doi:10.1093/brainfaww237 BRAIN 2016: 139; 3187-3201 | 3187

A JOURNAL OF NEUROLOGY

Exosome secretion is a key pathway for
clearance of pathological TDP-43

Yohei Iguchi,"2 Lara Eid,"2 Martin Parent,"2 Genevieve Soucy,"2 Christine Bareil,"2
Yuichi Riku,3 Kaori Kawai,3 Shinnosuke Takagi,3 Mari Yoshida,4 Masahisa Kat:suno,3
Gen Sobue?® and Jean-Pierre Julien's?

Cytoplasmic TDP-43 aggregation is a pathological hallmark of amyotrophic lateral sclerosis and frontotemporal lobar degener-
ation. Here we investigated the role of exosomes in the secretion and propagation of TDP-43 aggregates. TDP-43 was detected in
secreted exosomes from Neuro2a cells and primary neurons but not from astrocytes or microglia. Evidence is presented that
protein aggregation and autophagy inhibition are factors that promote exosomal secretion of TDP-43. We also report that levels of
exosomal TDP-43 full length and C-terminal fragment species are upregulated in human amyotrophic lateral sclerosis brains.
Exposure of Neuro2a cells to exosomes from amyotrophic lateral sclerosis brain, but not from control brain, caused cytoplasmic
redistribution of TDP-43, suggesting that secreted exosomes might contribute to propagation of TDP-43 proteinopathy. Yet,
inhibition of exosome secretion by inactivation of neutral sphingomyelinase 2 with GW4869 or by silencing RAB27A provoked
formation of TDP-43 aggregates in Neuro2a cells. Moreover, administration of GW4869 exacerbated the disease phenotypes of
transgenic mice expressing human TDP-4323T mutant. Thus, even though results suggest that exosomes containing pathological
TDP-43 may play a key role in the propagation of TDP-43 proteinopathy, a therapeutic strategy for amyotrophic lateral sclerosis
based on inhibition of exosome production would seem inappropriate, as in vivo data suggest that exosome secretion plays an
overall beneficial role in neuronal clearance of pathological TDP-43.
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H component of such inclusions (Arai ef al., 2006; Neumann
IntrOdUCtlon et al., 2006). TDP-43 is a nuclear RNA binding protein that
Ubiquitinated cytoplasmic inclusions are a common patho- redistributes from the nucleus to cytoplasm in affected neu-
logical feature of amyotrophic lateral sclerosis (ALS) and rons or glial cells (Arai et al., 2006; Neumann et al., 2006).

frontotemporal lobar degeneration (FTLD-TDP). TDP-43 TDP-43 C-terminal region represents glutamine/asparagine
(encoded by TARDBP) has been known to be a major (Q/N) prion-like domain, and this low complexity domain
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mediates self-aggregation (Blokhuis et al., 2013; Budini et al.,
2015). Most of the disease-causative mutations of TDP-43
also localize in this region, increase own protein stability
(Ling et al., 2010; Watanabe et al., 2013), and enhance its
aggregation propensity (Johnson et al., 2008, 2009).

An initial symptom of ALS commonly appears at a single
focal lesion, and it horizontally or vertically spreads, as if a
‘pathogen’ contiguously or trans-synaptically transmits
from cell to cell (Ravits and La Spada, 2009;
Brettschneider et al., 2014). The paradigm of prion-like
propagation has been speculated as the cause of the spread-
ing as well as other neurodegenerative diseases such as
Alzheimer’s disease or Parkinson’s disease (Ling et al.,
2013; Falsone and Falsone, 2015; Maniecka and
Polymenidou, 2015). Nonaka et al. (2013) demonstrated
that an insoluble fraction of ALS or FTLD-TDP brains
acted as a seed of TDP-43 aggregation when it was intro-
duced in SH-SYSY cells, and that TDP-43 aggregation was
transmitted to other co-cultured cells. In addition, Feiler
et al. (2015) confirmed a trans-synaptic cell-to-cell trans-
mission of TDP-43 oligomer using a novel TDP-43-oligo-
mer quantification system. These reports suggest that TDP-
43 aggregation can be transmitted from cell to cell and it
may explain the disease spreading in ALS. Many lines of
evidence suggest that exosomes can contribute to propaga-
tion of pathological proteins in some neurodegenerative
diseases (Fevrier et al., 2004; Rajendran et al., 2006; Asai
et al., 2015). Whether exosomes play a role in propagation
of TDP-43 is not fully resolved. TDP-43 has been detected
in exosome fractions from cultured cells (Nonaka et al.,
2013; Feiler et al., 2015) and from human CSF (Feneberg
et al., 2014; Ding et al., 2015). However, it remains un-
clear whether exosomal TDP-43 secretion is increased in
ALS/FTLD disease, which cell types secrete TDP-43 and
what is the role of exosome secretion in pathogenesis.

Here, we report that secretion of TDP-43 can occur via
exosomes in neuronal cells, primary neurons or human
brains. We show that exosomal TDP-43 secretion is
increased under pathological conditions that promote its
aggregation and that exosomes containing pathological
TDP-43 may play a key role in the propagation of TDP-
43 proteinopathy. However, pharmacological inhibition of
exosome secretion in transgenic mice expressing human
TDP-43*315T mutant exacerbated neuronal aggregation of
TDP-43 and disease phenotypes. Therefore, therapeutic
strategies for ALS based on inhibition of exosome produc-
tion would seem inappropriate as our iz vivo data suggest
that exosome secretion plays an overall beneficial role in
the neuronal clearance of pathological TDP-43.

Materials and methods

Human brain samples

The use of the human tissue samples described in this article
was performed in accordance to the Committee on Research
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Ethics of Institut universitaire en santé mentale de Quebec
(IUSMQ).

Animals and GW4869 administration

The transgenic mice bearing a human genomic fragment
encoding TDP-43315T are  reported previously (Swarup
et al., 2011). The TDP-43*315T mice used here did not develop
behavioural and pathological changes as severe as those
described previously (Swarup et al., 2011). The attenuated
phenotypes were likely due to a reduction in expression
levels of TDP-43*315T transgene in this mouse line. The
TDP-43*3"T mice in our study exhibited a 1.2- to 1.4-fold
overexpression of TDP-43 expression (Supplementary Fig. 1)
in contrast to a 3-fold increase in the original mouse line
described before (Swarup et al., 2011). GW4869 {N,NO-
Bis[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,30-p-phenylene-
bis-acrylamide dihydrochloride} powder (Cayman Chemical)
was reported to reduce neutral sphingomyelinase activity in
mouse cortices by intraperitoneal injection (Tabatadze et al.,
2010). We used this compound to inhibit exosome secretion in
mouse CNS. GW4869 was dissolved in dimethyl sulphoxide
(DMSO) at 8 mg/ml and stored at —20°C. The working solu-
tion was prepared in 0.9% normal saline freshly before use
with a final concentration of 0.3 mg/ml. Twenty-week-old mice
were injected intraperitoneally with 200 ul of GW4869 solu-
tion (60 pg per mouse) or 200 pl of 3.75% DMSO saline twice
a week until 42 weeks of age. The use and maintenance of the
mice described in this article was performed in accordance to
the Guide of Care and Use of Experimental Animals of the
Canadian Council on Animal Care.

Rotarod analysis

Motor performance of the mice was analysed every 2 weeks
with an accelerated rotarod, starting at 4rpm for female or
3 rpm for male mice with 0.2 rpm/s acceleration, and time was
noted when the mice fell off the roll. Three trials were done
per animal, and the best score was calculated for statistics and
graphs.

Novel object recognition test

Novel object recognition test was done at the end of the
animal analysis at 42 weeks of age. On the first day, the
mice were placed in the box (width: 40cm, depth 40cm,
height: 35cm) for Smin for habituation. On the second day,
two identical objects were put in the box, and the time spent
exploring each object was recorded during 5 min of the obser-
vation. On the third day, the one object was replaced to a
different object, and the analysis was done as the day before.
The data of both genders were put together for this analysis.

DNA constructs

The V5-tagged wild-type (WT) and 25kDa C-terminal frag-
ment (25CTF) of human TDP-43 (hTDP-43) plasmids were
described before (Iguchi er al., 2012; Takagi et al., 2013).
For disease mutants, A315T or G348C of hTDP-43 vectors,
primers containing the mutant substitutions were used to mu-
tagenize wild-type-hTDP-43  (KOD-Plus-Mutagenesis ~ kit;
Toyobo). The sequences of all constructs were verified using
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CEQ 8000 genetic analysis system (Beckman Coulter).
TSG101-Cherry vector (Lee et al., 2008) was purchased
from Addgene.

Cell culture and treatment

Mouse neuroblastoma Neuro2a and human embryonic kidney
293 (HEK293) cells were cultured in a humidified atmosphere
of 95% air/5% CO, in a 37°C incubator in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum (FBS) and 1% sodium pyruvate. The transfec-
tions of the intended plasmids were performed using
Lipofectamine’ 2000 (Invitrogen), according to the manufac-
turer’s instructions. Co-transfection with wild-type-hTDP-43
plasmid and small interfering (sijRNA was done with
jetPRIME (Polyplus transfection), according to the manufac-
turer’s instructions. siRNAs against Rab27a and control RNA
were purchased from Dharmacon. The target sequences of
Rab27a were CUGUUAUGUAGAACGCUGA (Oligol) and
GCUGCAGCUUUGUAUGAUU (Oligo2). Twenty-four hours
after transfection, the medium was replaced with DMEM
plus 10% exosome-depleted FBS, 1% sodium pyruvate, and
SmM N6,2-O-dibutyryl cAMP (dbcAMP, Sigma-Aldrich),
which was added to differentiate Neuro2a cells. The cells
were cultured for 24h. For the interventions, bafilomycin
A1, rapamycin, MG132, ethacrinic acid (Sigma-Aldrich), or
GW4869 were added in the exosome-depleted medium.

Primary astrocytes, microglia and
cortical neurons

For cultures of primary neurons, the cerebrum was taken from
embryonic Day 15 embryos of BI/C57 mice, and incubated in
phosphate-buffered saline (PBS) with 0.25% trypsin at 37°C
for 30 min. Digested tissue was picked up with <1 ml of tryp-
sin solution. The solution was filled up to 3ml with Opti-
MEM"™ containing 10% FBS, triturated gently, and incubated
with DNase (0.1K/ml) at 37°C for Smin. Cell suspensions
were centrifuged at 300g for 10min, and the pellet was
diluted by 10ml Opti-MEM " with 10% FBS. Cortical cells
from one embryo were plated on a poly-L-lysine-coated 10 cm
dish. After 1h the medium was exchanged to Neurobasal”
medium containing B27 supplement, Antibiotic-Antimycotic,
and GlutaMAX™ (Thermo Fissure Scientific). After 3 days, a
half of the medium was exchanged, and after another 3 days,
the medium was harvested for the exosome purification.

For primary astrocyte and microglial cell cultures, the cortex
of postnatal Day 1 BI/C57 mice was dissociated using the same
protocol as for the primary cortical neurons. Cortical cells from
two mice were plated on a T75 flask with DMEM-F12 with
10% FBS. The medium was replaced to the new medium but
with 5ng/ml granulocyte-colony stimulating factor (G-CSF)
every 3 days until it became confluent. The flask of confluent
mix glial cells was shaken for 6h at 200 rpm, and the medium
was replaced with a fresh culture medium. The floating micro-
glial cells were recovered by centrifugation at 300g for 10 min.
The remaining microglial cells were separated from astrocytes
by mild trypsinization protocol (Saura et al., 2003). Trypsinized
astrocytes were transferred into a new T75 flask. Previously
collected microglial cells were added in the flask of remaining
microglial cultures. After 3 days, the medium of primary
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astrocytes or microglial cells was replaced with the exosome-
depleted medium, and after another 3 days it was harvested for
exosome purification. Lipopolysaccharide (LPS, Sigma Aldrich)
was added in the medium 24 h before the purification.

Purification of exosomes

FBS was centrifuged at 100000g for 16h at 4°C to remove
exosomes, and the supernatant was carefully collected and
added into DMEM or DMEM/F12. DMEM or DMEM/F12
with 10% exosome-depleted FBS and 1% sodium pyruvate
was used for the cell culture before the exosome purification.

A culture media of Neuro2a cells, primary cortical neurons,
astrocytes, or microglial cells was harvested and spun at 300g
for 10 min to remove cells. The supernatants were then sequen-
tially centrifuged at 2000g for 10 min, 20 000g for 30 min, and
100 000g for 60 min. The final pellet (P100) was resuspended
with 3% sodium dodecyl sulphate (SDS) sample buffer for
whole extract analysis or RIPA buffer for RIPA-soluble/-insol-
uble extraction. The whole volume of the lysate was loaded
onto the gels for immunoblots. Although this pellet is exo-
some-enriched fraction, sucrose density gradient centrifugation
(0.25-2.5 M) was done for the further confirmation. The P100
pellet was resuspended with 2ml of 2.5 M sucrose/PBS solu-
tion, and a step gradient of sucrose solution (2.25, 2.0, 1.75,
1.5, 1.25, 1.0, 0.75, 0.5, and 0.25M; 1ml of each) was
layered over the 2.5 M sucrose solution. The gradient solution
was centrifuged at 200000g for 15h. From the top of the
gradient, 0.8 ml of fractions were collected. Each fraction
was diluted with 10 ml of PBS and centrifuged at 100000g
for 1h. Each pellet was resuspended with 3% SDS sample
buffer. The whole volume of lysate was loaded on gels for
immunoblots. All of the procedures were done at 4°C.

The purification of brain exosomes was done as described
before (Perez-Gonzalez et al., 2012) with minor modifications.
Briefly, 200 pug of human frozen brain or a half of frozen mouse
brain was dissected and incubated with 20 units/ml papain
(Worthington) in 3ml of Hibernate” E solution (BrainBits) for
15min at 37°C. The brain tissue was gently homogenized by
pipetting in 6 ml of Hibernate E solution and sequentially fil-
tered through 70 pm mesh filter and 0.2 pm syringe filter. The
homogenate was sequentially centrifuged at 300g for 10 min,
2000g for 10 min, and 20000g for 30 min at 4°C. The super-
natant was pelleted by centrifugation at 100 000g for 60 min at
4°C. The pellet was fractionated with sucrose density gradient
centrifugation as described above. Then, the gradient solution
was separated into six fractions (1, 2, 2, 2, 2, and 3 ml from the
top). The pellet of each fraction was diluted with 10 ml of PBS
and centrifuged at 100 000g for 60 min at 4°C. The final pellet
was diluted with 50 ul of PBS, and 15 ul of each fraction was
used for immunoblots. As shown in Supplementary Fig. 5, an
exosome marker, flotillin 1, was predominantly detected in the
second and third fractions. Then we put the whole solution of
the second and the third fractions together in the ultracentrifuge
tube, and diluted with 10 ml of PBS, followed by centrifugation
at 100 000g for 60 min at 4°C. The pellet was resuspended with
50ul of PBS, and 5Sul of the solution was lysed with 10 pl of
RIPA buffer and centrifuged at 20 000g for 15 min at 4°C. The
supernatant was kept for RIPA soluble fraction, and the pellet
was lysed with 15pul of 3% SDS sample buffer. The whole
amount of RIPA-soluble or -insoluble lysate was loaded onto
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gels for immunoblots. A 10-ul sample of the third fraction was
taken for electron microscopy.

For exosome purification from mouse serum, 100pl of
serum was purified from 250 ul of blood and diluted with
10 ml of PBS, and then followed the same procedure for exo-
some purification of cultured cells as described above.

Exosome induction treatment

Neuro2a cells were cultured in six wells of a 24-well cell cul-
ture plate and transfected with V5-hTDP-43 the day before.
Human brain exosomes were purified as shown above. Each
10-pg of exosomes purified from control (Control-2, 3 or 4) or
ALS (ALS-1, 3 or 5) brains were labelled with PKH67 Green
Fluorescent Cell Linker Kit (Sigma-Aldrich). Briefly, 2 pl of dye
solution was diluted with 100 ul of dilutant C solution, and
centrifuged at 15000g for 10 min at 20°C to remove aggre-
gated dye. The supernatant was mixed with 100 pl of dilutant
C containing the exosomes, and incubated for 5 min. The mix-
ture was diluted with 1 ml of exosome-depleted FBS, incubated
for 5min, and diluted with 8 ml of PBS. The solution was
centrifuged at 100000g for 1h at 20°C, and the pellet was
washed with 10 ml of PBS and centrifuged again at 100 000g
for 1h at 20°C. The pellet was resuspended with 500 ul of
exosome-depleted culture medium, and filtered with 0.2-um
syringe filter. Finally, the culture medium of Neuro2a cells
was replaced with the medium containing PKH-67-labelled
exosomes. After 24h immunocytochemistry was done with
V5 antibody. The stained cells were imaged with FV1000
laser confocal microscope (Olympus), and rate of cells with
cytoplasmic TDP-43 in cells internalizing PKH67-exosomes
was analysed. More than 100 cells with PKH67-exosomes
were evaluated for each well.

Western blot analysis

Neuro2a cells or mouse tissues were lysed with RIPA buffer
(S0mM 1M Tris pH7.4, 150 mM NaCl, 1% Triton X-100,
1% deoxycholate, 0.1% SDS) using downs homogenizer for
mouse tissue, sonicated, and centrifuged at 20 000g for 15 min
at 4°C. The supernatant was kept for RIPA soluble fraction,
and the pellet was resuspended with RIPA buffer again for
washing, and centrifuged at 20000g for 15 min. The final
pellet was lysed with 3% SDS sample buffer. Twenty micro-
grams of protein was loaded and separated by SDS-PAGE.
Primary antibodies are listed in Supplementary Table 1.

Electron microscopy

Electron microscopy was performed as described previously
(Lasser et al., 2012) with some modifications. Briefly, vesicles
were applied to a Formvar -coated copper or nickel grid, and
fixed with 4% paraformaldehyde in PBS; immunostained with
primary antibodies listed in Supplementary Table 1, followed
by 10 nm gold-labelled mouse or rabbit secondary antibody
(Electron Microscopy Science). Samples were post-fixed with
2.5% glutaraldehyde, contrasted with 2% uranyl acetate, and
embedded with 0.13% methylcellulose and 0.4% uranyl acet-
ate. Grids were examined with a Tecnail2 transmission elec-
tron microscope (100 kV; Philips Electronic) equipped with an
integrated Mega-View II digital camera (SIS).
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Immunofluorescence

For immunocytochemistry Neuro2a cells were fixed with 4%
paraformaldehyde (PFA) buffer for 30 min, and incubated with
1% Triton' X-100/PBS for 5min. Then washed cells were
blocked with 2% BSA/PBS buffer for 30 min, and incubated
with primary antibodies listed in Supplementary Table 1. Mice
were perfused with 4% PFA buffer, and post-fixed for 3h in
4% PFA. We then cut 25-pm thick tissue sections by micro-
tome and dehydrated them on slide glass. The sections were
first microwaved for Smin in 50mM citrate buffer (pH 6.0)
with 0.05% Tween-20, treated with 2% BSA blocking buffer,
and incubated overnight at 4°C with primary antibodies listed
in Supplementary Table 1. After washing, sections were incu-
bated with the indicated secondary antibody for 30 min,
mounted with ProLong gold antifade reagent (Thermo
Fissure Scientific), and then imaged with FV1000 laser con-
focal microscope.

Analysis of neuromuscular junction
and muscle

Muscles were quickly frozen by liquid nitrogen, and cut by
cryostat. The fixation was done with 1:1 methanol and acet-
one mixture. For analysis of neuromuscular junction, 20-pum
thick frozen longitudinal sections of the tibialis anterior muscle
were incubated overnight with anti- SMI31 and SV-2 anti-
body. After washing, sections were incubated with goat anti-
rabbit and anti-mouse IgG conjugated with Alexa 488 (1:500
for each, Invitrogen) and tetramethylrhodamine o-bungaro-
toxin (1:500, Invitrogen) for 30min and mounted with
ProLong gold (Invitrogen). More than 100 neuromuscular
junctions from each mouse were analysed (7=3 mice for
each group). To evaluate muscle atrophy, 10-um thick trans-
verse sections of gastrocnemius muscles were stained with lam-
inin antibody. More than 100 muscle fibre sizes were
measured for each mouse by Image] software (Schneider
et al., 2012). Overall 18 mice were analysed for neuromuscu-
lar junction and muscle fibre size. Three mice (two males and
one female) were analysed for each wild-type mouse group and
six mice (three males and three females) were analysed for
each TDP-43315T mouse group.

Statistical analyses

Statistical ~differences were analysed by ANOVA and
Bonferroni post hoc analyses for multiple group comparisons

and the unpaired Student’s #-test for two group comparisons
(SPSS version 15.0, SPSS Inc.).

Results

TDP-43 is secreted via exosomes in
Neuro22a cells

To determine if TDP-43 is secreted via exosomes, exosomes
were purified from the cultured media of Neuron2a cells by
sequential centrifugations. Electron microscopy revealed
that the fraction of final pellet (P100) was a relatively
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Figure | TDP-43 is secreted via exosomes in Neuro2a cells. (A) Electron microscopic image of secreted vesicles from Neuro2a cells.
Scale bar = 100 nm. (B and C) Immunoelectron microscopic images with anti-CDé3 (B) or Alix (C) antibodies. Scale bars = 100 nm. (D)
Immunoblots of P100 and cell lysate (CL) of Neuro2a cells. (E) Immunoblots of pellets from different centrifugations of medium or cell lysates of
Neuro2a cells transfected with wild-type (WT), A315T, G348C, or C-terminal fragment (25CTF) of hTDP-43. (F) Sucrose density gradient
fractionation of P100 of Neuro2a cells transfected with V5-hTDP-43. Fifteen fractions of sucrose gradient, pellet (P), and cell lysate of Neuro2a
cells. (G) Immunoelectron microscopic image of PI00 of Neuro2a cells transfected with wild-type, A315T, G348C, or 25CTF hTDP-43 with V5
antibody. Scale bars = 100 nm. (H) Immunofluorescent images of Neuro2a cells transfected with V5-wild-type or -25CTF hTDP-43, Tsgl01-
Cherry (green; V5-TDP-43, red; Tsgl01-Cherry, blue; DAPI). Dotted line indicates boundary of nucleus. Scale bars = 10 um. Arrows indicate co-
localization of V5-TDP-43 and Tsgl01-Cherry. (I) Imnmunoblots of exosome fraction from primary astrocytes, primary microglial cells or primary
neurons with brain lysate (BL) of C57BL6 mouse. Primary astrocytes or microglial cells were treated with DMSO or LPS (100 ng/ml) for 24 h.

homogenous population of 50 to 100nm diameter cup-
shaped vesicles (Fig. 1A), which have typical exosome
morphologies. In addition, these vesicles were immunopo-
sitive for the exosome markers CD63 and Alix (Fig. 1B and
C). Immunoblots revealed that this fraction was negative
for GM130, TGN38, or Calnexin, which are cis-, trans-
Golgi, or endoplasmic reticulum markers, respectively,
whereas it was positive for the exosome markers Alix
and flotillin-1 (Fig. 1D). However, TDP-43 was not de-
tected in this fraction (Fig. 1D). Then, we prepared exo-
somes from media of Neuro2a cells transfected with
expression vectors encoding various human TDP-43
(hTDP-43) species including V5-tagged wild-type, two dis-
ease mutants, A315T and G348C, and 25kDa C-terminal
fragment (25CTF) of hTDP-43. Remarkably, each exogen-
ous TDP-43 species was detected in P100 exosome fraction
from transfected Neuro2a cells (Fig. 1E). The amount of
25CTF hTDP-43 in P100 was larger than wild-type h'TDP-
43 whereas there was no obvious difference between two
disease mutants and wild-type hTDP-43. For further con-
firmation, P100 of wild-type hTDP-43-transfected cells was

fractionated by sucrose gradient centrifugation. TDP-43
was detected between the third and seventh fractions to-
gether with the exosome-marker Alix (Fig. 1F).
Furthermore, immunoelectron microscopy with V5 anti-
body showed that each TDP-43 species (wild-type,
A315T, G348C or 25CTF of hTDP-43) could be detected
in exosomes after vector transfection in Neuro2a cells
(Fig. 1G). These data suggest that TDP-43 can be secreted
via exosomes when it is overexpressed. As exosomes ori-
ginate from late endosomes/multivesicular bodies (MVBs),
we examined the co-localization of TDP-43 and Tsg101,
which is a marker of endosome. The immunofluorescent
analyses showed that wild-type or 25CTF of hTDP-43
were co-localized with Tsg101 in Neuro2a cells (Fig. 1TH),
suggesting that TDP-43 is processed by endosomal sorting
machinery.

In addition, we purified exosomes from primary astro-
cytes, microglial cells, or cortical neurons of C57BL6
mice to determine which cell types secrete TDP-43 via exo-
somes in the CNS. TDP-43 was detected in exosome frac-
tion from primary cortical neurons (Fig. 11) but it was not
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detected in exosome fraction from primary astrocytes or
microglial cells even after LPS stimulation.

Autophagy, proteasome and protein
aggregation are modulators of TDP-
43 exosomal secretion

Late endosomes/MVBs are at the origin of exosomes but
they can also fuse with autophagosomes or lysosomes with
an involvement in lysosomal degradation pathway. To in-
vestigate the effect of autophagy modulation on exosomal
secretion of TDP-43, Neuro2a cells expressing hTDP-43
were treated with bafilomycin A1, an autophagy inhibitor
or with rapamycin, an inducer. Neither treatment changed
the proportion of soluble and insoluble TDP-43 (Fig. 2A
and B) or caused TDP-43 aggregation (Fig. 2C). However,
exosomal TDP-43 was significantly increased by bafilomy-
cin Al treatment (Fig. 2D and E). The levels of exosomal
marker Alix were reduced by rapamycin treatment reflect-
ing an inhibition of exosome secretion in the media of
Neuro2a cells (Fig. 2D and E). As a consequence of this
treatment, there was a slight decrease of exosomal TDP-43
albeit it was not statistically significant.

We next treated Neuro2a cells expressing hTDP-43 with
a proteasome inhibitor, MG132. MG132 (1 uM) increased
insoluble TDP-43 (Fig. 2F and G) and phosphorylated
cytoplasmic aggregates of TDP-43 (Fig. 2H). Soluble
TDP-43 was not decreased by MG132 as the mirror of
increase of insoluble TDP-43. As proteasome inhibitor
halts degradation of proteins, the total amount of TDP-
43 is supposed to be increased. Actually, immunoblots of
the whole cell lysate with SDS sample buffer showed an
increase of total amount of TDP-43 by MG132 treatment
(Supplementary Fig. 2). Exosomal TDP-43 secretion was
significantly increased by this treatment (Fig. 2I and J).
A certain amount of exosomal TDP-43 induced by bafilo-
mycin and MG132 were insoluble (Fig. 2K). In addition, an
oxidative stress inducer, ethacrynic acid, reduced soluble
TDP-43 and increased insoluble TDP-43 in a dose-depend-
ent manner (Fig. 2L and M) and induced phosphorylated
intra-nuclear and cytoplasmic aggregations in the cell trea-
ted with ethacrynic acid (Fig. 2N), as reported before
(Iguchi et al., 2012). Immunoblots of exosomal fractions
revealed that ethacrynic acid treatment increased exosomal
insoluble TDP-43 secretion in a dose-dependent fashion
(Fig. 20 and P).

We assessed by reverse transcriptase-quantitative poly-
merase chain reaction (RT-qPCR) the levels of human
TARDBP mRNA and of endogenous Tardbp mRNA in
TDP-43-transfected or non-transfected Neuro-2a cells
(Supplementary Fig. 3). It should be noted that our
human TDP-43 plasmid vector did not contain the
3’UTR region of TARDBP mRNA, which is involved in
the autoregulation mechanism. As expected, there was a
slight decrease of mouse endogenous Tardbp mRNA in
cells transfected with human TDP-43 plasmid vector.
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Conditions promoting exosome secretion had different ef-
fects on the human and mouse TDP-43 mRNAs. Thus,
MG132 treatment increased human TARDBP mRNA
level whereas mouse endogenous Tardbp mRNA remained
unchanged. On the other hand, bafilomycin treatment
decreased mouse Tardbp mRNA level whereas human
TARDBP mRNA level remained unchanged. Inhibition
of exosome secretion by GWA4869 treatment did not
affect the levels of either mouse or human TARDBP
mRNAs.

Exosomal TDP-43 secretion is
increased in human amyotrophic
lateral sclerosis brain

To validate the physiological relevance of the phenom-
enon, we decided to prepare exosomes from frozen post-
mortem temporal cortices of patients with sporadic ALS
and disease control subjects (Supplementary Table 2).
Before exosome preparation, we performed immunoblot
of salkosyl-insoluble fractions of the cortices to check if
these regions were affected. Three of six ALS samples
were positive for phosphorylated TDP-43 (Supplementary
Fig. 4), indicating that these three temporal cortices have
TDP-43 pathology. Phosphorylation at Ser409/410 of
TDP-43 has been identified as a disease-specific modifica-
tion of ALS and FTLD-TDP (Hasegawa et al., 2008).
Exosomes were prepared from the brain of these three
ALS patients and of controls. Following sucrose density
gradient centrifugation, TDP-43 species were detected
mainly in the second and third fractions together with
the exosome marker flotillin-1 in all of the subjects
(Supplementary Fig. 5), and the amount of that TDP-43
from ALS patients was higher than that from control
brains. We then pooled the second and third fraction of
each subject and loaded together. The immunoblot with
pan-TDP-43 polyclonal antibody showed multiple bands
between 15 and 70kDa (Fig. 3A), and densitometric ana-
lysis normalized with flotillin-1 revealed the total exosomal
levels of TDP-43 in ALS were significantly increased com-
pared with control samples (Fig. 3B). The anti-TDP-43 C-
terminal antibody detected 15 and 28kDa bands at
extremely higher levels in exosomes from ALS than from
controls (Fig. 3C). These TDP-43 species were not phos-
phorylated at Ser409/410 (Supplementary Fig. 6).
Immunoblots of the second and third fractions from
Control patient 1 were compared with immunoblots
from HEK293 total cell lysate. These fractions from
Control patient 1 were negative for cis-, trans-Golgi, or
endoplasmic reticulum marker, but positive for both exo-
some markers, flotillin-1 and CD63 (Fig. 3D). Electron
miscrosopy of these fractions from Patient ALS-2 revealed
mainly 50 to 100nm diameter cup-shaped exosome-like
structures (Fig. 3E), which were immuno-positive for
the exosome marker Tsg101 (Fig. 3F) and for TDP-43
(Fig. 3G). These data suggest that this fraction is a pure
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Figure 2 Autophagy, proteasome and protein aggregation are modulators of TDP-43 exosomal secretion. (A) Immunoblots of
RIPA-soluble or -insoluble fraction of Neuro2a cells treated with DMSO, 100 nM of bafilomycin Al or 0.4 uM of rapamycin for 24 h. Neuro2a cells
were transfected with V5-hTDP-43. (B) Densitometric quantification of V5 (n = 3 for each group). Error bars indicate standard deviation (SD).
(€) Immunofluorescent images of Neuro2a cells treated with DMSO, bafilomycin Al, or rapamycin (green; V5-TDP-43, blue; DAPI). Scale
bars = 10 um. (D) Immunoblots of exosome fraction of Neuro2a cells. (E) Densitometric quantification of V5 (n = 3 for each group, *P < 0.05,
ANOVA followed by Bonferroni post hoc tests). Error bars indicate SD. (F) Immunoblots of RIPA-soluble or -insoluble fraction of Neuro2a cells
treated with DMSO or | uM MG132 for 24 h. Neuro2a cells were transfected with V5-hTDP-43. (G) Densitometric quantification of V5 (n = 3 for
each group). Error bars indicate SD. (H) Immunofluorescent images of Neuro2a cells treated with DMSO or MGI32 (green; V5-TDP-43, red;
phosphoTDP-43 Ser409/410, blue; DAPI). Scale bars = |0 pm. (I) Immunoblots of exosome fraction of Neuro2a cells. (J) Densitometric quan-
tification of V5 (n = 3 for each group, *P < 0.05, ANOVA followed by Bonferroni post hoc tests). Error bars indicate SD. RIPA-soluble or -insoluble
exosome fraction of Neuro2a cells treated with DMSO or 100 nM bafilomycin Al. (K) Immunoblots of RIPA-soluble or -insoluble exosome
fractions of Neuro2a cells treated with DMSO, bafilomycin, or MG132. (L) Immunoblots of RIPA-soluble or -insoluble fractions of Neuro2a cells
treated with ethacrynic acid (EA) for 24 h. Neuro2a cells were transfected with V5-hTDP-43. (M) Densitometric quantification of V5 (n = 3 for
each group, *P < 0.05, and **P < 0.01, ANOVA followed by Bonferroni post hoc tests). (N) Immunofluorescent images of Neuro2a cells treated
with DMSO or 70 M ethacrynic acid (green; V5-TDP-43, red; phosphoTDP-43 Ser409/410, blue; DAPI). Dotted line indicates boundary of
nucleus. Scale bars = |0 um. (O) Immunoblots of RIPA soluble or insoluble exosome fractions of Neuro2a cells treated with ethacrynic acid. (P)
Densitometric quantification of V5 (n = 3 for each group, *P < 0.05, ANOVA followed by Bonferroni post hoc tests).
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of exosome fraction from Control patient | brain and cell lysate (CL) of HEK293 cells. (E-G) Electron microscopic images of exosome fraction of
Patient ALS-3 brain. The vesicles were positive for Tsgl0Il (F) or TDP-43 (G). Scale bars = 100 nm. (H) Fluorescent images of Neuro2a cells
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different control (Control patients 2, 3 and 4) or ALS (Patients ALS-1, 3 and 5) brains for 24 h. More than 100 cells were evaluated for each. (J)
Fluorescent images of HEK293 cells treated with PKH67-labelled exosomes (green: PKH67, red; V5-TDP-43, blue; DAPI) from control or ALS
brains. Cells were transfected with V5-hTDP-43. Scale bars = 10 um. Dotted lines indicate boundary of nucleus. (K) Percentage of cells with
cytoplasmic TDP-43 redistribution in cells internalizing PKH67-labelled exosomes (n = 3 for each group, *P < 0.05, unpaired Student’s t-test).
HEK293 cells were treated with each 10 pig exosomes purified from three different controls (Control 2, 3 and 4) or ALS (Patients ALS-1, 3 and 5)
brains for 24 h. More than 100 cells were evaluated for each. (L) Fluorescent images of Neuro2a cells treated with PKH67-labelled exosomes
(green: PKH67, red; V5-TDP-43, blue; DAPI) from control or ALS brain. Cells were transfected with V5-hTDP-43. Scale bars = |0 um. Dotted
lines indicate boundary of nucleus. (M) Percentage of cells with cytoplasmic TDP-43 redistribution in cells internalizing PKHé67-labelled exosomes
(n = 3 for each group, *P < 0.05, unpaired Student’s t-test). Neuro2a cells were treated with exosomes purified from Neuro2a cells transfected
with mock or TDP-43 C-terminal fragment plasmid (25CTF) for 24 h. More than 100 cells were evaluated for each plate.
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Figure 4 Inhibition of exosome secretion induces TDP-43 aggregation in Neuro2a cells. (A) Immunoblots of RIPA-soluble or
-insoluble cell lysate of Neuro2a cells treated with DMSO or 10 uM GW4869 for 24 h. Neuro2a cells were transfected with V5-hTDP-43. (B)
Densitometric quantification of V5 (n = 3 for each group, **P < 0.01, unpaired Student’s t-test). Error bars indicate SD. (C) Immunoblots of
exosome fraction from Neuro2a cells treated with DMSO or 10 uM GW4869. (D) Immunofluorescent image of Neuro2a cells (green; V5-TDP-
43, red; phosphoTDP-43 ser409/410, blue; DAPI). Scale bars = |0 pm. (E) Immunoblots of cell lysate of Neuro2a cells transfected with V5-TDP-
43 and Rab27a siRNA. (F) Immunoblots of exosome fraction from Neuro2a cells transfected with V5-TDP-43 and Rab27a siRNA. (G)
Immunoblots of RIPA-soluble or -insoluble fraction in Neuro2a cells transfected with V5-TDP-43 and Rab27a siRNA. (H) Densitometric quan-
tification of V5 (n = 3 for each group, **P < 0.01, ANOVA followed by Bonferroni post hoc tests). Error bars indicate SD. (I) Immunofluorescent
analysis of Neuro2a (green; V5-TDP-43, red; phosphoTDP-43 Ser409/410, blue; DAPI). Scale bars = 10 um.

exosome fraction and that TDP-43 is secreted together
with exosomes in human brain and at higher levels in
ALS brain.

To examine whether ALS exosomes might act as a seed
for TDP-43 aggregation, we added ALS or control brain
exosomes labelled with PKH67 to the medium of cultured
Neuro2a cells for a period of 24 h. These exosomes were
well internalized by Neuro2a cells and a certain number of
cells internalized with ALS exosomes showed cytoplasmic
TDP-43 redistribution (Fig. 3H). Although few cells
exposed to control exosomes also exhibited such TDP-43
redistribution, it was at much lower extent than the cells
exposed to ALS exosomes (Fig. 3I). The same experiment
was done with HEK293 cells. ALS exosomes induced TDP-
43 cytoplasmic redistribution in HEK cells as well (Fig. 3]
and K). In addition, we treated Neuro2a cells with exo-
somes from Neuro2a cells transfected with TDP-43
25CTF, and observed significantly more TDP-43 cytoplas-
mic redistributions in the cell internalized 25CTF-contain-
ing exosomes than in the cells with control exosomes (Fig.
3L and M). Moreover, we treated primary cortical neurons
of TDP-433*¢ mouse with TDP-43 25CTF-containing
exosomes, but there was no obvious TDP-43 cytoplasmic
redistribution in the neurons, although those exosomes
were internalized (Supplementary Fig. 7).

Exosome secretion is a key pathway
for the clearance of aggregated
TDP-43

According to the data of Neuro2 cells treated with auto-
phagy modulators, proteasome inhibitor and ethacrinic
acid, exosome secretion might play a buffering role of
TDP-43 aggregate. This raises a concern about whether
inhibition of exosome secretion may induce TDP-43 aggre-
gate. We inhibited exosome secretion in Neuro2a cells with
two different approaches. First, we focused on the neutral
sphingomyelinase 2 (nSMase2), which converts sphingo-
myelin to ceramide and which has been reported to mediate
exosome secretion in neurons, astrocytes or microglial cells
(Dinkins et al., 2014; Asai et al., 2015). An inhibitor of
nSMase2, GW4869, was found to reduce exosome secre-
tion in Neuro2a cells in a dose-dependent manner
(Supplementary Fig. 8). Therefore, we treated Neuro2a
cells overexpressing hTDP-43 with GW4869. This com-
pound reduced exosomal TDP-43 secretion (Fig. 4C) and
it significantly increased insoluble TDP-43 in Neuro2a cells
(Fig. 4A and B). In addition, immunocytochemistry re-
vealed that GW4869 treatment induced formation of
cytoplasmic TDP-43 aggregates, which were partially
detected with anti-phosphorylated TDP-43 antibody
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(Fig. 4D). LC3-II and p62 expression levels were not
altered by GW4869 treatment (Supplementary Fig. 9A
and B), suggesting that this treatment did not cause auto-
phagy dysfunction. Second, we examined the effect of silen-
cing RAB27A by siRNA in Neuro2a cells. RAB27A plays a
determinant role in the fusion between MVBs and the
plasma membrane (Bobrie et al., 2011) and its silencing
has been reported to reduce exosome secretion
(Ostrowski et al., 2010; Peinado et al, 2012). Two
siRNA oligonucleotides were found to successfully reduce
RAB27A protein expression, albeit oligo2 was more effi-
cient (Fig. 4G). RAB27A knockdown reduced exosome se-
cretions (Fig. 4H) and significantly increased insoluble
TDP-43 in Neuro2a cells (Fig. 4E and F), in correlation
with the knockdown efficiency. In addition, cytoplasmic
TDP-43 aggregates were detected in the RAB27A-silenced
cells and they were partially phosphorylated (Fig. 41). These
results suggest that exosome secretion is a key pathway for
the clearance of TDP-43 aggregates.

We have examined whether GW4869 treatment or silen-
cing RAB27A caused alterations in TDP-43 distribution or
splicing function. Analysis of cytosol/nuclear extracts from
Neuro2a cells revealed that the nuclear TDP-43 level was
not changed by either GW4869 treatment or silencing
RAB27A, even though both conditions increased levels of
aggregated TDP-43 (Supplementary Fig. 10A and C). We
also assessed the splicing pattern of the Sort1 gene, which
has been reported to be a target of TDP-43 (Polymenidou
et al., 2011). The splicing pattern of Sort1 was not changed
by GW4869 silencing  RAB27A
(Supplementary Fig. 10B and D). These results show that
inhibition of exosome secretion promoted TDP-43 aggrega-
tion but without causing loss of TDP-43 nuclear function,
at least during the time period of these experiments.

treatment or

Inhibition of exosome secretion exa-
cerbated the phenotypes of TDP-
43"2315T transgenic mice

As inhibition of exosome secretion induced formation of
TDP-43 aggregates in Neuro2a cells, we further examined
the effects of GW4869 in transgenic mice expressing gen-
omic fragments encoding mutant TDP-433"T The com-
pound GW4869 was administrated intraperitoneally twice
a week (60 pg in 200 pl vehicle) in TDP-43315T mice and
control littermates from 20 to 42 weeks old. We chose this
protocol based on a previous study in which mice were
injected at GW4869 every 48 h for 6 weeks without obvi-
ous adverse effects (Dinkins et al., 2014). The control mice
were injected with 200 ul vehicle (3.75% DMSO saline).
Flotillin-1 levels in exosome fraction from serum and
brain were significantly reduced by 65% and 81%, respect-
ively, at 4h after GW4869 injection (Fig. SA and B).
A reduction in exosome lasted 24h after the injection
(Fig. 5C), although it was not significant at that time
(37% reduction). The treated mice had not showed an
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apparent behavioural problem during the observation
period, and this treatment did not affect their body weights
(Supplementary Fig. 11). Yet, the treatment group of male
TDP-434315T  mice exhibited a gradual decrease in
rotarod performance compared with the non-treatment
group (Fig. SD). Neither the female TDP-4343!5T mjce
(Fig. SE) nor wild-type mice of both sex (Fig. SF and G)
exhibited a different rotarod performance between treat-
ment and non-treatment groups. We then examined the
cognitive deficits of these mice using the novel object rec-
ognition test. Control wild-type and TDP-43%31T mijce
investigated two identical objects equally at the training
day (Fig. SH and J). On the next day, we replaced one
object with a different novel object. The wild-type mice
spent more time with the novel object than with the famil-
iar object and this behaviour was not affected by GW4869
treatment (Fig. 5K). Non-treated TDP-43%*"T mice also
spent a longer time with the novel object than the familiar
object (Fig. 51), albeit at lower extent than wild-type mice.
In contrast, GW4869-treated TDP-43*315T mice investi-
gated the two objects equally (Fig. 5I) implying that these
mice had recognition memory deficit. The results indicate
that GW4869 treatment exaggerated the abnormal behav-
ioural phenotypes of TDP-43315T mice. We analysed male
and female mice in this recognition test and there was no
sex difference in the results.

Inhibition of exosome secretion
increased TDP-43 aggregation and
muscle denervation in TDP-43/3!5T
mice

Immunoblots of CNS extracts from 42-week-old mice
showed that GW4869 treatment increased insoluble
TDP-43 in the brain and spinal cord of TDP-434315T
mice (Fig. 6A), whereas there was no difference between
treatment and non-treatment groups of wild-type mice (Fig.
6B). Immunofluorescence microscopy revealed phosphory-
lated TDP-43 in cytoplasmic aggregates of CA3 pyramidal
neurons from GW4869-treated TDP-43*3"T mouse, but
not in non-treated TDP-43%3'3T mouse (Fig. 6C and D).
The phosphorylated TDP-43 cytoplasmic aggregates were
also seen in spinal motor neurons of GW4869-treated
TDP-43315T mice (arrows in Fig. 6E and F). An antibody
against non-phosphorylated TDP-43 also detected diffuse
cytoplasmic redistribution of TDP-43 in motor neurons of
the treated TDP-43%3'T mice (Fig. 6F).

The evaluation of lumbar spinal motor neurons did
not show motor neuron loss even in GW4869-treated
TDP-43%315T mice (Supplementary Fig. 12). However,
complete or partial denervated neuromuscular junctions
were increased by GW4869 treatment in TDP-434315T
mice (Fig. 6G and H). Denervated neuromuscular junc-
tions barely occurred in GW4869-treated wild-type mice
(Fig. 6G and H). Furthermore, small atrophic muscle
fibres were prominent in GW4869-treated TDP-43 A315T
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Figure 5 GW4869 treatment exacerbated TDP-43°3'5T mouse phenotype. (A and B) Immunoblots of serum and brain exosomes
from six independent wild-type mice 4 h after the intraperitoneal injection of DMSO or GW4869, and densitometric quantification of flotillin |
(n = 3 for each group, *P < 0.05, and **P < 0.01, unpaired Student’s t-test). Error bars indicate SD. (C) Immunoblots of serum exosomes from six
independent wild-type mice 24 h after the injection of DMSO or GW4869, and densitometric quantification of Flotillin-1 (n = 3 for each group).
Error bars indicate SD. (D-G) Latency to fall in rotarod task. (D) Male TDP-43*3'*T mice treated with DMSO (n = 12) or GW4869 (n = 13)
(*P < 0.05, unpaired Student’s t-test). (E) Female TDP-43"3'>T mice treated with DMSO (n = 12) or GWA4869 (n = | |). (F) Male wild-type mice
treated with DMSO (n = 8) or GW4869 (n = 10). (G) Female wild-type mice treated with DMSO (n = 12) or GW4869 (n = |5). Error bars
indicate SEM. (H-K) Novel object recognition test. (H and I) Data of second day (H) or third day (I) of TDP-43*3'*T mice treated with DMSO
(n=12) or GW4869 (n = 13) (**P < 0.0, unpaired Student’s t-test). (J and K) Data of second day (J) or third day (K) of wild-type mice treated
with DMSO (n = 14) or GW4869 (n = 16) (**P < 0.001, unpaired Student’s t-test). Error bars indicate SD.

mouse (Fig. 6K) compared with non-treated TDP-43 4315T

mouse (Fig. 6L) or wild-type mice (non-treated; Fig. 61,
treated; Fig. 6]). Mean muscle fibre size of TDP-43
ASIST mice was decreased by GW4869 treatment whereas
wild-type mice were not affected with this treatment (Fig.
6M). The analyses of neuromuscular junction and muscle
fibre size were carried out with samples from male and
female TDP-43*°"*T mice, and there was no gender
difference.

Discussion

Exosomes are extracellular vesicles secreted from a variety
of cell types including neurons, astrocytes, and microglial
cells. They contribute to cell-to-cell communication by de-
livering functional proteins, mRNAs, and miRNAs to re-
cipient cells (Valadi et al., 2007). In addition, accumulating
evidence suggest that exosomes contribute to propagation
of pathological proteins in neurodegenerative diseases.
Exosomes bearing scrapie prion protein (PrP*) can act as
a seed of prion propagation (Fevrier et al., 2004; Vella
et al., 2007, 2008). In addition, disease-causative proteins

with abnormal modification such as phosphorylated tau, a-
synuclein oligomer, or misfolded SOD1 are secreted in as-
sociation with exosomes (Danzer et al., 2012; Saman et al.,
2012; Grad et al., 2014; Asai et al., 2015; Bliederhaeuser
et al., 2016).

Here we report that TDP-43 can be secreted via exo-
somes from neuronal cells and primary neurons. We
found that either oxidative stress with ethacrynic acid or
proteasome inhibition by MG132 induced TDP-43 cyto-
plasmic aggregations and increased exosomal TDP-43 se-
cretion. Furthermore, the levels of exosomal TDP-43 were
increased in ALS brains, where insoluble phosphorylated
TDP-43 pathologies exist, compared to control brains. It
is noteworthy that the exosomal TDP-43 from ALS brain
was recovered in the soluble fraction, not the insoluble
fraction. This is in contrast with the considerable amount
of exosomal TDP-43 recovered in the insoluble fraction
after treatment of Neuro2a cells with ethacrynic acid or
MG132. Thus, the pathological condition occurring in
ALS may differ from that of cultured cell models of acute
stress. The enhanced levels of soluble and non-phosphory-
lated TDP-43 in exosomes from ALS brains suggest that
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exosomal TDP-43 fraction was not contaminated by free
TDP-43 aggregates during purification. Nonetheless, the
possibility that low amount of other particles contaminated
the exosome fraction of the brain cannot be excluded. Our
analyses revealed massive increases in levels of 15 and
28 kDa TDP-43 C-terminal fragments in exosomes prepared
from ALS brains. The C-terminal domain of TDP-43 is
involved in the TDP-43 aggregation process (Igaz et al.,
2009; Nonaka et al., 2009; Zhang et al., 2009;
Fuentealba et al., 2010; Yang et al., 2010; Budini et al.,
2012, 2015) and may have a seeding effect (Shimonaka
et al., 2016). Hence, the presence of these C-terminal frag-
ments in exosomes may explain why in the present study
exosomes derived from ALS brains but not control brains
promoted cytoplasmic redistribution of TDP-43 in Neuro2a
cells after endocytosis (Fig. 3H-K). Actually, exosomes con-
taining TDP-43 25CTF induced TDP-43 cytoplasmic redis-
tributions as well (Fig. 3L and M). However, the cells
neither internalizing ALS brain exosomes nor TDP-43
25CTF-containing exosomes exhibited TDP-43 aggregates.
In addition, we did not observe TDP-43 cytoplasmic redis-
tribution in the primary neurons internalized with TDP-43
25CTF-containing exosomes. Thus, our results are only
partially supporting a disease model by which TDP-43 pro-
teinopathy may arise and propagate via exosomes.

The autophagy modulations bafilomycin A1 and rapamy-
cin did not change the balance of soluble/insoluble TDP-43
in Neuro2a cells. However, bafilomycin A1 drove exosomal
TDP-43 secretion and rapamycin reduced its secretion, sug-
gesting that exosome could play a compensatory role to
maintain TDP-43 metabolism. In addition, we also ad-
dressed the role of autophagy in exosomal secretion of
TDP-43. It is established that autophagy plays an indis-
pensable role in maintenance of protein homeostasis by
non-selective or selective removal of cytosolic components
such as aggregated proteins and damaged/excess organelles
(Mizushima and Komatsu, 2011). Although there is evi-
dence that autophagy has a function in clearance of aggre-
gated TDP-43 (Scotter et al., 2014), autophagy inhibition
alone did not induce TDP-43 aggregation in contrast to
proteasome inhibition (Urushitani et al., 2010; Wang
et al., 2010; Scotter et al., 2014) and as we showed in
Fig. 2. Here, we found that autophagy inhibition by

Figure 6 Continued
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bafilomycin A1 in Neuro2a cells caused increased levels
of insoluble TDP-43 in secreted exosomes (Fig. 2), suggest-
ing that exosomal secretion is a compensatory pathway for
the clearance of cellular TDP-43 aggregates.

In fact, the suppression of exosome secretion by either
GW4869 treatment or RAB27A knockdown induced aggre-
gation of TDP-43 in Neuro2a cells (Fig. 4). When admin-
istered to TDP-43%3"T transgenic mice, GW4869 also
increased insoluble TDP-43 and cytoplasmic aggregation
of TDP-43 in neurons (Fig. 6). The inhibition of exosome
secretion by GW4869 exacerbated the dysfunction of the
motor neuron system and the cognitive deficits in TDP-
438315T mice (Figs 5 and 6). The denervation of neuromus-
cular junction and the decrease of muscle fibre size
occurred similarly in both genders. However, the decline
of motor performance by GW4869 treatment was observed
only in male TDP-43*3"T mice. This apparent gender
effect on rotarod test may be related in part to the aged
male mice being overweight (Supplementary Fig. 12).

Recent evidence suggests that an efficient autophagic deg-
radation requires functional MVBs (Fader and Colombo,
2009). Knockdown of Tsg101 or VPS24, endosomal sort-
ing complexes required for transport (ESCRT)-I or -III sub-
unit, respectively, was found to cause accumulations of
autophagosomes and to induce formation of cytoplasmic
TDP-43 aggregates (Filimonenko et al., 2007). The
nSMase2 inhibitor GW4869 possibly inhibits MVBs bio-
genesis because ceramide is a component of MVBs as
well as of exosomes. Nonetheless, GW4869 treatment did
not change expression levels of LC3-II or p62/SQSTM1 in
Neuro2a cells or the CNS of mice (Supplementary Fig. 9A
and B), indicating that formation of TDP-43 aggregates by
GW4869 treatment did not result
dysregulation.

Exosome-mediated transfer of pathological proteins in
neurodegeneration is emerging as a general mechanism of
disease propagation and reducing exosome secretion
pharmacologically has been considered as potential thera-
peutic approach to slow down disease progression. Recent
studies with animal models provided evidence of beneficial
effects of reducing exosome secretion with GW4869 on
amyloid plaque load (Dinkins et al., 2014) and on tau
pathology (Asai et al., 2015). However, such ‘putative

from autophagy

GW4869 using NeurN (green) and phosphoTDP-43 ser409/410 (red) antibodies (C) or TDP-43 (green) and phosphoTDP-43 ser409/410 (red)

antibodies (D). Scale bars = 50 um (C) or 10 pm (D). (E and F) Immunofluorescent images of spinal cord of TDP-4

3315 mouse treated with

DMSO or GW4869 using NeurN (green), phosphoTDP-43 ser409/410 (red) antibodies, and DAPI (blue) (E), or TDP-43 (green), phosphoTDP-43
ser409/410 (red) antibodies, and DAPI (blue) (F). Arrows indicate TDP-43 cytoplasmic aggregates, and dotted lines indicate boundaries of motor
neuron. Scale bars = 50 um. (G) Representative immunofluorescent images of neuromuscular junction (NMJ) (pNF-H and SV2; green, bun-
garotoxin; red). Arrow indicates partially denervated neuromuscular junction and arrowhead indicates totally denervated neuromuscular junction.
(H) Percentage of partially or totally denervated neuromuscular junction of wild-type or TDP-43"3'>T mice treated with DMSO or GW4869
(n =3 for wild-type mouse group, and n = 6 for TDP-43"3'*T mouse group **P < 0.01, unpaired Student’s t-test). Error bars indicate SD. (I-L)

Immunofluorescent images of gastrocnemius muscle of wild-type mouse treated with DMSO (l) or GW4869 (J), and TDP-4

A3I5T
3 mouse treated

with DMSO (K) or GW4869 (L) (green; laminin). (M) Analysis of mean fibre size of wild-type or TDP-43"3'T mice treated with DMSO or
GW4869 (n = 3 for wild-type mouse group, and n = 6 for TDP-43"3'3T mouse group, **P < 0.01, unpaired Student’s t-test). More than 100

muscle fibres were measured for each mouse. Error bars indicate SD.
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treatment’ should be considered with caution as we report
here that blocking exosome production with GW4869
induced TDP-43 aggregation, and it exacerbated behav-
ioural and pathological defects in transgenic mice overex-
pressing low levels of mutant TDP-434315T,

In conclusion, our results suggest that excess levels or
protein aggregation of TDP-43 in neuronal cells are factors
that can promote exosomal secretion of TDP-43 species.
A ‘prion-like’ disease propagation of TDP-43 proteinopathy
via secretion and endocytosis of exosomes is in line with
our finding that endocytosis of exosomes from ALS brain
can provoke cytoplasmic TDP-43 accumulations in recipi-
ent cells (Fig. 3H-K). However, treatment strategies in ALS
aiming to reduce exosome secretion of TDP-43 might pro-
voke adverse effects based on transgenic mouse data pre-
sented here.
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