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Abstract Amyloid beta peptide (Ap), the main component
of senile plaques of Alzheimer’s disease brains, is produced
by sequential cleavage of amyloid precursor protein (APP)
and of its C-terminal fragments (CTFs). An unanswered
question is how amyloidogenic peptides spread throughout
the brain during the course of the disease. Here, we show
that small lipid vesicles called exosomes, secreted in the
extracellular milieu by cortical neurons, carry endogenous
APP and are strikingly enriched in CTF-a and the newly
characterized CTF-1n. Exosomes from N2a cells expressing
human APP with the autosomal dominant Swedish muta-
tion contain AP peptides as well as CTF-a and CTF-n,
while those from cells expressing the non-mutated form of
APP only contain CTF-a and CTF-n. APP and CTFs are
sorted into a subset of exosomes which lack the tetraspanin
CD63 and specifically bind to dendrites of neurons, unlike
exosomes carrying CD63 which bind to both neurons and
glial cells. Thus, neuroblastoma cells secrete distinct popula-
tions of exosomes carrying different cargoes and targeting
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specific cell types. APP-carrying exosomes can be endo-
cytosed by receiving cells, allowing the processing of APP
acquired by exosomes to give rise to the APP intracellular
domain (AICD). Thus, our results show for the first time
that neuronal exosomes may indeed act as vehicles for the
intercellular transport of APP and its catabolites.
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Introduction

Exosomes represent a subset of extracellular vesicles with an
approximate diameter of 100 nm secreted by all mammalian
cells. They originate from multivesicular bodies (MVBs),
which are late endosomes filled with vesicles budding from
the limiting membrane into the lumen of endosomes [1].
These vesicles can be degraded inside lysosomes after
fusion of MVBs with lysosomes or be released after fusion
of MVBs with the plasma membrane into the extracellular
milieu, where they are referred to as exosomes [2, 3]. Several
populations of MVBs exist [4, 5] and intralumenal vesicles
(ILVs) can be formed by different mechanisms [6-9], thus
explaining the existence of heterogeneous exosome popula-
tions [10, 11].

Exosomes allow intercellular communication as they can
be taken up by other cells in which their cargoes modify
protein, lipid, and gene expression [12—14]. Whole brain
and cerebrospinal fluid can be used as a source of exosomes
with different cell origins [15, 16]. Indeed, cultured glial
cells, i.e., oligodendrocytes [17], astrocytes [18], and
microglia [19], as well as neurons [20], were all found to
secrete exosomes. Release of exosomes by neurons is tightly
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regulated by synaptic activity, suggesting a genuine role in
neuronal physiology [21-23]. Furthermore, we have dem-
onstrated that neuronal exosomes bind specifically to and
are taken up only by neurons, in contrast to neuroblastoma-
derived exosomes, which are indifferently internalized by
neurons and glial cells [24]. Thus, an elaborate intercellular
communication network seems to rely on exosomes in the
brain. Based on studies of prion propagation, it has been
hypothesized that this network represents the substrate for
the spreading within the brain of pathogenic proteins caus-
ing neurodegenerative diseases [21, 25, 26]. For example,
aggregated a-synuclein, SOD1, and TDP43 are found in
exosomes and would act as prions propagating Parkinson’s
disease and Amyotrophic Lateral Sclerosis [27, 28]. Local
injections in the brain of A peptides or of hyperphosphoryl-
ated Tau lead to the formation and intracerebral spreading of
amyloid plaques and neurofibrillary tangles, two hallmarks
of Alzheimer’s disease but so far the mechanism of spread-
ing remains unknown [25, 29].

Ap peptides are produced after sequential cleavage of
the transmembrane amyloid precursor protein (APP) [30].
Main cleavages and fragments are summarized in Fig. la.
One cleavage in the extracellular domain by the -secretase
BACE-1 occurs in endosomes, leading to a 99 amino-acid
long C-terminal fragment (C99, called CTF-f herein), which
contains the entire Ap domain and accumulates in endosomes
thereby leading to their dysfunction [31, 32]. CTF-p can
in turn be cleaved within its transmembrane domain by
y-secretase releasing AP peptides and the APP intracellu-
lar domain (AICD). The latter is released in the cytosol and
enters the nucleus, where it regulates transcription. APP is
also cleaved at the cell surface by an a-secretase to produce
a 83 amino-acid long CTF (C83, called CTF-a herein), a
substrate of y-secretase giving rise to non-amyloidogenic
peptides p3 and to AICD. Recently, the extracellular domain
of APP was shown to be also split by a membrane bound met-
alloproteinase into a long 25-30 kDa fragment referred to as
CTF-n which is a privileged substrate for BACE-1 [33, 34].

APP processing is thought to mainly occur in endosomes
in which exosomes are formed [4, 35-37]. Accordingly,
APP, CTF-a, CTF-f, and A have been reported in varying
amounts in exosomes from various cell lines overexpress-
ing APP [38-40] and on extracellular vesicles of unknown
origin isolated from mouse brain [15]. However, there is
today no clear consensus about which of the different APP
fragments are associated with exosomes secreted by neurons
and there is still no evidence that exosomes actually allow
the transport of these proteins to other neurons.

Here, for the first time, we have identified the endoge-
nous APP protein and fragments associated with exosomes
released by mature neurons. Exosomes secreted by rat cor-
tical neurons during 20 min carry APP and are strikingly
enriched in endogenous CTF-a and another CTF of 26 kDa,
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which likely corresponds to CTF-n. Glutamatergic activation
of the neurons increases the release of exosomes and thereby
of APP and its fragments without changing their proportions.
We then used N2a cells expressing human APP to study if
a familial Alzheimer’s disease mutation can influence APP
fragments exiting cells through exosomes. As in the case of
cortical neurons, CTF-a and CTF-n were strikingly enriched
in exosomes from N2a cells expressing non-mutated APP
(APPwt). In contrast, CTF-a, CTF-p but not CTF-n, were
present in exosomes secreted by N2a cells expressing APP
with the Swedish mutation (APPswe) [41]. AB40 and Ap42
were also highly enriched in exosomes, particularly in the
case of APPswe-expressing cells. In addition, we showed
that exosomes containing APP specifically target neurons
in contrast to another subpopulation of exosomes contain-
ing CD63, which interact with both neurons and glial cells.
Finally, using a luciferase reporter assay, we reveal that APP/
CTF carried by exosomes is processed by the y-secretase
of recipient cells. Thus, our study demonstrates that a sub-
population of exosomes which bind to and are selectively
endocytosed by neurons concentrate CTFs and Af peptides
and could thus contribute to the increase of APP-derived
pathological products in endosomes of receiving neurons.

Materials and methods
Chemicals

Products for cell culture (DMEM #41966052, HBSS
#14175053, trypsin—-EDTA #25200056, Neurobasal
#21103049, B27 #17504044, PBS #14190169, L-glutamine
#25030024, Minimal Essential Medium #21430) were
from Life Technologies except for poly-p-lysine (P7280)
and cytosine-p-d-arabinofuranoside hydrochloride (AraC,
C6645), soybean trypsin inhibitor (T6522) which were from
Sigma-Aldrich. Bicuculline methiodide (14343), L-glutamate
(G2128), MK801 (M107), y-secretase inhibitor N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT, D5942) were from Sigma-Aldrich. BACE inhibitor
IV was from EMD Millipore (BACE-1V, 565788). JetPEI
transfection reagent was from Polyplus transfection.

Plasmids

cDNA coding for human APP695 isoform tagged with myc
at its N-terminus (myc-APPwt) was originally in pRKS
vector (a generous gift from P. Paganetti, Tavern, Switzer-
land) and was subcloned in pCDNA3.1 between BamHI and
EcoRI restriction sites. One HA tag was introduced at the
C-terminus of APP in myc-APPwt construct (myc-APP-
HA). myc-APPwt-GFP construct was a generous gift from
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P. Paganetti. APP-Gal4 vector contains a cDNA encoding for
human APP695 fused in-frame at its C-terminus to the yeast
transcription factor Gal4 (APP-Gal4). It was kindly pro-
vided by R. Williams and M. Perkinton (University of Bath,
United Kingdom) as well as the pFR-luciferase reporter
vector containing the Firefly luciferase gene (from beetle
Photinus pyralis) under the control of a synthetic promoter
consisting of five tandem repeats of the yeast GAL4 activa-
tion sequence upstream of a minimal TATA box. To obtain
the construct coding the Nuclear Localization Sequence
(“NLS”, PKKKRKYV) fused in frame to Gal4 sequence at its
N-terminus (NLS-Gal4), APP sequence has been removed
from APP-Gal4 and replaced by Kozak plus NLS sequences
by inverse PCR using the following oligonucleotides:

forward: 5 GCCTAAAAGAAGCGTAAAGTCAAGCTA
CTGTCTTCTATCGAACAAG 3'reverse: 5' CGCTTCTTT
TTAGGCATGGTGGCAAGCTTGGGTCTCCCTATAGTG
3

phRL thymidine kinase vector containing the sea pansy
(Renilla reniformis) luciferase gene was used to normal-
ize Firefly luciferase activity and was a gift from R. Wil-
liams and M. Perkinton. Swedish point mutations (KM670-
671NL) have been inserted in myc-APPwt constructs with
In-Fusion technology (Clontech) using the following oligos:

forward: 5'-TCTGAAGTGAATCTAGATGCAGAATTC
CGACATGAC-3;

reverse: 5S'-TAGATTCACTTCAGAGATCTCCTCCGT
CTTGATATT-3".

pSuper-mCherry has been described previously [42].
Rab5Q79L-mCherry construct was a generous gift from J.
Gruenberg’s laboratory (Geneva, Switzerland).

Antibodies

Rabbit polyclonal anti-myc was from Santa Cruz (sc789;
1/500 for immunofluorescence “IF”). Rabbit polyclonal
anti-APP C-terminus (CT-20, 171610; 1/30000 for Western-
blot “WB”) raised against the last 676-695 amino acids of
APP, mouse monoclonal 22C11 recognizing amino acids
66-81 in the N-terminus of APP (MAB348; 1/1000 for
WB), mouse monoclonal anti-MAP2 (MAB3418; 1/200
for IF), were from Millipore. Rat monoclonal anti-mouse
CD63 from MBL (D263-3; 1/1000 for WB) was used in WB
with non-reducing sample buffer. Mouse monoclonal anti-
HA tag (6E2, 2367S; 1/200 for IF) was from Cell signaling.
Mouse monoclonal anti-Flotillin-1 antibody was from BD
Bioscience (610820; for WB). Mouse monoclonal anti-GFP
(ab3277; 1/1000 for WB) was from Abcam. Homemade rab-
bit polyclonal anti-Alix has been described previously [43]
and is sold by Covalab (pab0204). Secondary Horse-Radish-
Peroxidase (HRP)-tagged antibodies were from Jackson lab-
oratories. Fluorescently tagged secondary antibodies were
from Life technologies.

Neuroblastoma cells

Neuroblastoma Neuro2a cells (N2a) and primary neurons
were cultured in a humidified atmosphere in an incubator
at 37 °C under 5% CO,. N2a were maintained in complete
culture medium composed of DMEM containing 10% fetal
calf serum, 2 mM L-glutamine. Cells were stripped with
trypsine—-EDTA and divided twice a week. N2aCGFP-CD63
stable cell line was described previously and maintained
identically [24].

Primary culture of neurons

In accordance with the policy of the Institut des Neuro-
sciences de Grenoble (GIN) and the French legislation,
experiments were done in compliance with the European
Community Council Directive of 24 November, 1986
(86/609/EEC). Animals were handled and killed in con-
formity with European law and internal regulations of
INSERM. Every effort was made to minimize the number
of animals used. Embryos (E18) were removed from preg-
nant OFA rats from Charles River, at 18 days of gestation,
under isoflurane anesthesia. The cortices and hippocampi
were dissected. Cells were dissociated by mechanical
pipetting and trypsin digestion before counting. Neurons
were seeded on poly-p-lysine-coated dishes at 33,000 cor-
tical neurons/cm? or 15,600 hippocampal neurons/cm?, in
DMEM with 10% horse serum. The medium was changed
after 16 h for complete culture medium (Neurobasal
medium with 2% B27, 2 mM L-glutamine, 1 mM sodium
pyruvate). After 4 Days In Vitro (DIV), 25% of new com-
plete medium was added to feed neurons. At the same time,
5 pM AraC was added to cortical neurons to inhibit glial
cell proliferation.

Cell transfections

N2a cells were transfected 24 h after plating. For one 58 cm?
dish, DNA mix (3 pg plasmids in 300 pl 150 mM NaCl) was
added to JetPEI (15 pl JetPEI in 300 pl 150 mM NaCl) and
left for 20 min at room temperature before addition to cells.
Hippocampal neurons were grown on poly-D-lysine-coated,
14 mm glass coverslips in 3.5 cm diameter dishes and trans-
fected at 10 DIV by calcium phosphate precipitation. Briefly,
neuron conditioned medium was collected, kept at 37 °C
and replaced by transfection medium (Minimal Essential
Medium, Eagle’s salts with 0.22% (w/v) sodium bicarbonate,
20 mM p-glucose, 0.5 mM L-glutamine, and 2% B27). Cal-
cium chloride (5 pl, 2 M) was added drop by drop to 45 pl
distilled water containing 2 pg DNA. This mixture was then
dropped onto 50 pl 2 X BES buffer saline (14280, Sigma)
before vortexing for 3 s. After 15 min at room temperature,
the solution was added to neurons in transfection medium.
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After 1 h 30 min, neurons were washed once in transfection
medium and returned to the conditioned medium.

Exosome secretion and purification

e From cortical neurons

Cortical neurons at 15 DIV were gently washed
in warm Neurobasal and were incubated in secretion
medium for 20 min at 37 °C. Secretion medium was
either Neurobasal alone or containing 40 pM bicucul-
line or 50 pM L-glutamate or 50 pM L-glutamate plus
5 pM MKS8O01 as indicated in figures. Secretion medium
was collected and exosomes were purified by differen-
tial centrifugation as described in Laulagnier et al. [44].
In brief, media were centrifuged at 2000xg, 10 min at
4 °C followed by 20,000xg 30 min at 4 °C. Supernatants
were filtered through 0.2 pm Millex GV PVDF filters
(Millipore) and finally ultracentrifuged at 110,000xg, 1 h
30 min at 4 °C with SW41Ti or SW32 Ti rotors.

e From N2a cells

Exosome-free medium was made by ultracentrifuging
complete culture medium at 150,000xg for 18 h followed
by sterilization through 0.2 pm filters. It replaced the
complete medium used for plating N2a cells after 48 h.
When required, 5 pM BACE inhibitor was added to exo-
some-free medium. After a 20 h secretion period, super-
natants were collected and exosomes were purified by
differential centrifugation as above described. Depending
on their use, 110,000xg pellets were resuspended either:

e in reducing sample buffer (2% SDS, 2.5%
B-mercaptoethanol, 125 mM Tris—HCl pH 6.8, 10%
glycerol, 2.5% bromophenol blue) for Western-blot
analysis,

e orin lysis buffer (20 mM Tris, 150 mM NaCl, | mM
EDTA, 1% NP40 and protease inhibitor cocktail
from Roche #05 056 489 001) for anti-Ap40, AB42
ELISA, BCA protein dosage,

e orin PBS to perform nanoparticle tracking analysis,

e or in 8% sucrose, 3 mM imidazole, pH 7.4 for
sucrose gradients.

BCA dosage was performed as recommended by the man-
ufacturer (Thermo Fisher). When cell lysates were required,
neurons or N2a cells in one 58 cm? dish were lysed in 1 ml
lysis buffer for 30 min on ice and centrifuged at 20,000xg,
10 min at 4 °C before use.

Sucrose gradient
Exosomes were loaded on the top of a continuous gradi-

ent from 8 to 60% (0.3—1.4 M) sucrose and centrifuged for
18 h at 200,000 g [44]. Ten 1 ml fractions were collected,
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homogenized, and their sucrose densities determined by
refractometry. Each fraction was diluted in 10 ml 3 mM imi-
dazole, pH 7.4, and ultracentrifuged for 2 h at 200,000xg
with a SW41Ti rotor. Pellets were resuspended in sample
buffer for Western-blot analysis or in lysis buffer for ELISA.

Nanoparticle tracking analysis (NTA)

NTA was performed on Nanosight NS300 (Malvern)
equipped with a syringe pump. N2a exosomes from 2.5 X
10% cells resuspended in PBS were diluted in 1 ml PBS and
loaded in the syringe. Pump speed was set to 20, camera
level was at 11 and detection threshold at 6. Five 60 s vid-
eos were captured, processed, and averaged for each type of
exosomes using the NTA 3.0 software.

Western-blot analysis

Unless otherwise stated each lane contained the total amount
of exosomes secreted during 20 h by 2 x 107 N2a cells. Note
that the amount of protein loaded was about 25 pg, but we
estimated that at least 50% of the proteins originated from
the medium containing the 10% exosome-free FCS used for
the culture. 20 pg of cell lysate proteins corresponding to
10° secreting cells were loaded in parallel lanes. For experi-
ments with neurons, each lane contained exosomes secreted
during 20 min by 7.8 x 10° cortical cells (at the time of
plating) representing about 5 pg of exosome proteins. The
amount of the cell lysates proteins was 7 pg, approximately
corresponding to 1.3 x 10* cells.

Electrophoresis in glycine buffer on 8 or 10% acrylamide
glycine gels was performed to detect full-length APP (APP),
Alix, Flotillin-1 and GFP-CD63. Proteins were transferred
in semi-dry conditions on 0.45 pm PVDF membranes (Mil-
lipore) during at least 1 h. 16% acrylamide tricine gels were
used as described [45] to separate APP-CTFs and/or APP.
After electrophoresis, semi-dry transfer was done on 0.2 pm
nitrocellulose membranes (GE Healthcare Amersham) dur-
ing 5 h. Membranes were blocked in 3% milk in Tris-buff-
ered saline with 0.1% Tween (TBS-Tween) and incubated
with primary antibodies for 1 h at room temperature or over-
night at 4 °C. HRP-bound secondary antibodies were diluted
1/15,000 in TBS-Tween and incubated 1 h on membranes at
room temperature. Detection reagent was 50% of 250 mM
luminol and 50% of 90 mM coumaric acid with 0.015%
H202 added extemporarily. Signal quantifications were
performed using the Plot profile plugin of ImageJ software.

ELISA

Anti-human AP42 or human AB40 ELISA kits were from
Anaspec (#55551 and 55552). Exosomes from 1 X 107
N2a cells expressing APPwt or APPswe and 10% of the
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corresponding cell lysates were analyzed according to the
manufacturer’ instructions.

Electron microscopy

1.5 x 10" GFP-CD63 N2a cells were transfected with myc-
APP-HA construct and exosomes were purified from their
supernatants. The exosomal pellet was resuspended in 32 pl
2% paraformaldehyde in 0.1 M phosphate buffer and 4 ul
were deposited on carbon-coated formvar nickel grids. After
20 min, the grids were transferred to PBS containing 50 nM
glycine overnight at 4 °C and then permeabilized by 0.05%
saponin in PBS-BSA for 10 min. Double immunolabelling
was performed sequentially. HA was detected using mouse
anti-HA followed by an anti-mouse Fab 1.4 nm (Nanoprobe,
1/100 for 1 h), finally revealed by HQ silver enhancement
(also Nanoprobe) for 6 min in the dark. For CD63 label-
ling, grids were incubated on rat anti-CD63 for 1 h followed
by biotinylated anti-rat IgG (Dako, 1/100, 1 h) revealed by
streptavidin gold 6 nm (Electron Microscopy Sciences, 1/20,
30 min). At the end of the procedure, the exosomes were
fixed with 1% glutaraldehyde and negatively stained with
uranyl acetate. Control exosomes were treated either for only
HA or CD63, or with the whole procedure omitting the pri-
mary antibodies. Observations were made using a transmis-
sion electron microscope (JEOL JEM 1200 EX) at 80 kV,
equipped with a digital camera (Veleta, SIS).

Immunofluorescence labelling of exosome preparations

7 x 10° GFP-CD63 N2a cells were transfected with myc-
APP-HA construct and exosomes purified from their super-
natants. The exosome pellet was resuspended in PBS and
allowed to adhere to coverslips previously ionized using
a Plasmacleaner FEMTO (Diener electronic) for 2 min at
0.7 mbar. Coverslips were washed twice in PBS to remove
unbound exosomes and then incubated with 4% PFA for
20 min. Exosomes were permeabilized using 0.05% sapo-
nin in PBS containing 0.5% BSA and 5% goat pre-immune
serum. Immunostaining was performed using anti-HA mAb
and Alexa596 secondary antibodies. The coverslips were
washed and mounted in Mowiol (Calbiochem) for obser-
vation using a 63 X oil objective of an AxioVert 200 M
inverted microscope (Zeiss). Colocalization was quantified
using JACoP of Imagel [46].

Binding of exosomes to hippocampal neurons
and immunofluorescence

Purified exosomes of 1 x 107 N2a secreting cells were
resuspended in Neurobasal medium and incubated on
DIV 17 hippocampal cells grown on a 13 mm glass cov-
erslip. After incubation (2 or 20 h), neurons were washed

with prewarmed Neurobasal medium. Neurons were fixed
in 4% paraformaldehyde, 4% sucrose in PBS 20 min at room
temperature and permeabilized with 0.025% w/v saponin
(Sigma) in PBS containing 3% w/v of bovine serum albumin
(PBS-BSA) as blocking agent. Coverslips were then incu-
bated with indicated primary antibodies diluted in PBS-BSA
during 1 h, washed in PBS, and incubated with secondary
antibodies linked to Alexa488, Cyanin3, or Cyanin5 fluoro-
chromes diluted at 1/500 in PBS-BSA. Cells were washed
and incubated in Hoechst 33258 (Sigma) to label nuclei and
finally mounted in Mowiol for analysis.

Microscopy and image analysis

Images were acquired with an LSM710 confocal microscope
under 63 X or 40 X oil objectives. Pinholes were left at 1
airy unit for all lasers. To insure that acquisition of exosome
labelling after immunofluorescence was not due to non-spe-
cific fixation of antibodies, parameters were first set up using
cells not treated with exosomes but submitted to immuno-
fluorescence with primary and secondary antibodies.

To quantify the percentage of exosomes bound to MAP2-
labelled dendrites and cell bodies (Fig. 3c), the total num-
ber of fluorescent dots corresponding to labelled exosomes
was first counted using Image J plugins “Analyze parti-
cles”. Thereafter, the number of each class of particles,
either APPwt or APPswe or GFP-CD63 exosomes, bound
to MAP2-positive structures was counted manually. In
Figs. 3d and 5, neuron cultures transfected with mCherry
were incubated with exosomes during 20 h before immuno-
fluorescence against myc and MAP2. To quantify the rela-
tive binding of exosomes on dendrites and axons, Z-stacks
were acquired with intervals between slices of 0.42 pm
to image the entire axons (three slices) or dendrites (four
slices). Pixel size was kept at 80 nm for all acquisitions.
Myc-positive exosomes on axons or dendrites were counted
manually on the projection of maximum intensities and
length of mCherry-positive dendrite or axon was measured
with Analyze/Measure tool of Image J. Pictures of APP—exo-
some labelling in Fig. 5 have been obtained after deconvolu-
tion using Diffraction PSF 3D plugin followed by Iterative
Deconvolve 3D plugin of Image J.

Exosome APP transfer assay: luciferase reporter gene
activity assay for quantification of y-secretase-mediated
cleavage of APP695-Gal4

The assay was adapted from [47]. N2a cells were plated in
four-well plates (1.8 x 10* cells per well) and transfected
the next day with Firefly reporter vector and Renilla nor-
malization vector. 37 ng pFr-Firefly reporter vector, 3 ng
phRL-Renilla, and 260 ng of empty pCDNA3.1 vector in
50 pl NaCl were mixed with 2 pl JetPEI in 50 pl NaCl, left
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20 min at room temperature, and added to cells in one well.
Purified exosomes from 4 x 107 N2a expressing APPwt-
Gal4 were resuspended in 30 pl of PBS and added on one
well of receiving cells 24 h after their transfection. As a
positive control of the assay, one well of N2a cells was trans-
fected with pFr-Firefly Luciferase, phRL-Renilla plus 260 ng
APPwt-GAL4 without exosome addition. When required,
y-secretase inhibitor DAPT was added at 10 pM, 24 h before
luciferase measurement. APP-Gal4 exosomes were left 20 h
on receiving cells and luciferase activities measured using
the Dual-Glo luciferase activity assay (Promega). Briefly,
receiving cells were washed once in PBS and lysed in 100 pl
of furnished lysis buffer 15 min at room temperature under
agitation. 20 pl lysate was transferred to 96 well plates and
70 pl of Firefly activity reagent was added per well. Lum-
minescence was measured with Pherastar FS plate reader
(BMG Labtech) during 5 s. 70 pl Stop&Glo reagent was
then added to switch off Firefly activity and induce Renilla
luciferase activity which was measured during 3 s. Ratios
of Firefly over Renilla activity were calculated and results
were shown as a fold increase of this ratio compared to mock
treated cells transfected with pFr-Luci and phRL vectors
without added exosomes.

Results

CTF-« is greatly enriched in exosomes secreted
by cortical neurons

We first tested whether exosomes secreted by mature neurons
contained endogenous APP and its cleavage products. For
this, we used dissociated rat cortical neurons after 15 DIV,
which have mature synapses and make active networks. Cul-
ture medium was removed and exosomes isolated from fresh
medium incubated on neurons for 20 min. To activate both
synaptic and extrasynaptic glutamate receptors, neurons were
treated during this time with 40 pM bicuculline to indirectly
activate glutamatergic synapses or with 50 pM glutamate. In
accordance with our previous observations [23], both treat-
ments activated the release of exosomes as revealed by the gen-
eral Flotillin-1 marker, which was increased in the exosomes
but not in the cell lysate fractions (Fig. 1b upper panel, d).

CT-20 antibody directed against the last nine C-terminal
amino acids of APP revealed the presence of endogenous
full-length APP (APP) as well as two major CTFs running at
13 and 26 kDa (Fig. 1b). The 13 kDa fragment corresponds
to CTF-a produced by the a-secretase cleavage of APP
which according to Hoey et al. is by far the major form of
CTFs found in cell lysates of cortical cultures [47]. The other
fragment most likely corresponds to the recently character-
ized CTF-n (see below) [33, 34]. APP fragments described
in this study are represented in Fig. la.
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Bicuculline and glutamate both approximately dou-
bled the amount of APP, CTF-n, and CTF-a in exosomes
secreted within 20 min, without changing their apparent
relative ratios. This increase was similar to that seen with
the exosome marker Flotillin-1 (Fig. 1b, c). The increase
in the amount of Flotillin-1, APP, and CTF-« in exosomes
was abolished by MK801, an NMDA receptor antagonist
(Fig. 1d). Thus, the amount of CTFs and APP in neuron
supernatant is directly linked to exosome short-term release
and thereby increased by NMDA receptor activation.

One striking feature of the two neuronal CTFs was
their very low amount in cells and massive enrichment in
exosomes (Fig. 1b). This was not the case for APP show-
ing that the vast majority of endogenous CTFs produced
by APP processing in cortical neurons is selectively sorted
into exosomes. Noteworthy is that neither the cell lysates
nor exosomes produced any band that could possibly cor-
respond to CTF-p.

The APP cleavage products present in exosomes are
changed by the Swedish mutation

We next assessed whether a mutation favouring amyloido-
genesis could modify export of APP products by exosomes
and/or influence exosome secretion. For this, we turned to
mouse neuroblastoma N2a cells overexpressing the human
APP695 isoform, either wild type (APPwt) or carrying the
autosomal dominant Swedish mutation KM670NL (APP-
swe). This mutation is known to increase the processing of
APP by p secretase and thereby the production of CTF-§
and AP peptides [41, 48, 49]. As shown in Fig. 2a, cells
expressed mainly APP and low amounts of CTFs. CTF-a
was detected in equal amounts in APPwt and APPswe N2a
cells. An extra CTF running just above CTF-a was identi-
fied as CTF-p, since it was only detectable in APPswe cells.
Exosomes secreted by both cell types contained similar
amounts of APP and CTF-a, while CTF-f was detected only
in exosomes of APPswe cells. Instead of CTF-f3, exosomes
from APPwt cells contained a CTF just above 26 kDa, cor-
responding to the molecular weight of CTF-n (Fig. 2a). This
fragment was almost undetectable in APPwt N2a cells and
in exosomes from APPswe cells. Based on the immunoreac-
tivity of the different CTFs, the amount of the 26 kDa frag-
ment in APPwt exosomes was equivalent to that of CTF-f in
APPswe exosomes. This reinforces the possibility that this
fragment is indeed CTF-n, since it is a known substrate of
[-secretase and the swe mutation enhances the processing of
APP substrates by f-secretase [33, 34]. Accordingly, incuba-
tion of APPswe-expressing N2a cells with a BACE-1 inhibi-
tor almost abolished the presence of CTF-f while increasing
CTF-n in exosomes (Fig. 2b). As expected, the amount of
CTF-a was not affected by this treatment. Similar to our
observation with cortical neurons, all CTFs but not APP
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Fig. 1 CTFs are enriched in neuronal exosomes. a Schematic draw-
ing of APP and its proteolytic fragments described in the text. a, f,
v, and 0 refer to cleavage sites by the relevant secretases. b Exosomes
released by DIV 15 cortical neurons contain APP and are enriched in
CTF-a and a 26 kDa CTF proposed to be CTF-n. Western blot (WB)
analysis of Flotillin-1 (Flot-1), full-length APP (APP) and C-terminal
fragments (CTF-n and CTF-a) in cells and exosomes. Exosomes were
harvested from supernatants of cortical neurons incubated during
20 min in control medium (—), or medium containing 40 pM bicucul-
line (Bic) or 50 pM glutamate (Glu). ¢ Glutamate receptor activation
increases exosomal release of APP-CTF-a and CTF-n. Densitometry
of WB shows the glutamate-induced increase of APP, CTF-a, and

holoproteins were strikingly enriched in exosomes secreted
by N2a cells overexpressing APPwt and APPswe (Fig. 2a,
b). This enrichment was comparable to that seen with Alix
and CD63. Alix is a regulator of the Endosomal Sorting
Complexes Required for Transport (ESCRT) system, while
CD63 is a tetraspanin protein. Both proteins participate in
the formation of and concentrate inside ILVs and are, there-
fore, often used as exosome markers.

Using ELISA, we found that, like CTFs, both amyloid
peptides AP42 and AP40 were present and enriched in
exosomes compared to cell extracts of APP-overexpressing
N2a cells (Fig. 2c). In the case of APPswe-overexpressing
cells, AP40 was seven times more concentrated in exosomes
than in cells (Fig. 2c). Noteworthy, the amount of A pep-
tides tended to be higher in cell lysates and exosomes of

Flotillin-1 in exosome pellets but not in cells. Means of three experi-
ments + Standard Error Mean “SEM” (¥*p < 0.05; unpaired Student ¢
test). In the case of CTF-n, quantification is the mean of two experi-
ments; the values of the relative protein levels are: 2.3 and 1.9 for
bicuculline, and 2.9 and 2.5 for glutamate. d Inhibition of NMDA
receptors by MK801 blocks glutamate-induced increase in exosomal
release of APP and CTF-a. WB of exosomes released by cortical
neurons incubated in control medium (—), added of 50 pM glutamate
(Glu), or 50 pM glutamate together with 5 pM MK801 (Glu + MK).
Note that the film showing CTF-a has been cut to remove irrelevant
lanes of the same gel

APPswe than of APPwt, with Ap40 being 4.9 times more
concentrated in exosomes of APPswe, than of APPwt N2a.

To confirm the presence of AP in exosomes, we floated
the vesicles on linear sucrose gradients. In this case, we
used exosomes secreted by N2a cells stably expressing
GFP-CD63 [24]. Exosomes secreted by GFP-CD63 N2a
cells expressing APPwt (Fig. 2d) or APPswe (Fig. 2e) were
separated according to their density on sucrose gradients and
fractions analyzed by Western blots. CTF-a was detected
in GFP-CD63-exosome-containing fractions in the case
of APPwt cells. CTF-a and CTF-$ were present in similar
exosome-containing fractions in the case of vesicles secreted
by APPswe cells. In Fig. 2f, ELISA analysis of sucrose gra-
dient fractions revealed the presence of AP40 in the exo-
some fractions, suggesting that the hydrophobic part of the
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Fig. 2 Exosomes released by N2a cells expressing human APPwt
and APPswe are enriched in CTFs and A peptides. a Exosomes con-
tain APP and are enriched in CTF-« and two distinct CTFs depending
on the APP form expressed. The upper panel is a WB of cells and
exosomes from N2a cells (—), or N2a expressing APPwt (APPwt) or
APPswe (APPswe) labelled with an antibody against the N-terminal
part of APP to reveal full-length APP. CTFs were revealed using
antibodies against the C-terminal part of APP. The lower panels are
WB of cells and exosomes from N2a cells or APPwt- or APPswe-
expressing N2a cells showing that expression of these proteins does
not apparently change the amount of two exosome markers, Alix or
CD63. Note that for both WB of Alix and CD63, the film have been

peptide is still inserted in the lipid bilayer of exosomes or
that the peptide is tightly bound to a receptor of the exoso-
mal membrane.

Noteworthy is that overexpression of APPswe had no
detectable effects on the production or release of exosomes.
Indeed, neither APPwt nor APPswe expressions noticeably
changed the amount of exosomes released, as monitored by
immunodetection of two exosomal markers, Alix, and CD63
(Fig. 2a). In addition, nanoparticle tracking analysis used
to quantify nanovesicles revealed that the number of par-
ticles secreted by N2a cells was not significantly different
between non transfected, APPwt-, or APPswe-transfected
cells (Sup Fig. 1a). Furthermore, exosomes secreted by con-
trol, APPwt-, and APPswe-N2a cells had similar sizes of
98.5, 100, and 96.3 nm, respectively (Sup Fig. 1b). Thus,
APP overexpression or amyloidogenesis induced by APPswe
had no obvious effect on the number and size of exosomes.

APP-exosomes bind specifically to neurons
The next step of our study was to follow the possible binding

of APP-containing exosomes to neural cells. Here, we used
exosomes secreted by N2a cells expressing APP with both
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cut to remove irrelevant lanes of the same gel. b BACE-1 inhibi-
tion (BI) blocks the appearance of CTF-f and increases the amount
of CTF-n. Alix was used as an exosome marker. ¢ A peptides are
enriched in exosomes compared to cells. AP42 and AP40 were
quantified by ELISA. Means of 4-5 experiments + SEM. *p < 0.05
*#p < 0.01 ***p < 0.001. d—f Ap40, CTF-a, and CTF-§ are present
in the exosomal fractions containing CD63. Exosomes released by
GFP-CD63 N2a cells transfected with APPwt (d) or APPswe (e, f)
were separated on sucrose density gradients. Two fractions were col-
lected and analyzed by WB (d, e). ELISA was also used to detect
AB40 in the fractions (f). Sucrose concentration of exosome-contain-
ing fractions is indicated in g/mL

myc- and HA-tags on the N-terminal and C-terminal parts
respectively (myc-APP-HA). Incubation of APP—exosomes
on hippocampal primary cell cultures followed by anti-
myc and anti-HA antibody staining revealed double immu-
nostained exosomes only around cells looking like neurons
(Fig. 3a). Using MAP2 immunostaining to selectively label
neurons, we confirmed that APP—-exosomes bound to neu-
ronal soma and dendrites. Importantly, we did not detect any
obvious difference in the binding specificity of exosomes
carrying APPwt and those carrying APPswe (Fig. 3b).
GFP-CD63-expressing N2a cells can serve as a source of
fluorescent exosomes. In contrast to APP exosomes, but as
expected from our previous work [24], GFP-CD63 exosomes
bound indifferently to neurons and glial cells present in the
cultures (Fig. 3b). A few GFP-CD63 exosomes may also
have bound directly to the poly-p-lysine-coated substrate.
80-90% APP-exosomes bound to MAP2-positive neu-
ronal soma or dendrites. This specificity of binding was
not significantly different between exosomes containing
wt or swe APP. In sharp contrast, only 30% of GFP-CD63
exosomes bound to MAP2-positive structures (Fig. 3c). We
also used hippocampal cultures transfected with mCherry,
in which the fluorescent protein is sometimes expressed in,
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and delineates, flat glial cells. This allowed discrimination
between MAP2-positive dendrites and underlying glial cells
and observation of APP—exosomes decorating dendritic pro-
cesses but not glial cells (Fig. 3d). Thus, our results indicate
that exosomes secreted by N2a cells overexpressing APPwt
or APPswe preferentially interact with neurons, in sharp
contrast to those secreted by GFP-CD63 N2a, which bind
to both neurons and glial cells.

We searched for the reason for this different binding
specificity using exosomes purified from N2a cells express-
ing both GFP-CD63 and APP. Sucrose gradient separation
of such exosomes showed that APP, CTF-a and GFP-CD63
were present in the same exosome-containing fractions
(Figs. 2d, e and 4a). However, electron microscopic obser-
vation of exosome secreted by N2a cells expressing myc-
APP-HA and GFP-CD63 using double immunogold label-
ling for CD63 and HA indicated that CD63 and APP were
present almost exclusively on different exosome-like vesicles
(Fig. 4b). This lack of colocalization of APP and CD63 on
exosomes was confirmed by immunofluorescence of the
same exosome preparation using anti-HA (Fig. 4c).

APP/GFP-CD63 exosomes were incubated on hip-
pocampal cells and exosomes were revealed by immuno-
fluorescence. GFP-containing-dots similar to those seen with
exosomes from GFP-CD63 N2a were observed on both neu-
rons and glial cells (Fig. 4d). In contrast, immunostaining
of APP revealed fluorescent dots only on neurites, similar
to those seen using exosomes from APPwt N2a. Notewor-
thy, GFP-CD63 and APP were almost never co-localized
(Fig. 4d) showing that in most cases, APP and CD63 were
present in two distinct exosome populations having different
binding specificities towards neural cells (Fig. 6).

In hippocampal neurons expressing mCherry (Fig. 5a),
the fluorescent protein delineates all processes. Among
these, the thin and smooth MAP2-negative axons (arrow-
heads) can be distinguished from the spiny MAP2-positive
dendrites. This revealed that APP—exosomes mainly bound
to dendrites (Fig. Sb—d) but had no apparent preference for
any dendrite sub-compartment, localizing indifferently on
dendritic shafts, spine necks or spine heads (Fig. 5e).

Exosomal CTFs are endocytosed by receiving neurons

In order to demonstrate that APP—exosomes can be endocy-
tosed after their binding to the neuronal surface, we incu-
bated APP-exosomes on hippocampal neurons express-
ing Rab5-Q79L-mCherry. This dominant positive mutant
of Rab5 does not impede early steps of endocytosis from
plasma membrane to endosomes, but inhibits the maturation
of endosomes from early to late endosomes/lysosomes [50,
51]. Rab5-Q79L expression induces formation of aberrantly
enlarged endosomes which accumulate endocytosed mate-
rial and thus clearly delineates the early endosome limiting

membrane and their lumen (Fig. 5f) [51]. Exosomes were
from N2a cells expressing APP with myc- and GFP on the
N-terminal and C-terminal parts, respectively (myc-APP-
GFP). This alternative C-terminal tag did not change the
binding specificity of exosomes as GFP spots decorated the
surface of neurons similar to the situation observed using
myc-APP-HA-containing exosomes. The staining was also
different from that observed with GFP-CD63 exosomes,
indicating that the lack of specificity seen with the latter is
not a particularity of GFP. However, the number of spots
per unit area of neurite was less abundant, in accordance
with the lower incorporation of myc-APP-GFP in exosomes
compared to that of myc-APP-HA (Williamson et al. in
preparation). Strikingly, GFP dots could be detected within
Rab5-Q79L-positive endosomes most likely representing
endocytosed exosomes blocked during their traffic inside
early endosomes (Fig. 5g—j). Exosomes bound to the surface
were often labelled with both GFP and myc, demonstrating
the presence of intact APP in exosomes (open arrowheads
in Fig. 5g, 1, j). Such colocalization was very rarely seen
on GFP spots detected inside endosomes, suggesting cleav-
age of the extracellular domain of exosomal APP inside
endosomes. Alternatively, the fact that some GFP-containing
exosomes from the cell surface were not labelled by myc
might suggest that exosomes containing only CTF are more
efficiently endocytosed than those containing the holopro-
tein (Fig. 51, j). In summary, these observations show that
exosomal APP and CTFs bound to the neuronal surface can
be endocytosed and traffic through neuronal endosomes
(Fig. 6).

After endocytosis, exosomal CTFs can be processed
by y-secretase in the receiving cell

We next examined if some of the APP and CTFs acquired
through exosomes might be processed in the same way as
endogenously expressed APP. CTF cleavage by y-secretase
gives rise to a cytosolic fragment (AICD) released into the
cytosol and might enter the nucleus to activate transcrip-
tion. We used a Gal4-reporting system which allows dem-
onstration of the appearance of AICD. APP is fused at its
C-terminal part with the yeast Gal4 transcription factor
(APP-Gal4) and the Gal4 reporter is a luciferase expression
vector driven by the UAS (Upstream Activation Sequence)
[47,52]. As expected, in N2a cells co-transfected with both
APP-Gal4 and UAS-luciferase, luciferase expression was
detected by luminescence, reflecting the presence of AICD-
Gal4. Luminescence was almost completely abolished by
the y-secretase inhibitor DAPT, demonstrating that lucif-
erase expression faithfully reflects CTF-GAL4 processing by
the y-secretase (Fig. 7a). DAPT had no effect on luciferase
activity induced by overexpression of Gal4 transcription fac-
tor directly targeted to the nucleus (NLS-Gal4, Sup Fig. 2).
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We next demonstrated that N2a cells expressing only APP-  was significantly higher compared to control cells not incu-
Gal4 secrete exosomes containing full-length APP-Gal4 and  bated with exosomes (Fig. 7c). In addition, this increased
CTF-Gal4 (Fig. 7b). These exosomes were then incubated  luciferase activity due to APP-Gal4 exosomes was abolished
on target N2a cells expressing only the reporter plasmid  upon co-incubation with the y-secretase inhibitor DAPT.
UAS-luciferase. After 20 h of incubation, luminescence These results demonstrate that at least a fraction of APP or
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«Fig. 3 APP exosomes bind specifically to neurons. a Exosomes puri-
fied from myc-APP-HA-expressing N2a supernatants were incubated
during 2 h on DIV 17 hippocampal cells. Double immunofluores-
cence was used to localize the myc-tagged N-terminal- (green) and
the HA-tagged C-terminal (magenta) parts of APP on exosomes.
Colocalizations of the tags appear as white dots and demonstrate
full-length APP-containing exosomes labelling of neurites. b APP-
containing exosomes bind specifically to neurites in contrast to CD63
containing exosomes which bind to all cells. Exosomes purified from
supernatants of GFP-CD63 N2a (GFP-CD63 exosomes) or N2a cells
expressing myc-APPwt (APPwt exos) or mycAPPswe (APPswe exos)
were incubated on hippocampal cultures and APP exosomes localized
by immunofluorescence with anti-myc antibody (green). Co-staining
with anti-MAP2 (magenta) shows that APP exosomes label MAP2-
positive dendrites in contrast to GFP-CD63 exosomes which bind to
all cells of the culture. ¢ Percentage of each class of exosomes bound
to MAP2-positive neuron cell bodies and dendrites. d Hippocampal
cells transfected with mCherry were incubated with APP exosomes
which were revealed by myc immunostaining (APPwt exos). Neurons
were labelled using anti-MAP2 (Magenta). The picture shows APP
exosomes bound to MAP2-positive dendrites but not to the under-
lying mCherry-expressing, MAP2-negative glial cell. Nuclei were
stained with Hoechst (blue in a—c). Bars 10 pm

APP-CTF carried by exosomes has been inserted in endo-
somal membranes of the receiving cells and cleaved down
to the final AICD product (Fig. 7d).

Discussion

Cellular mechanisms underlying the slow progression
of Alzheimer’s disease through the brain are still poorly
understood. One current hypothesis is that pathogenic pro-
teins including A peptides spread via exosomes through-
out the parenchyma. APP and its proteolytic products have
already been reported in exosomes secreted by several cell
lines overexpressing APP [38—40, 53] and in vesicles from
unknown origin purified from total mouse brains [15]. Neu-
rons differ from cell lines by their highly compartmentalized
organisation which requires sophisticated sorting systems.
It was, therefore, crucial to describe how APP processing
into exosomes occurs in mature neurons as well as to under-
stand whether exosomes can bind and transfer APP and its
fragments to other neural cells. To study APP processing
into exosomes, we chose 2-week-old cultures of dissociated
cortex which contain both glutamatergic and GABAergic
neurons making functional networks. We have previously
used such cultures to demonstrate that a short increase
in glutamatergic activity triggered MVB fusion with the
plasma membrane and thereby exosome release [23]. Here,
we found that these exosomes contain full-length APP and
two CTFs, one running around 13 kDa, the other fainter
one just above 26 kDa (Fig. 1b). APP products with similar
molecular weights were detected in exosomes of N2a cells
expressing human APP. In the case of APPswe-expressing
N2a, however, exosomes contained only two low molecular

weight CTFs, the lower one running around 13 kDa (Fig. 2).
The upper fragment most probably corresponds to CTF-
B, the other one being CTF-f, as the Swedish mutation is
known to enhance cleavage of APP by BACE-1, thereby
increasing the concentration of CTF-f [48]. The upper band
of the doublet disappeared from lysates and exosomes after
cells was incubated with a BACE-1 inhibitor confirming
this interpretation. Therefore, exosomes secreted by N2a
cells overexpressing APP or by primary cortical cultures
both contain CTF-a but no CTF-f. Instead, they contain a
CTF with a molecular weight around 26 kDa, similar to the
recently described CTF-n which is a product of the met-
allo-protease MT5-MMP and a substrate of BACE-1 [33,
34]. The level of this fragment was increased in exosomes
of APPswe N2a cells by the treatment with the BACE-1
inhibitor, further suggesting that it indeed corresponds to
CTF-1. Interestingly, all three CTFs were highly enriched
in exosomes compared to the APP holoprotein which was
equally detected in cells and exosomes. This is consistent
with the previous observations using immuno-electron
microscopy that MVBs of neurons from APP-PS1 trans-
genic mice are filled with CTFs and AP but lack detectable
N-terminal APP fragments [54]. Thus, our results show for
the first time that in mature cortical neurons, APP is mainly
processed into CTF-a and CTF-n, most of which is sorted
into intraluminal vesicles of MVBs.

Short-term activation of glutamatergic synaptic receptors
increased secretion of this ready releasable pool of CTFs.
Neurons which lack lysosomes in distal dendrites might
heavily rely on the fusion of MVBs to the plasma membrane
to eliminate intracellular Ap and avoid the deleterious accu-
mulation of CTFs in endosomes. This could be particularly
crucial at synapses, where APP processing is enhanced by
glutamatergic activity [55, 56]. However, one possible pitfall
of such an elimination process is that cleavage of CTF-n by
a-secretase also leads to a soluble synaptotoxic An peptide
[33]. The a-secretase ADAM-10 is known to be associated
with exosomes [40, 57] and further studies should test if
CTF-n inserted in exosomes released by dendrites can give
rise to toxic An in the synaptic vicinity. Ap peptides were
enriched in exosomes compared to cells, and as expected
from previous work [58—60], the level of amyloid peptides
tended to be higher in APPswe than in APPwt-expressing
N2a cells. Accordingly, there was nearly five times more
Ap40 in exosomes from APPswe- than in those of APPwt-
expressing N2a (Fig. 2c). Importantly, density separation
showed for the first time that A peptides float together with
exosomes, demonstrating their tight association with mem-
brane vesicles. One explanation for this is that the hydropho-
bic part of AP produced after y-secretase cleavage of CTFs
remains embedded in the exosome membrane. Another
possibility is that soluble AP oligomers are bound to the
surface of exosomes by the prion protein PrP¢, as recently
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Fig. 4 APP and CD63 define exosome subpopulations with differ-
ent target cells. Exosomes were purified from culture supernatants of
N2a cells expressing both GFP-CD63 and myc-APPwt (a, d) or myc-
APPwt-HA (b, c¢). a Exosomes were separated on a linear sucrose
gradient, as shown in Fig. 2. Myc-APPwt, Flotillin-1, and GFP-CD63
appear in exosomal fractions containing 1.11-1.15 g/mL of sucrose. b
Co-immunogold staining with anti-HA (6 nm gold particles) and anti-
CD63 (irregular silver deposits > 10 nm) demonstrates the presence
of myc-APP-HA and GFP-CD63, respectively, in different vesicles.

demonstrated with N2a exosomes using synthetic peptides
[61]. In that study, exosomal PrP¢ was found to accelerate
AP fibrilization and suggested to protect against the neuro-
toxic effects of the oligomeric peptide. A similar mechanism
might occur in vivo [62] and we have previously shown that
PrP¢ is highly enriched in exosomes purified from cortical
neurons [20]. In this case, one function of the exosomes
released into parenchymal interstitial space would be to
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Bar 100 nm. ¢ Immunofluorescence staining of purified exosomes
with anti-HA confirms that APP and GFP-CD63 are localized on dif-
ferent objects (Pearson’s correlation coefficient between APP stain-
ing and GFP calculated on 20,000 objects with JACoP of Imagel:
r =0.01) Bar 5 pm d APP exosomes [APP exos (anti-myc), red] and
CD63 exosomes have different binding specificities towards neural
cells. Exosomes were incubated on hippocampal cells during 2 h.
On the transmitted light picture, circles delineate nuclei of neurons
(black) and glial cells (white). Bar 10 pm

sequester toxic AP oligomers released upon fusion of late
endosomes to the cell surface in the vicinity of synapses.
The relevance of extracellular versus intracellular A
for neuronal toxicity is a source of considerable debate fed
by multiple observations of early endosomal abnormali-
ties and progressive intraneuronal Af accumulation in the
human brain with AD [36, 63]. Endosomal abnormalities
could result from accumulation of Ap or CTF-f [32, 64],
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Fig. 5 APP exosomes mainly bind to dendrites and can be endo-
cytosed by hippocampal neurons. Hippocampal neurons express-
ing mCherry were incubated for 20 h with APP exosomes. a APP
exosomes were revealed with anti-myc [APPexos (anti-myc), green]
and dendrites labelled with anti-MAP2 (magenta). Arrowheads point
to thin mCherry-filled processes identified as axons because of their
MAP2-negativity. b, ¢ Higher magnifications illustrate that APP
exosomes bind less to axons (b) than to dendrites (c). Bars 20 pm d
quantification of the number of APP exosomes counted per pm of
dendrites or axons. Mean of four experiments + SEM (p** < 0.01,
unpaired Student ¢ test). e APP exosomes revealed by anti-myc [APP
exos (anti-myc), green] bound to mCherry-expressing dendrites.
Photographs illustrate APP exosomes localized on dendritic spine

1
-.

necks (empty arrowhead), dendritic spine heads (white arrowheads),
or dendritic shaft (white arrow). Bar 10 pm. f Endocytosis of APP
exosomes by hippocampal neurons. Myc-APP-GFP exosomes were
incubated for 2 h on Rab5-Q79L-mCherry-expressing neurons (red)
and immunostained with anti-myc (magenta). Rab5-Q79L-mCherry
delineates enlarged endosomes in which GFP can be detected (green).
g-j Higher magnifications illustrating individual dilated Rab5-Q79L-
mCherry endosomes containing GFP—exosomes. g shows a Z-stack
of four slices into an enlarged endosomes. h—j are individual Z slices
of enlarged endosomes. Note that colocalized myc and GFP spots
appearing as white dots are only detected on the cell surface, outside
endosomes (white empty arrowheads in g, i, j). Bars 10 pm
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Fig. 6 Schematic illustration of the results obtained. APP is endocy-
tosed (step 1) and processed into CTFs inside endosomes which also
contain CD63 (step 2). APP-CTFs are sorted into different popula-
tions of intraluminal vesicles accumulating inside late endosomes
called multivesicular bodies (MVBs). MVBs can fuse with the
plasma membrane thereby releasing the intraluminal vesicles which
once outside are referred to as exosomes (step 3). CD63—exosomes
indifferently bind to neurons and glial cells whereas APP—exosomes
bind specifically to, and can be endocytosed by neurons (steps 4 and
5). Note that for simplification, we have represented a differential
sorting of APP and CD63 into ILV of the same MVB, but the pos-
sibility remains that APP and CD63 are sorted into different MVB
populations. Note that our work cannot exclude that APP fragments
are sorted into vesicles budding from the cell surface (not represented
here)

normally eliminated by the fusion of late endosomes with
the cell membrane. Strikingly SorLLA, Binl, PICALM, and
CD2AP, which are linked to increased risk for late onset
AD [65, 66], all have functions related to endocytosis and
endosome trafficking. Ubelmann et al. have already shown
that depletion of CD2AP inhibits APP and/or CTFs sorting
towards ILVs and concomitantly increases A production in
post-synaptic endosomes [67]. Exosomal proteins released
by neurons within few minutes represent an easily accessible
sampling of ILVs. Thus, exosomes give unique opportunities
to understand how proteins linked to late onset forms of the
disease affect endosomal trafficking and sorting especially
of APP catalytic products.

Heterogeneity of extracellular vesicles secreted by sev-
eral cell lines has already been reported [10, 11] and we
found that APP and CD63 are sorted into distinct exosome
populations. This might be explained by the fact that APP
sorting inside ILVs depends on the Endosomal Sorting
Complexes Required for Transport (ESCRT) [4], while
CD63 can be involved in ESCRT-independent sorting
into ILVs [68]. Monitoring the binding of CD63- versus
APP-containing exosomes allowed us to demonstrate that
two distinct populations of N2a exosomes carrying differ-
ent cargoes have different binding specificities (Fig. 6).
To our knowledge, the possibility that different vesicles

@ Springer

secreted by one cell type might target different kinds of
cells has never been envisaged before. We have previously
used GFP fused to the C-terminal fragment of the heavy
chain of Tetanus toxin (TTC) to label exosomes released
by cortical neurons. TTC is endocytosed after binding to
its receptor of the neuronal surface sorted into intralumi-
nal vesicles of MVBs and released bound to exosomes
[23]. Purified GFP-TTC-labelled-neuronal exosomes spe-
cifically bound to neurons of mixed hippocampal cultures
[24], similar to N2a exosomes containing APP. Thus,
APP and CTFs are sorted into a subset of ILVs/exosomes,
which specifically bind to neurons and have the capacity
to act as vehicles between neurons. However, even if the
presence on secreted vesicles of CTF fragments produced
inside endosomes is compatible with a possible endosomal
origin of the vesicles, we cannot exclude, yet that these
latter may be ectosomes directly budding from the plasma
membrane. Separation of CD63- from APP-containing
vesicles followed by their proteomic characterization may
help to resolve this issue.

Further studies will also be required to identify which
ligand allows this remarkable binding specificity for neurons
of APP-carrying exosomes secreted by cortical neurons or
by N2a cells. One candidate is APP itself which has many
known neuronal ligands [69] including APP, which is more
highly expressed on neurons than on glial cells [70, 71].

Endocytosis is the best accepted way of entry of
exosomes in receiving cells. We have blocked trafficking
through early endosomes by Rab5-Q79L to show that this
is also the case in neurons. After incubation with APP-GFP
exosomes, GFP fused with the C-terminal part of APP was
detected in patches inside Rab5-Q79L swollen endosomes.
Noteworthy, myc staining was almost never colocalized with
GFP inside endosomes, suggesting that the extracellular part
of APP carried by exosomes had been cleaved. Similar to
the reported backfusion of intraluminal vesicles with the
endosomal membrane [72], exosome fusion could occur and
allow insertion of CTFs in the limiting endosomal mem-
brane. Accordingly, we showed that part of CTFs can be fur-
ther processed inside receiving cells by y-secretase to give
rise to AICD (Fig. 7d). Further work will be required to test
if this mechanism could contribute to the formation of intra-
cellular AP. In conclusion, our data demonstrate that CTFs
are enriched in exosomes secreted by cortical neurons. This
process might allow localized elimination of these poten-
tially toxic fragments from endosomes of synapses far away
from lysosomes, particularly in the most distal parts of den-
drites. Using neuroblastoma cells, we also show that APP-
CTFs and AP are selectively sorted into a subpopulation
of exosomes that specifically bind to, and are endocytosed
by, neurons, thus suggesting that some of these vesicles
might contribute to the spreading of pathological fragments
throughout the brain. Therefore, our study leads to a better
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Fig. 7 Exosomal CTFs can be processed in receiving cells. a Lucif-
erase activation in N2a cells co-transfected with APP fused with
Gal4 (APP-Gal4) and the UAS-Firefly luciferase reporter demon-
strates APP cleavage by y-secretase into AICD-Gal4. UAS-Firefly
luciferase was transfected alone (Mock) or together with APP-Gal4.
Renilla luciferase was co-expressed to normalize Firefly activity and
luciferase activities measured 48 h after the transfections. y-secretase
inhibitor (DAPT) was added 20 h before measurement. Average of
five experiments for APP-Gal4 and three experiments for DAPT con-
ditions are shown + SEM. (**p < 0.01, unpaired Student ¢ test). b
WB analysis of exosomes secreted by N2a cells expressing APP-Gal4
demonstrates the presence of APP-Gal4 and CTF-Gal4 in exosomes.
¢ APP-Gal4 exosomes incubated for 20 h on N2a transfected with

understanding of the molecular mechanisms allowing exo-
some transfer between neurons, a prerequisite to testing the
beneficial or deleterious role of exosomes in AD.
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the UAS-Firefly luciferase reporter only, activate luciferase. The
y-secretase inhibitor DAPT blocks this activation indicating cleav-
age of CTF-Gal4 into AICD in the recipient cells. Firefly luciferase
activity was measured as in a. Average of four experiments + SEM.
*p < 0.05, unpaired Student ¢ test. d Schematic representation of the
way exosomes containing APP-Gal4 would induce luciferase activ-
ity in cells transfected with UAS-Firefly luciferase only. Exosomes
containing CTF-Gal4 are endocytosed by UAS-luciferase transfected
cells. Once inside endosomes, exosomes fuse with the limiting endo-
somal membrane. CTF-Gal4 is thereby inserted into the membrane
and accessible to cleavage by y-secretase. AICD-Gal4 is released and
enters the nucleus to activate transcription of the luciferase gene
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