyzed by 
nanoparticle tracking. g Sizes of 
vesicles in fractions 1–2, 5–6, 
and 11–12 measured by particle 
tracking and compared with the 
sizes of vesicles in sedimentable 
fractions from 1, 2, and 16 h of 
centrifugation
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after 1 h ultracentrifugation, a great portion of EVs remain 
on the supernatant, and thus studies that evaluate EVs using 
a centrifugation time of 1  h are indeed not working with 
the complete EVs population. These results clearly demon-
strate that astrocytes secrete three major types of EVs, and 
that STI1 is carried in all three types, although an additional 
fraction of this protein is not associated with lipids.

Electron microscopy also indicated that structures 
found in concentrated CM preparations had size varia-
tion (Fig.  4a). The micrographs contained vesicles with 
diameter ranging from 400  nm to smaller than 50  nm. 
Remarkably, electron micrographs of cultured astrocytes 
also showed MVBs containing vesicles of variable size 
(Fig.  4b). Pellets from ultracentrifugation and chroma-
tography fractions from CM were also examined through 
electron microscopy. There was a predominance of ves-
icles sized in the range of 200–400  nm in fractions 1–2 
and after 1  h of centrifugation (Fig.  4c, f, respectively). 
In chromatography fractions 5–6 and after 2 h of centrifu-
gation (Fig. 4d, g, respectively), the majority of vesicles 
were sized in range of 100–200 nm and in fractions 11–12 
and after 16 h of centrifugation (Fig. 4e, h, respectively) 
most of vesicles sized smaller than 100 nm. Immunolabe-
ling showed STI1 in all three types of vesicles (Fig. 4i–k). 
Fractions 16–17 contained no structures distinguishable 
by electron microscopy (data not shown).

The data thus indicate that astrocytes release three types 
of EVs, of which only the medium-sized subpopulation may 
correspond to the classically defined exosomes, as observed 
by the characteristic size and cup-shaped form in electron 
microscopy. All three types of EVs carry STI1.

Evidence that EVs containing STI1 originate from 
multivesicular bodies

To identify the nature of astrocyte-secreted EVs contain-
ing STI1, it was tested whether STI1 was present in lipo-
protein particles using an isopycnic density centrifugation 
[48]. Under these conditions, lipoprotein particles move to 
the top low-density fraction, whereas other particles remain 
in higher-density fractions. Apolipoprotein E, mainly pro-
duced and secreted by astrocytes as part of lipoprotein parti-
cles, was found entirely in the low-density fraction [53, 54], 
while STI1 was found in high-density fractions (Fig.  5a). 
These results indicate that sedimentable STI1 secreted by 
astrocytes is not associated with lipoproteins.

We then examined whether astrocyte EVs isolated using 
gel chromatography fractions carry markers of endocytic 
pathways or MVBs (Fig.  5b). Immunoblotting assays 
showed that fractions 1–2 contained TfR, HSP90, STI1, 
and the lipid-raft marker, flotillin. These fractions also con-
tained VPS36 and low levels of Tsg101, two components of 

Fig.  4   Astrocytes secrete three distinct populations of vesicles that 
contain STI1. a Electron micrographs of a cultured astrocyte. Inset 
higher magnification of a MVB. b Electron micrographs of CM. 
c–e CM was fractionated through gel filtration chromatography and 
fractions 1–2 (c), 5–6 (d), and 11–12 (e) were examined by electron 

microscopy. CM was also fractioned by 1-h (f), 2-h (g), or 16-h (h) 
ultracentrifugation and pellets were examined by electron micros-
copy. i–k CM was immunolabeled with rabbit anti-STI1 followed by 
protein A coupled to gold particles observed by transmission electron 
microscopy
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Fig.  5   EVs from astrocytes are originated from MVBs. a Twelve 
fractions of isopycnic density centrifugation of CM were collected, 
separated by SDS-PAGE, and immunoblotted for STI1 (upper panel) 
and ApoE (lower panel). Densitometry of the bands is shown on the 
graph along with a density plot of the entire gradient. b After gel 
filtration chromatography of fractionated CM fractions 1–2, 5–6,  
11–12, and 16–17 were immunoblotted for transferrin receptor (TfR), 
HSP90, HSP70, STI1, flotillin, Tgs101, Vps36, PrPC, and caveolin. c 
Astrocytes were co-transfected with STI1-GFP and mCherry Rab5 or 
Rab7 and examined by TIRF microscopy. Scale bar 20 μm. d Astro-
cytes were co-transfected with STI1–CFP and wild-type VPS4A-

EGFP (VPS4–WT–EGFP) or its dominant-negative mutant E228Q 
(VPS4–Dn–eGFP), and examined by confocal microscopy. e Total 
number of vesicles in CM was counted by nanoparticle tracking and  
f levels of STI1 released were measured by ELISA in CM from astro-
cytes transfected with wild-type pEGFP–VPS4A (VPS4 WT) or its 
dominant-negative form pEGFP–VPS4A-E228Q (VPS4DN). Data 
represent mean ± SD of three independent experiments in triplicate. 
* p < 0.05. g Astrocyte cultures immunostained for VPS4A (red) and 
STI1 (green) were analyzed by ground-state depletion and individual 
molecule return (GSDIM) microscopy. Scale bars are 7.5  μm for 
wide-field and 2.5 μm for GSD super-resolution images
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the ESCRT-I complex that are required for MVB formation 
and sorting of endosomal cargo proteins [55]. Fractions 
5–6 contained all the markers mentioned above and also 
PrPC. In cells infected with murine leukemia virus, EVs 
secretion is increased and PrPC can be secreted in associa-
tion with virus-like particles (VLP), which can co-purify 
with EVs [56]. Since our primary cultures are free of viral 
particles, we believe this is not the case in our system. It 
is worth mentioning that PrPC is detected only in these 
fractions and may represent the best maker for the clas-
sically defined exosome. Fractions 11–12 contained STI1, 
HSP70, and HSP90, the TfR, flotillin, and Tsg101 but had 
lower levels of VPS36 and caveolin. Fractions 16–17 con-
tained only STI1, HSP70, and HSP90, and as noted above 
(Fig.  3), likely correspond to non-vesicular fractions of 
these released proteins (Fig. 5b).

To further test whether STI1 is carried along the endocytic 
pathway that contributes to MVBs formation, astrocytes 
were co-transfected with eGFP–STI1 and Rab5 or Rab7 
fused to mCherry (Rab5–mCherry and Rab7–mCherry) as 
markers for early and late endosomes, respectively. Using 
TIRF microscopy, we observed several STI1-containing 
endosomal vesicles (denoted by the co-localization with the 
Rab proteins) that move along the cell, suggesting that STI1 
can traffic along the endosomal system (Fig. 5c and Supple-
mentary movies 1, 2). Astrocytes were also co-transfected 

with CFP–STI1 and the protein VPS4A–GFP, an AAA-
ATPase essential for MVBs biogenesis [57] or with its dom-
inant-negative mutant E228Q deficient for ATP hydrolysis 
[58]. Confocal microscopy showed that in cells transfected 
with VPS4A, STI1 displayed a punctate pattern with par-
tial co-localization with VPS4A. In cells transfected with 
the dominant-negative form of VPS4, STI1 was recruited 
to enlarged endosomes (Fig. 5d). Remarkably, the expres-
sion of this mutant VPS4A reduced the release of EVs in 
CM by 85  % (Fig.  5e), while STI1 release decreased by 
68 % (Fig. 5f). Transfection efficiency in these cultures was 
around 60 % (data not shown), suggesting that more effi-
cient inhibition of EVs and STI1 could be achieved if all 
cells expressed the dominant negative VPS4A.

Using GSDIM microscopy (Fig. 5g), we confirmed the 
punctate pattern of endogenous STI1 in untransfected cells, 
which is normally masked by high levels of cytosolic pro-
tein. Interestingly, at super-resolution, most STI1 puncta 
were in very close proximity to VPS4A, suggesting that 
a fraction of this protein is present in VPS4A-containing 
organelles (Fig. 5g).

STI is found at the surface of EVs

Flow cytometry assays were employed to assess the locali-
zation of STI1 in EVs. Isolated EVs from CM centrifuged 

Fig. 6   STI1 was detected at the surface of EVs. a Isolated EVs were 
immobilized onto aldehyde-sulphate latex beads, incubated with anti-
STI1, anti-flotillin, anti-PrPC, or anti-HSP90 antibodies followed 
by anti-mouse or anti-rabbit IgG-Alexa488, and examined by flow 
cytometry. Filled histograms show EVs-bead complexes stained with 

isotype-matched antibody; unfilled histogram shows relevant anti-
body staining. b Isolated EVs were incubated with protease K (PK) 
or protease K plus Triton X-100 for 10 min. Samples were subjected 
to Western blot with anti-STI and quantification was performed by 
densitometry of the bands (n = 2)
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for 2 h at 100,000 × g were coupled to aldehyde-sulphate 
latex beads [59]. The expression of surface molecules was 
analyzed by flow-cytometry of the EV-bead complexes 
(Fig.  6a). Positive staining for STI1, as well as for PrPC 
and flotillin (surface markers), indicated that at least part of 
the STI1 was present at the outer leaflet of EVs. However, 
Hsp90 was not detected at the surface of the vesicles. To 
confirm the presence of STI1 at the surface of EVs, intact 
EVs exposed to PK digestion (Fig. 6b) show a 50 % reduc-
tion of STI1 expression when compared to non-digested 
samples. As a control, when EVs were lysed by detergent 
addition, no STI1 was recovered (Fig. 6b).

STI1-containing EVs derived from astrocytes bind to 
neurons

To address whether astrocyte-derived EVs containing STI1 
may be taken up and utilized by neurons, astrocytes were 
transfected with either GFP–STI1 or GPF (control) expres-
sion vectors, and CM was fractionated by sequential ultra-
centrifugation. GFP–STI1 was found in both the pellet and 

supernatant of the CM, whereas GFP alone was not detected 
in CM (Fig.  7a). EVs obtained from CM ultracentrifuged 
for 2  h were added to primary neurons. EVs containing 
GFP–STI1 formed puncta on neurons, whereas the super-
natant did not (Fig. 7b). As expected, neither the pellet nor 
the supernatant of the CM from GFP-transfected astrocytes 
formed puncta (Fig. 7b). Similar results were obtained with 
the neuronal cell line SN-56 (Supplementary Fig. 2). These 
data demonstrate that EVs containing STI1 interact with the 
neuronal cell surface.

STI1 present in EVs induces ERK1/2 activation

Our previous studies demonstrated that recombinant STI1 
induces PrPC-dependent ERK1/2 activation, which pro-
motes neuronal differentiation [16]. Fractions obtained by 
ultracentrifugation were tested for their ability to induce 
ERK1/2 activation in neurons. All the vesicular frac-
tions were able to stimulate ERK1/2 in wild-type neurons 
whereas the supernatant was not. However, when PrPC 
knockout neurons were treated with the EV fractions, no 

Fig. 7   EV-associated GFP–
STI1 binds to neurons. Astro-
cyte cultures were transfected 
with either GFP or GFP–STI1 
and the conditioned medium 
was ultracentrifuged for 2 h.  
a Pellets and supernatants were 
separated by SDS-PAGE fol-
lowed by immunoblot for GFP 
or STI1. b Pellets and superna-
tant from ultracentrifugation of 
CM from astrocytes transfected 
with GFP or GFP–STI1 were 
added to primary hippocampal 
neurons and cells were live 
imaged. Scale bar 10 μm
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ERK1/2 activation was observed, demonstrating the impor-
tance of PrPC on the neuronal surface (Fig. 8a).

Fractions obtained by size exclusion chromatography 
were also tested for their ability to induce ERK1/2 activa-
tion in neurons. Fractions 1–2, 5–6, and 11–12 containing 
1.5  nM of STI1 induced activation of ERK1/2 (Fig.  8a, 
b). This effect was inhibited when EVs derived from frac-
tions 1–2 were pre-incubated either with a specific anti-
body against STI1 (α-STI1) or with a PrPC peptide (p10), 
that mimics the STI1 binding site (PrPC aas 113–128), and 
blocks STI1 interaction with PrPC [12] (Fig. 8b).

In contrast to the effect of all three EV fractions, ERK1/2 
was not activated by fractions 16–17 containing 1.5  nM 

of STI1 (Fig.  8a, b). However, activation of ERK1/2 was 
observed when neurons were treated with concentrated frac-
tions 16–17 containing 4.5 nM of STI1 (Fig. 8b). Together, 
these results suggest that the insertion of STI1 in astrocyte-
derived EVs potentiates its activity upon PrPC-dependent 
ERK1/2 signaling in neurons.

Discussion

Stress-inducible protein 1 is released by astrocytes and 
binds with high affinity to the PrPC in neurons [9, 12, 43]. 
This interaction leads to signaling by calcium influx through 

Fig.  8   Astrocyte CM and EVs containing STI1 activate PrPC-
dependent ERK 1/2 signaling in neurons. a CM was fractioned 
through ultracentrifugation and 1-, 2-, or 16-h pellets or supernatant 
(s) were used to treat primary cultured wild-type (Prnp+/+) or PrPC 
knockout neurons (Prnp0/0) for 30 s. b CM was fractionated through 
gel filtration chromatography and fractions 1–2, 5–6, 11–12, and 
16–17 were used to treat neurons for 30  s. c CM was fractionated 
through gel filtration chromatography and fractions 1–2 and 16–17 
were used to treat neurons for 30  s. Alternatively, fraction 1–2 was 

pre-treated with anti-STI1 antibodies (α-STI1) or with the peptide 
PrPC

106−126 (P10), before addition to the cells. Cells were also treated 
with three times more material from fractions 16–17 (3  ×  16–17). 
After treatment, neurons were lysed and their extracts were immuno-
blotted for phospho-ERK1/2 and ERK1/2. Phospho-ERK/total ERK 
ratios were calculated from densitometric measurements. The control 
was set as one and values represent relative levels. *p < 0.05, One-
way ANOVA followed by Tukey’s post hoc test
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alfa-7 nicotinic acetylcholine receptors, activation of PKA, 
ERK1/2 [16, 17], and PI3K [15], thus modulating neuronal 
survival and differentiation in vitro and memory formation 
[60].

Our current results show that the release of STI1 from 
astrocytes occurs through a mechanism independent of clas-
sical secretion via the Golgi network. Most of the released 
STI1 was associated with three types of EVs of distinct 
sizes, one of which had the typical morphology of classi-
cal exosomes. Nonetheless, proteins previously identified 
as exosomal markers were detected in all three EV types, 
which appeared to be derived from MVBs. The released 
vesicles carried at least part of the STI1 in their outer leaflet, 
bound to neuronal surfaces, and activated PrPC-dependent 
specific signals with a higher activity than soluble STI1.

Hsps have major chaperone roles in proteostasis [61], and 
despite their intracellular abundance, can also be released to 
the extracellular space and play a role in cell-to-cell commu-
nication [38] among immune, neuronal, cardiac, and cancer 
cells [37, 52, 62–65]. Hsps were reportedly transferred from 
glial cells to neuronal axons [66] by unconventional secre-
tion [67]. Similarly to most Hsps, the co-chaperone STI1 
lacks consensus signal peptides for ER-Golgi classical 
secretion, consistent with our findings that neither BFA nor 
Mn blocked the release of STI1. This corroborates a previ-
ous report that identified STI1 in a proteomics screening for 
non-conventional protein secretion [68].

Unconventional secretion has been attributed to at least 
two distinct types of EVs: budding vesicles shed from 
plasma membrane, and exosomes derived from exocytosis 
of MVBs [33, 69]. A large variety of protocols have been 
used to isolate EVs, and their nomenclature is confusing. 
For example, exosomal preparations have been described 
using ultracentrifugation at 100,000  ×  g for periods that 
vary from 1 to 16 h [20, 70–74]. Here, we found that pel-
leted material from various ultracentrifugation times con-
tained exosomal makers, such as Hsp70, Hsp90 [27, 75], as 
well as STI1. Nonetheless, both nanoparticle tracking and 
electron microscopy were consistent with a heterogeneous 
set of vesicles.

To gain insight into the composition of the various EVs, 
we developed a protocol using size exclusion chromatog-
raphy that allowed the isolation of four different fractions 
containing STI1, three of which were further character-
ized as EVs by their size, lipid composition, and morphol-
ogy by electron microscopy. The three distinct fractions 
contained, respectively, vesicles between 200 and 400 nm, 
intermediate-sized vesicles that fit the classical description 
of exosomes, or small vesicles between 20 and 50 nm. All 
three fractions contained exosomal markers [27, 75], except 
PrPC, which was only detected in fractions containing typi-
cal exosomes as previously described [35]. These data show 
that astrocytes release a heterogeneous population of EVs 

including exosomes. Examination by TIRF and confocal 
microscopy showed that STI1 partially co-localized with 
Rab7, Rab5, and VPS4A, which are respectively associated 
with MVB formation and genesis of exosomes [27, 75]. 
These experiments were mostly done with overexpressed 
proteins, because a large amount of endogenous STI1 is 
present in the cytoplasm and making it difficult to localize 
endogenous protein with MVB markers. Nonetheless, by 
using super-resolution microscopy, we were able to observe 
endogenous STI1 present in puncta in close proximity to 
VPS4A.

The expression of a dominant-negative isoform of 
VPS4A inhibited both the release of STI1 and overall EV 
secretion, further suggesting an endocytic and MVB origin 
for the STI1-containing vesicles. Thus, our data is consist-
ent with the hypothesis that a variety of EVs from 20 to 
400  nm, which contain STI1, are derived from endocytic 
compartments, in particular from MVBs, and the classical 
exosome comprises one type of such vesicles. The origin 
of the soluble fraction of STI1 remains undetermined. It 
is possible that intravesicular STI1 is released in a soluble 
form upon EV rupture, similar to a mechanism proposed for 
HSP70 and HSP90 [76].

In addition to the expected intra-vesicular content, STI1 
was detected at the surface of EVs. The inability to remove 
STI1 from vesicles using high salt concentrations, and the 
lack of binding of recombinant STI1 to EVs, agrees with 
previous findings of STI1 in the cell membrane membranes 
[77] and its co-immunoprecipitation with PrPC [12, 16]. 
This suggests a specific mechanism of STI1 transport to the 
EV surface. Interestingly, chaperones such as Hsp72 and 
Hsp60, have been reported at the cell membrane or exo-
some surface, in particular those from tumor cells [22, 64, 
76]. Hsp70 can also be inserted in the lipid bilayer [78–81] 
and balance membrane fluidity upon heat-shock [82]. Fur-
ther work is necessary to ascertain the mechanisms involved 
in the exposure of STI1 at the surface of astrocyte-derived 
EVs.

Notably, our data demonstrated that STI1 association 
with vesicles enhanced its effects upon PrPC-depend-
ent activation of ERK1/2 in neurons. Indeed, to activate 
ERK1/2, EV-associated STI1 was effective at concentra-
tions three times lower than those required for STI1 in the 
soluble fraction (Fig.  8). Remarkably, the concentration 
of recombinant STI1 necessary to activate ERK1/2 is 100 
times higher than that present in EVs [16, 43]. It is possi-
ble that the binding affinity of PrPC to EV-associated STI1 
is increased either by conformational changes of the lipid-
associated co-chaperone, or by fusion between the EV and 
the target cell membranes, which may change local lipid 
content around the STI1-PrPC complex. In addition, PrPC 
is believed to scaffold multiprotein signaling complexes 
at the cell surface [83], thus its binding to EV-associated 
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STI1 may bring together additional interacting partners 
from both EVs and neuronal membrane, and potentiate cell 
signaling through allosteric interactions [84]. Regardless 
of the mechanism, the enhanced effect of EV-associated 
STI1 upon cell signaling is consistent with analogous find-
ings for the macrophage-activating activity of extracellular 
HSP70 [82].

In conclusion, the current data on the release of STI1 
from astrocytes unraveled a heterogeneous population of 
MVB-derived EVs that may have been ignored in previ-
ous studies for the lack of proper isolation methods. The 
various EV types may, nonetheless, have distinct properties, 
which deserve further examination. Finally, due to the roles 
of STI1 in neuroprotection and tumor cell proliferation, the 
control of the release of EV-associated STI1 may be particu-
larly relevant in the context of acute brain injury, neurode-
generative diseases and cancer.
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