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Exosomes mediate cell contact-independent
ephrin-Eph signaling during axon guidance
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"Max Planck Institute of Neurobiology and 2Max Planck Institute of Biochemistry, 82152 Martinsried, Germany
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The cellular release of membranous vesicles known as extracellular vesicles (EVs) or exosomes represents a novel mode
of intercellular communication. Eph receptor tyrosine kinases and their membrane-tethered ephrin ligands have very
important roles in such biologically diverse processes as neuronal development, plasticity, and pathological diseases.
Until now, it was thought that ephrin-Eph signaling requires direct cell contact. Although the biological functions of
ephrin-Eph signaling are well understood, our mechanistic understanding remains modest. Here we report the release
of EVs containing Ephs and ephrins by different cell types, a process requiring endosomal sorting complex required for
transport (ESCRT) activity and regulated by neuronal activity. Treatment of cells with purified EphB2+ EVs induces
ephrinB1 reverse signaling and causes neuronal axon repulsion. These results indicate a novel mechanism of ephrin-Eph
signaling independent of direct cell contact and proteolytic cleavage and suggest the participation of EphB2+ EVs in

neural development and synapse physiology.

Introduction

The ephrin-Eph signaling system is a bidirectional cell-cell
communication device mediated by membrane-tethered ligand—
receptor interactions. Ephs and ephrins function in many differ-
ent physiological processes, including boundary formation and
axon guidance, as well as pathological processes such as cancer
(Klein and Kania, 2014).

Ephs and ephrins fall into two subclasses, with EphAs
mostly interacting with glycosylphosphatidylinositol-linked
ephrinAs and EphBs mostly interacting with transmembrane
ephrinBs. The classic mode of signaling, from ephrins to Ephs
(ephrin:Eph), is referred to as forward signaling. Ephs can
also act as ligands for ephrins (Eph:ephrin), which is known
as reverse signaling (Klein and Kania, 2014). Ephrin-Eph
signaling at the interface between two opposing cells involves
the formation of higher-order clusters, and the degree of Eph
clustering may determine whether cells are repelled from
or adhere to each other (Seiradake et al., 2013; Schaupp et
al., 2014). Two mechanisms have been described for ephrin-
Eph-mediated separation during cell—cell repulsion: (1) trans-
endocytosis of the ligand-receptor complex, often by both
opposing cells (Marston et al., 2003; Zimmer et al., 2003),
and (2) proteolytic cleavage and ectodomain shedding, which
breaks the molecular tether between two opposing cells (Hattori
et al., 2000; Janes et al., 2005, 2009; Georgakopoulos et al.,
2006; Gatto et al., 2014). Because unclustered Ephs and ephrins
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are weak agonists of their respective binding partners (Davis et
al., 1994), the soluble and unclustered shed products are likely
unable to activate ephrin-Eph signaling from afar.

Extracellular vesicles (EVs) have emerged as vectors of
genetic information and can induce changes in the physiologic
state of cells (Tkach and Théry, 2016). They are released by es-
sentially all cells of the nervous system (Rajendran et al., 2014)
and have been implicated in synaptic growth (Korkut et al.,
2013) and pruning (Bahrini et al., 2015). Exosomes are small
EVs distinguished from other vesicles by size (40-200 nm in
diameter), endosomal origin, and composition (Colombo et al.,
2014). They are formed by budding into multivesicular bodies
(MVBs) and fusion to the plasma membrane, a process requir-
ing the endosomal sorting complex required for transport (ESC
RT), a conserved machinery consisting of four subcomplexes
(ESCRT-0, -I, -II, and -III) with associated proteins such as
ALIX (Colombo et al., 2013). Proteome profiling of exosomes
has indicated the presence of Eph and ephrin family members
(Li et al., 2013; Tauro et al., 2013; Barile et al., 2014), but the
functional relevance of these observations has been unclear.

Here, we analyzed the interactome of clustered EphB2 and
identified members of the ESCRT complex as EphB2 interac-
tors. Interestingly, we found that endogenous Ephs and ephrins
are released to EVs from glioblastoma U-251MG cells and pri-
mary neurons. Moreover, EphB2-containing EVs are taken up
by ephrinB 1* cells, inducing ephrinB1 tyrosine phosphorylation
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Figure 1. Proteomic screen identifies ESCRT
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components as EphB2 interactors. (A) Strategy
of purification and identification of the inter-
actome of biotinylated EphB2 by mass spec-
trometry. (B) Representative images showing
clustering of biotinylated FLAG-Avi-EphB2-YFP
fusion protein around streptavidin-conjugated
Dynabeads (within 5 min, right, stippled line).
This effect required EphB2 biotinylation (left).
(C) Western blot analysis showing tyrosine au-
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and triggering neuronal growth cone collapse. These findings
uncover a novel theory that Ephs and ephrins can signal at a
distance via EVs, in addition to the canonical bidirectional sig-
naling that depends on cell—cell contact.

To characterize the initial events leading to EphB2 endocytosis,
we identified the interactome of clustered EphB2 in the plasma
membrane by inducing EphB2 clustering on the cell surface with
beads too large to be internalized (Fig. 1, A and B; and not de-
picted). This excluded enrichment of proteins that preferentially
interacted with EphB2 in intracellular vesicles. Surface EphB2
clustering with beads induced EphB2 autophosphorylation in
a fashion similar to that of soluble preclustered ephrinB2-Fc
fusion protein, confirming functional signaling (Fig. 1 C).
For proteome profiling of EphB2 interactors, we first com-
pared HeLa cells expressing biotinylated versus unbiotinylated
EphB2. To distinguish interactors of EphB2 ecto- and cytoplas-
mic domains, we compared cells expressing full-length EphB2

. SILAC ratio
|
|
|
\ —
T‘)
§

EphB2 [Y594] or 4G10 antibodies) of bioti-
nylated (BirA*) but not unbiotinylated (BirA-)
FLAG-Avi-EphB2 in response to incubation with
streptavidin-conjugated Dynabeads. Unfused
Fc protein was used as negative control. Simi-
lar results were observed in three independent
replicates. (D) Bar graph showing the SILAC
ratios of representative members of different
S groups of the top 30 enriched full-length EphB2
interactors (n = 3, mean = SEM). Yellow, bioti-
nylated versus unbiotinylated full-length EphB2
(FLEphB2); blue, biotinylated EphB2-AC versus
unbiotinylated full-length EphB2 (EphB2-AC);
BB aa gray, biotinylated full-length EphB2 versus

=100kD biotinylated EphB2-AC (EphB2-cyto). (E) Full
list of ESCRT complex components identified
in the proteomic screen as interactors of full-
length EphB2 in at least one of the three repli-
cates. (F) Validation of the interaction between
EphB2 and endogenous STAM1 or VPS4A by
co-IP/Western blot (WB) analysis in HEK293
cells stably expressing EphB2. (G) Validation
of the interaction between overexpressed
EphB2 and STAMT in Hela cells. (H) Repre-
sentative images showing that endogenous
STAM and CHMP4B colocalize with surface
EphB2 in Hela cells. STAM and CHMP4B lev-
els at the plasma membrane were increased
3.5- and 2fold, respectively (highlighted
by red triangles), in EphB2+ cells (indicated
by yellow stippled line in the merge) com-
pared with untransfected cells (white stippled
line). Bars, 10 pm.

[ FL EphB2
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versus EphB2 lacking its entire intracellular part (EphB2-AC).
Stable isotope labeling by amino acids in cell culture (SILAC;
Ong et al., 2002) with light, medium, and heavy forms of argi-
nine and lysine allowed accurate quantitation of protein ratios
in these three samples. As confirmation, endogenous (human)
EphB2 and EphA2 were found among the top 30 interactors of
full-length (mouse) EphB2 (Fig. 1 D).

Interactors were classified into different groups accord-
ing to their preference for full-length EphB2, EphB2-AC, or
both. Group A interacted equally well with full-length EphB2
and EphB2-AC and contained exclusively cell surface, trans-
membrane proteins. Group B interacted better with full-length
EphB2 than EphB2-AC, but was also enriched after pull-down
with biotinylated EphB2-AC versus unbiotinylated control.
This group contained mediators of endocytosis including clath-
rin (CLH17) and AP2 complex proteins (AP2B1). Group C
showed a clear preference for the EphB2 cytoplasmic domain
and was not enriched in biotinylated EphB2-AC versus control.
Notably, this group contained SHIP2, a previously described
mediator of Eph signaling (Zhuang et al., 2007), as well as com-
ponents of the ESCRT complex, including HGS, ALIX, and
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CHMP4B (Fig. 1 D and Fig. S1 A; Rusten et al., 2011). In total,
at least 200 proteins were identified in all three SILAC repli-
cates (Table S1). Individual log, values of the SILAC ratios for
all identified proteins in each replicate showed high consistency
among the three SILAC proteomic replicates (Fig. S1 B). In
summary, our proteomic analysis identified several members of
the ESCRT complex, and they all belong to Group C (Fig. 1 E).

To validate the interaction between EphB2 and ESCRT
proteins, we coimmunoprecipitated EphB2 with endogenous
signal-transducing adaptor molecule (STAM) or VPS4A from
HEK?293 cells stably expressing EphB2 (Fig. 1 F). Similarly,
STAM, CHMP4B, and VPS4A were coimmunoprecipitated
using FLAG-tagged EphB2 from transfected HeLa cells
(Fig. 1 G and Fig. S1, C and D). Further, we demonstrated the
interaction of endogenous STAM and CHMP4B with over-
expressed EphB2 by immunofluorescence analysis. Endoge-
nous STAM and CHMP4B were mostly located throughout
the cytoplasm in naive HeLa cells. Upon overexpression of
EphB2, endogenous STAM and CHMP4B were enriched in the
plasma membrane, where they colocalized with surface EphB2
(Fig. 1 H). When EphB2 was clustered and trans-endocytosed
upon contact with an opposing ephrinB 1-expressing cell (Zim-
mer et al., 2003), STAM and CHMP4B partially colocalized
with EphB2/ephrinB1 clusters and internalized vesicles (Fig.
S1, E-H). These results indicate that components of the ESCRT
complex interact with clustered EphB2.

These results raised the possibility that EphB2 was sorted
into MVBs and packaged into EVs. To test this, we purified
EVs from conditioned culture medium of human glioblastoma

U-251MG cells endogenously expressing various Ephs (Niev-
ergall et al., 2010). Immunoelectron microscopy (IEM) anal-
ysis of the P100 fraction (see Materials and methods) showed
enrichment of cup-shaped vesicles of typical exosome sizes
(40-200 nm in diameter) that stained positive (12%) for the
exosome marker CD63. The labeling efficiency was relatively
low, possibly because of the heterogeneity of the purified EV
fraction and the technical limitation of IEM analysis in EVs
(Tkach and Théry, 2016). IEM analysis of EVs under nonper-
meabilizing conditions with ephrinB1-Fc, but not control Fc,
revealed the presence of EphBs in the correct topology for li-
gand binding (Fig. 2 A, 12%). Western blot analysis using exo-
some markers confirmed the presence of EphB2 in the P100
fraction. The purity of the P100 fraction was confirmed by the
absence of non—exosome-associated proteins such as ER pro-
tein GRP94, Golgi protein GM130, and f-actin (Fig. 2 B). Mass
spectrometry of purified U-251MG EVs identified ~800 pro-
teins (with two or more peptides identified), including exosome
and ESCRT proteins (Simpson et al., 2012), as well as most Eph
receptors (Fig. 2 C and Table S2).

To investigate whether the ESCRT machinery was neces-
sary for EV release of EphB2, we purified EVs from conditioned
medium of U25IMG cells transiently overexpressing either
wild-type GFP-VPS4A or dominant-negative GFP-VPS4AE?28Q
(dnVPS4A; Kunadt et al., 2015). EV release into the culture
supernatant, as judged by anti—Flotillin-1 and anti-ALIX im-
munoblotting, was significantly reduced by the expression of
dnVPS4A. Endogenous EphB2 levels in EVs were also re-
duced, indicating that EV release of EphB2 requires the ESCRT

EphB2* exosomes induce growth cone collapse * Gong et al.
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component VPS4 (Fig. 2 D). Similar results were obtained from
HEK?293 cells stably expressing EphB2 (Fig. S2 A). These re-
sults demonstrate release of EVs containing endogenous Ephs
from glioblastoma cells and suggest that the interaction between
EphB2 and ESCRT components contributes to this process.

Next we attempted to identify Ephs and ephrins in EVs re-
leased by cultured cortical neurons. IEM analysis revealed EVs
containing EphB receptors based on ephrinB 1-Fc versus control
Fc staining (Fig. 2 E and not depicted). Western blot analysis
showed the presence of EphB2 and EphA4 along with several
exosome markers (Fig. 2 F). Mass spectrometry analysis iden-
tified ~3,300 proteins (with two or more peptides identified;
Table S3), including exosome and ESCRT proteins, as well as
most EphAs, EphBs, and ephrinBs. The presence of peptides
derived from their ecto- and cytoplasmic domains demonstrated
that full-length Ephs and ephrins were released via EVs rather
than merely their shed ectodomains (Table S4). These results
confirm the presence of Ephs and ephrins in purified EVs de-
rived from cultured neurons.

To begin testing the function of EVs containing Ephs or
ephrins, we purified large quantities of EVs from the condi-
tioned media of HEK293 cells stably expressing EphB2 or HA-
tagged ephrinB1. IEM and Western blot analysis against the
exosome marker ALIX confirmed exosome/EV identity (Fig. 3,
A and B; and Fig. S2, B and C). Quantification of the fraction
of gold-labeled EVs revealed that 12% of EVs were positively
labeled with anti-ALIX antibodies. IEM of purified EVs using
specific anti-EphB2 and anti-HA antibodies indicated that 27%
and 10% of EVs were positive for EphB2 and ephrinB1, re-
spectively (Fig. 3, A and B; and Fig. S2 C), in contrast to puri-
fied EVs from naive HEK293 cells (<0.1% stained positive for
EphB2 or HA; not depicted). Similar results were obtained for
EphB2 and ephrinB1 EVs by Western blot analysis (Fig. S2 B).
IEM of EphB2 and ephrinB1 EVs before permeabilization re-
vealed specific binding of ephrinB1-Fc and EphB2-Fc, respec-
tively, compared with Fc control protein (Figs. 3 A and S2 C and
not depicted). Next, we asked whether EphB2+ EVs colocalize
with membrane-bound ephrinB1 when applied to ephrinB1-
expressing HeLa cells. Immunohistochemistry revealed that
EphB2* EVs bound more readily to cells expressing ephrinB1
(Fig. 3 C1) than to ephrinB 1-negative cells (Fig. 3 C2) and that
EphB2-labeled puncta colocalized with ephrinB1 clusters. To
investigate whether, upon binding to ephrinB1, EphB2* EVs
would be taken up by the cells, we purified EphB2-containing
EVs from HEK293 cells coexpressing membrane-targeted GFP.
Most GFP-positive puncta were positive for EphB2, colocalized
with internalized ephrinB1, and were largely excluded from
ephrinB1 puncta on the cell surface (Fig. S2 D), suggesting that
they were internalized by the cells.

Next we investigated whether EphB2+* EVs were able
to initiate ephrinB reverse signaling. Incubation of SKN
neuroblastoma cells endogenously expressing ephrinBs
(unpublished data) with EphB2* EVs induced tyrosine phos-
phorylation of ephrinBs. When the expression of ephrinB1
and ephrinB2 was knocked down in the cells by RNAi (~60%
knockdown efficiency), tyrosine phosphorylation of ephrinBs
was abolished (Fig. 3 D). These results suggest that EphB2*
EVs activate ephrinB reverse signaling when interacting with
ephrinB-expressing cells.

Release of EphB2* EVs by embryonic neurons raised the
possibility that these EVs contribute to ephrin-Eph—-mediated
repulsive axon guidance. We therefore tested whether EphB2*

JCB » VOLUME 214 « NUMBER 1 » 2016

EVs could trigger the collapse of growth cones. Incubation
of embryonic day 15.5 (E15.5) dissociated mouse forebrain
neurons (3 days in vitro [DIV]) with EphB2* EVs or soluble
preclustered EphB2-Fc (as a positive control) induced signif-
icant growth cone collapse compared with control conditions
(Fig. 4, A and B). Quantification of the mean growth cone area
also revealed significant reductions in the presence of EphB2*
EVs (Fig. 4 C). We next tested the activity of EphB2* EVs on
the growth cones of neuronal tissue explants (Seiradake et al.,
2014). We found that the growth cones of E15.5 mouse motor
cortex explants (3 DIV) collapsed upon incubation with EphB2*
EVs compared with control EVs (Fig. 4, D and E). Because
EphB2* EVs were marked with GFP, we could quantify the
ratio of collapsed growth cones in contact with GFP*/EphB2*
EVs compared with that of EV-free growth cones. We found
that more than 80% of the growth cones in contact with EphB2*
EVs collapsed, in comparison to just over 40% of the growth
cones without EV contact (Fig. 4, F and G). Collectively, these
results indicate that EphB2* EVs induce growth cone collapse
and elicit physiological responses in neurons.

Exosome/EV release from cortical neurons has previ-
ously been shown to be enhanced by depolarization (Fauré et
al., 2006), and it has been suggested that exosomes/EVs reg-
ulate intercellular communication in neural systems (Rajen-
dran et al., 2014). To investigate whether the release of EphB2*
EVs is enhanced by membrane depolarization, we exposed
mature cultures of cortical neurons to high KCI, depolarizing
the plasma membrane and resulting in cascades of intracellular
signaling. Dense cultures prepared from E15.5 mouse cortex
(14 DIV) were incubated in basal medium with or without ad-
dition of 25 mM KCI for 1 h. Media were collected, replaced
with fresh basal media, collected again after 6 and 30 h, and
subjected to EV purification. According to the exosome marker
flotillinl, EV release was enhanced by high KCI (Fig. 5, A
and C). Likewise, the abundance of EphB2 protein in the exo-
some/EV preparations increased significantly (Fig. 5, A and
B), suggesting that membrane depolarization enhances EV re-
lease, including EphB2* EVs.

We show here that full-length Ephs and ephrins are pres-
ent in EVs derived from different cell types, in the same topol-
ogy as a cell that allows interaction with their cognate binding
partners. Purified EphB2+ EVs are functional such that they
preferentially bind to cells expressing ephrinB1, inducing eph-
rinB1 reverse signaling and neuronal growth cone collapse ex
vivo. These results raise the interesting possibility that eph-
rin-Eph signaling may not be limited to cell-cell contact sites
but also may occur at a distance. EVs are able to travel dis-
tances to participate in intercellular communication processes
and have previously been suggested to regulate morphogen
signaling and gradient formation (Sheldon et al., 2010; Gross
et al., 2012; Gradilla et al., 2014). Further work is necessary to
establish whether Eph/ephrin* EVs participate in the formation
of gradients and in repulsive axon guidance at intermediate tar-
gets (Klein and Kania, 2014).

With respect to cellular mechanisms, we demonstrate that
endogenous ESCRT proteins bind to EphB2 and that EphB2
release via EVs requires at least one of the ESCRT components,
namely VPS4A. Similarly, active Wnt is secreted through exo-
somes/Evs, depending on the ESCRT-mediated MVB sorting
pathway (Gross et al., 2012). We also provide the first evidence
that EV release of EphB2 is enhanced by membrane depolariza-
tion of mature neurons, raising the possibility that EphB2* EVs
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Figure 3. EphB2* EVs induce ephrinB1 tyrosine phosphorylation. (A) Representative IEM images of EVs from HEK293 cells stably expressing EphB2 or
HA-ephrinB1 with indicated antibodies or Fc proteins. (B) Quantification of the fraction of control, EphB2+, and ephrinB1+ EVs with gold particles after
staining with the indicated antibodies (from three separate EV preparations and IEM experiments). (C) Representative image and higher-power insets
showing stronger EphB2+ EV signal on an ephrinB 1-positive (white dashed outline, C1) compared with ephrinB1-negative cell (yellow dashed outline, C2).
EphB2+ EVs cluster and colocalize with ephrinB1 (arrowheads in C1). Hela cells overexpressing HA-ephrinB1-CFP were treated with EphB2+ EVs for 2 h
and fixed, and surface ephrinB1 was immunolabeled with HA antibody without permeabilization. Cells were then permeabilized and immunolabeled with
EphB2 antibody. (D) EphB2+ EVs induce endogenous ephrinB1 and ephrinB2 phosphorylation. SKN cells were either mock-transfected or subjected to
RNAi-mediated knockdown of ephrinB1 and ephrinB2 (mean knock-down efficiency was 60%; n = 3) followed by treatment with control or EphB2+ EVs for
2 h. Red asterisks mark the positions of indicated proteins. GFP was used to monitor EphB2+ EVs isolated from HEK293 cells stably expressing both EphB2
and membrane-+targeted GFP. Similar results were observed in three independent replicates. Bars: (A) 100 nm; (C) 5 pm.

may play a role at active synapses. This could be particularly
relevant at the hippocampal CA3-CA1 synapse, where EphB2
(Dalvaet al., 2000) and ephrinB2/B3 (Grunwald et al., 2004) are
required for long-term potentiation in the postsynaptic dendrite
rather than in a trans-synaptic configuration (Klein, 2009). Ac-
tivity-dependent EV release of EphB2 or ephrinBs may trigger
ephrinB-EphB signaling and potentiate synaptic transmission.
Finally, Ephs and their ligands are important modulators
of the cancer microenvironment through very diverse mecha-
nisms and are currently being therapeutically targeted for an-
ticancer treatment (Boyd et al., 2014; Barquilla and Pasquale,
2015). That they are present in EVs from different cancer cells
(Li et al., 2013; Tauro et al., 2013) raises the possibility that

ephrin-Eph contact-independent signaling contributes to this
diversity. Strategies aimed at modulating the secretion of EVs
may interfere with ephrin-Eph signaling and thus have tumor-
suppressive effects.

Antibodies and reagents

Antibodies used were as follows: anti—ephrin-B1 (SC-910, rabbit
polyclonal; Santa Cruz Biotechnology, Inc.), anti-EphB2 (AF467,
goat polyclonal; R&D Systems), anti-EphB1/B2 (phospho-Y594;
ab61791, rabbit polyclonal; Abcam), M2 anti-FLAG (F3165, mouse
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Figure 4. EphB2+*EVs induce growth cone collapse. (A) Representative images showing growth cone collapse of dissociated forebrain neurons (3 DIV) trig-
gered either by EphB2-Fc compared with Fc control or by EphB2+ EVs compared with control EVs (Con EVs). (B and C) Quantification of the percentage of
collapsed growth cones (B; mean + SD) and mean growth cone area (C; mean + SEM; from three individual cultures, of >240 growth cones per condition
as described in A, one-way analysis of variance). (D) Representative images of E15.5 mouse motor cortex explants (3 DIV) treated with control (Con-EVs)
or EphB2+ EVs (EphB2-EVs) for 3 h. Inverted images of phalloidin stainings are shown. High-power insets: the boxed regions with merged Bllltubulin and
phalloidin signal. (E) Quantification of growth cone density of the explants (from three individual explant cultures as described in D and >350 growth
cones from >8 explants per condition were counted, mean + SEM, two-tailed Student's ttest). (F) Representative images showing that phalloidin/pll-ubulin—
stained growth cones in contact with GFP+, EphB2+ EVs (arrowheads) collapsed, whereas those free of EV contact (arrows) are spread out. Experimental
design as described for D. (G) Quantification of the percentage of collapsed growth cones with or without EV contact (from three individual cultures as
described in F and 745 growth cones from 10 explants counted, mean + SEM, two-tailed Student's t test). Bars: (A) 10 pm; (D) 100 pm; (F) 50 pm.

monoclonal; Sigma-Aldrich), anti-FLAG (F7425 rabbit polyclonal;
Sigma-Aldrich), anti-ephrinB (ab55352, rabbit polyclonal; Abcam),
anti-phospho-ephrinB (3481, rabbit polyclonal; Cell Signaling
Technology), 4G10 (05-321, mouse monoclonal; EMD Millipore),
anti-ALIX (3A9, mouse monoclonal; Santa Cruz Biotechnology,
Inc.), anti-CD63/LAMP3 (MA5-11501, mouse monoclonal; Thermo
Fisher Scientific), anti-Flotillinl (ab41927, rabbit polyclonal;
Abcam), anti-Flotillin2 (ab96507, rabbit polyclonal; Abcam), an-
ti-CHMP4B (C-12, rabbit polyclonal; Santa Cruz Biotechnology,
Inc.), anti-STAM (29C678, mouse monoclonal; Thermo Fisher

Scientific), anti-HA (ab18181, mouse monoclonal; Abcam), anti-
VpsA (SAB4200022, rabbit polyclonal; Sigma-Aldrich), and rabbit
serum (R9133; Sigma-Aldrich).

Human IgG Fc fragment was purchased from Jackson Immuno-
Research Laboratories, Inc. Mouse ephrinB1-Fc, human EphB2-Fc,
and human ephrinA5-Fc fusion proteins (R&D Systems) were used
for stimulations and IEM staining. For Fc preclustering, Fc frag-
ment, ephrinB1-Fc, ephrinA5-Fc, or EphB2-Fc fusion proteins were
incubated with goat anti-human Fc at a ratio of 5:1 for 30 min at
RT (Zimmer et al., 2003).
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Figure 5. Membrane depolarization enhances EphB2 release via EVs.
(A) Western blot (WB) analysis of TCL and purified EVs from E15.5 disso-
ciated cortical neurons (14 DIV) either kept in basal medium (containing
5 mM KCI; con) or substituted with 25 mM KCI for 1 h. Media were
collected either immediately after high KCI treatment (0 h) or after the
indicated time points and subjected to EV purification. (B and C) EphB2 (B)
and Flotillin1 (C) levels increased in EVs after KCl treatment at the O- and
6-h time points compared with control treatment (from EV preparations of
three individual cultures; mean = SEM).

Plasmid DNA construction

Expression constructs encoding murine full-length and C-terminally
truncated EphB2-YFP have been described previously (Zimmer et al.,
2003) and served as starting plasmids for Avi-tag insertion downstream
of FLAG in the N-terminal of the EphB2 ectodomain. For full-length
EphB2-YFP, EYFP was cloned in frame into the juxtamembrane
region of FLAG-EphB2 with the flanking amino acid sequence as
...GFERADSE-(EYFP)-YTDKLQHY.... For C-terminally truncated
EphB2-YFP (EphB2-YFP-AC), the remaining amino acid sequence
of the EphB2 cytoplasmic domain is ...GFERADSE and is followed
by the EYFP sequence. Full-length cDNA encoding various ESCRT
complex proteins (STAM, VPS4A, and CHMP4B) was cloned from
cDNA of HeLa cells and subcloned into pEGFP-C1 vectors. Amino
acid substitution in VPS4A (dominant-negative VPS4A [E228Q]) was
generated by PCR site-directed mutagenesis from wild-type VPS4A.
All constructs were sequence verified and tested for correct expression.

Cell culture and transfection

HEK?293 (CRL-1573; ATCC) and HeLa (CCL-2; ATCC) cells were
cultured in DMEM (Gibco) containing 10% fetal bovine serum
(Gibco). Cells were transfected using Lipofectamine 2000 (Thermo
Fisher Scientific) or FUGENEG6 (Roche) according to the manufac-
turer’s protocol. HEK293 cell lines stably expressing HA-ephrin-B 1
or EphB2 and membrane targeted myristoylated GFP (EphB2 [GFP])
have been described previously (Jgrgensen et al., 2009). SK-N-BE(2)
cells (human neuroblastoma, CRL-2271; ATCC) were cultured in re-
duced serum medium (Opti-MEM, GlutaMAX Supplement; Gibco)
containing 10% FBS (Gibco).

U251 cells (09063001-1VL; Sigma-Aldrich) were cultured in
MEM (Gibco) containing 10% FBS (Gibco), 2 mM glutamine, 1%
nonessential amino acids, and 1 mM sodium pyruvate. All cell lines
tested negative for mycoplasma contamination.

Primary forebrain neurons and cortical neurons were dissected
from E15.5 mouse embryos, plated onto cell culture dishes coated with
1 mg/ml poly-D-lysine (Sigma-Aldrich) and 5 pg/ml laminin (Thermo

Fisher Scientific), and cultured in Neurobasal-B27 medium (Gibco;
Lauterbach and Klein, 2006).

SILAC labeling

DMEM deficient in arginine and lysine was purchased from PAA Labo-
ratories, as was dialyzed FCS; penicillin/streptomycin was from Gibco.
SILAC media were prepared with 10% dialyzed FCS, penicillin/strep-
tomycin, and 50 mg/l arginine and lysine. To prepare light (L), medium
(M), and heavy (H) media, the following amino acids were added: for
L, Arg0 and LysO (arginine and lysine; Sigma-Aldrich); for M, Arg6
and Lys4 (Arg-13C6 and Lys-4.,4,5,5-d4; Cambridge Isotope Labora-
tories); for H, Argl0 and Lys8 (Arg-13C6,15N4 and Lys-13C6,15N2;
Cambridge Isotope Laboratories). Cells were grown for a minimum of
three passages in this medium. Labeling efficiency was calculated to
be higher than 95%. No proline conversion was observed upon inspec-
tion of acquired MS data.

Purification of biotinylated EphB2 interaction proteins

Expression levels of FLAG-Avi-tagged full-length EphB2 and EphB2-AC
were adjusted such that their ratio was nearly 1. To do this, 1.5 pg of plas-
mid encoding FLAG-Avi-tagged full-length EphB2 or 0.5 pg of plasmid
encoding FLAG-Avi-tagged EphB2AC was transfected into HeLa cells
cultured in 100-mm dishes using Lipofectamine 2000 (Thermo Fisher
Scientific). Site-specific EphB2 biotinylation was achieved by adding
BirA to the culture media (Howarth and Ting, 2008). Cells expressing
FLAG-Avi-tagged full-length EphB2 without BirA addition were used
as unbiotinylated control. 30 ul of streptavidin-conjugated Dynabeads
(Dynabeads M-280 Streptavidin; Thermo Fisher Scientific) were added
per dish to induce EphB2 clustering. Cells were washed twice with
DMEM after incubation with Dynabeads for 30 min at 37°C. Cells were
then treated with 0.5 mM dithiobis(succinimidyl propionate) (DSP) at
RT for 5 min. DSP was quenched by incubating cells with ice-cold PBS
containing 50 mM Tris-HCI (three times, 5 min each time). Cells were
then collected in Lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
5 mM EDTA, 1.25% Triton X-100, 0.25% SDS, and 5 mg/ml iodoac-
etamide), and EphB2 interaction protein complex was purified by Dy-
nabeads and used for liquid chromatography/mass spectrometry.

Protein digestion and peptide fractionation

Protein samples were digested by trypsin (proteomics grade; Roche)
using the filter-assisted sample preparation method and separated on
anion exchange microcolumns, essentially as reported (Wisniewski
et al., 2009, 2011). Finally, peptides were desalted, filtered, and en-
riched as previously described (Rappsilber et al., 2003) and dried
in a vacuum centrifuge.

Peptide separation and mass spectrometry for SILAC-
immunoprecipitation experiments

Purified peptide fractions were dissolved in 5% (vol/vol) formic acid and
sonicated for 5 min. Samples were analyzed on a nanoACQUITY HPLC
system (Waters) coupled to a LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific). Peptides were separated on homemade spray-columns
(internal diameter 75 um, length 20 cm, tip opening 8 um; NewObjec-
tive) packed with 3-um C18 particles (Reprosil-Pur C18-AQ; Dr. Maisch)
using a 2-h stepwise gradient between 5% buffer A (0.2% formic acid
in water) and 60% buffer B (0.2% formic acid in acetonitrile). Samples
were loaded on the column by the nanoACQUITY autosampler at a flow
rate of 0.5 ul/min. No trap column was used. The HPLC flow rate was
set to 0.2 pl/min during analysis. MS/MS analysis was performed with
standard settings using cycles of one high-resolution (60,000 full width
at half-maximum [FWHM]) MS scan followed by eight MS/MS scans of
the eight most intense ions with charge states of 2 or higher.
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Peptide separation and mass spectrometry for exosome/EV analyses
Peptides eluted from desalting tips were dissolved in 5% (vol/vol)
formic acid and sonicated for 5 min. Samples were analyzed on an
EASY-nLC 1000 HPLC system (Thermo Fisher Scientific) coupled
to a Q-Exactive mass spectrometer (Thermo Fisher Scientific). Pep-
tides were separated on homemade spray-columns (internal diameter,
75 pm; length, 20 cm; tip opening, 8 um; New Objective) packed with
1.9-um C18 particles (Reprosil-Pur C18-AQ) using a 2-h stepwise gra-
dient between 5% buffer A (0.2% formic acid in water) and 60% buffer
B (0.1% formic acid in acetonitrile). Samples were loaded on the col-
umn by the nanoACQUITY autosampler at a flow rate of 0.5 ul/min.
No trap column was used. The HPLC flow rate was set to 0.25 ul/min
during analysis. MS/MS analysis was performed with standard settings
using cycles of one high-resolution (70,000 FWHM setting) MS scan
followed by 10 MS/MS scans of the 10 most intense ions with charge
states of 2 or higher at a resolution setting of 17,500 FWHM.

Andlysis of MS data

Protein identification and SILAC-based quantitation were performed
using MaxQuant (version 1.3.0.5) with default settings. Human se-
quences of UNIPROT (version 2011-02-14) were used as a database
for SILAC immunoprecipitation analyses, whereas the UNIPROT ref-
erence proteome databases for human and mouse (versions 2014-04)
were searched for protein identification from purified exosomes from
U-251 MG cells and cultured cortical neurons, respectively. MaxQuant
used a decoy version of the specified UNIPROT databases to adjust the
false discovery rates for proteins and peptides of less than 1%.

Coimmunoprecipitation
HEK?293 cells stably expressing EphB2 and membrane targeted myris-
toylated GFP were used to detect the interaction between EphB2 and
endogenous STAM or VPS4A. Cells were washed twice with PBS and
lysed in immunoprecipitation buffer (25 mM Hepes, pH 7.4, 150 mM
NaCl, | mM EDTA, 1 mM EGTA, and 1% n-dodecyl-p-p-maltoside)
by sonication. Cell lysates were cleared by centrifugation and then in-
cubated with protein G Sepharose 4 fast flow beads (GE Healthcare)
supplemented with anti-EphB2 antibodies (positive control), rabbit
serum (negative control), and anti-STAM antibodies or anti-VPS4A
antibodies for at least 3 h at 4°C, washed three times with lysis buffer,
and analyzed by Western blot.

For coimmunoprecipitation (co-IP) experiments in HeLa cells,
1 pg plasmid expressing STAM-GFP, CHMP4B-GFP, or VPS4A-GFP
was cotransfected with 1 pg plasmid expressing full-length FLAG-
EphB2-YFP or FLAG-YFP (as negative control) using Lipofect-
amine 2000 (Thermo Fisher Scientific). 24 h after transfection, cells
were washed twice with PBS and lysed in immunoprecipitation buffer
(25 mM Hepes, pH 7.4, 150 mM NaCl, | mM EDTA, 1 mM EGTA, and
1% Triton X-100) by sonication. Cell lysates were cleared by centrifuga-
tion and incubated with anti-FLAG M2-Agarose resin (Sigma-Aldrich)
for at least 3 h at 4°C, washed four times with lysis buffer, and analyzed
by Western blot with the indicated specific antibodies. All co-IP experi-
ments were replicated at least three times with similar results.

Immunocytochemistry

Cells were fixed with prewarmed 4% paratormaldehyde and 8% sucrose
in D-PBS for 20 min at RT, rinsed twice with ice-cold D-PBS, incu-
bated with 50 mM ice-cold ammonium chloride in D-PBS for 10 min,
and rinsed again. For surface labeling of Ephs or ephrins, cells were not
permeabilized. Blocking was performed for 30 min at RT with blocking
solution (4% goat serum, 4% donkey serum, and 2% BSA in PBS),
followed by incubation with the primary antibodies in blocking solu-
tion for 2 h at RT. For further total labeling, cells were permeabilized
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with 0.1% Triton X-100 for 5 min and incubated with blocking solution
for 1 h at RT, followed by incubation with the primary antibodies in
blocking solution for 2 h at RT. After washing with PBS, secondary
antibodies diluted 1:250 in blocking solution were applied for 1 h at
RT. After washing, coverslips were mounted using the ProLong anti-
fade kit (Thermo Fisher Scientific).

Exosome/EV purification

Exosomes/EVs were isolated from the conditioned medium (supplied
with 10% exosome-depleted FBS [BIO-CAT]) of U251 cells, parental
HEK293 cells, HEK293 cells stably expressing EphB2 and membrane
targeted GFP, or HA-ephrinB1. Culture medium from cultured primary
cortical neurons (14 DIV) was used for exosome/EV purification. In the
case of neuron activation, cultured primary cortical neurons (14 DIV)
were washed with NeuroBasal medium and stimulated with 25 mM
KCl in Neurobasal-B27 medium for 1 h. Cells were washed three times
with NeuroBasal medium, and fresh Neurobasal-B27 medium was
added. Stimulation medium, medium from 6 and 30 h after stimulation,
was used for exosome/EV purification.

Exosomes/EVs were purified as previously described using se-
rial centrifugation (Thery et al., 2006). In brief, conditioned medium
was sequentially centrifuged for 10 min at 300 g, 10 min at 2,000 g,
and 30 min at 10,000 g. The resulting supernatant was filtered through a
0.22-pm filter and centrifuged for 150 min at 100,000 g. The pellet was
resuspended in PBS containing 25 mM Hepes, pH 7.2, and centrifuged
again for 100 min at 100,000 g. The P100 exosome/EV-containing pel-
let was resuspended in PBS containing 25 mM Hepes, pH 7.2. Protein
concentrations of the P100 fraction were determined with a MicroBCA
protein reagent kit (Thermo Fisher Scientific) using BSA as the stan-
dard. Purified P100 fractions were further analyzed using Western blot-
ting, EM, or cell treatments.

EM

EM analysis of exosomes/EVs was performed as previously described
(Thery et al., 2006). For whole mounted exosomes/EVs, the P100 frac-
tion was fixed with 4% PFA, applied to formvar carbon—coated EM
grids, and negatively stained with uranyl-oxalate, pH 7. The nega-
tive-stained grids were then incubated in methylcellulose—uranyl ac-
etate solution on ice. The solution was removed by wicking onto filter
paper. Immunogold labeling of exosomes/EVs was performed using
anti-CDG63, anti-HA, anti-EphB2, EphB2-Fc, or ephrinB 1-Fc, followed
by labeling with a gold-conjugated secondary antibody (25705; EMS).
Air-dried grids were visualized with a transmission electron micro-
scope operating at 80 KeV. For ALIX staining, exosomes/EVs were
permeabilized and stained as previously described (Korkut et al., 2013).

Image acquisition and procession

Images were acquired at RT either on a confocal laser scanning mi-
croscope (LSM780; ZEISS) equipped with a Plan-APO 63x/NA1.46
oil-immersion objective (ZEISS) using Zen software or on a Zeiss Axio
Observer Z1 inverted microscope (ZEISS) equipped with a CSU-X1
spinning disc confocal unit (Yokogawa Electric Corporation) controlled
by VisiView software (Visitron Systems) and a CoolSnapHQ2 CCD
camera (Photometrics) using a Plan-APO 40x/NA1.4 oil-immersion ob-
jective. Excitation was provided by lasers of 405-, 488-, 561-, or 640-nm
wavelength (Visitron Systems). For visualization purposes, all images
are presented after intensity adjustment using Fiji or Photoshop (Adobe
Systems). All adjustments within an experiment were performed equally.

Quantification of STAM and CHMP4B signal at the plasma membrane
HeLa cells overexpressing FLAG-tagged full-length EphB2-YFP
were fixed, and surface EphB2 was immunolabeled with anti-FLAG
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antibodies before permeabilization. The total pool of STAM or
CHMP4B was immunolabeled after permeabilization. To quan-
tify the plasma membrane fraction of STAM and CHMP4B, im-
ages were Gaussian-blurred and thresholded to generate a binary
mask. The binary masks were manually adjusted to align with the
cell edges. Fluorescence intensity within a 4-pixel-thick area along
the edge of the mask was defined as the plasma membrane frac-
tion, and the rest of the intensities were defined as the intracellu-
lar fraction. Data were collected from three independent replicates
with at least three pairs of cells (EphB2-positive cell versus EphB2-
negative cell) to calculate the fold increase of STAM or CHMP4B
levels at the plasma membrane.

Quantification of ephrinB1 and ephrinB2 knockdown efficiency

SKN cells, which endogenously express both ephrinB1 and ephrinB2,
were either mock-transfected or subjected to RNAi-mediated knock-
down of ephrinB1 and ephrinB2. 24 h later, cells were further incubated
with control or EphB2* EVs for 2 h. Total cell lysates were subjected
to Western blot analysis. The intensity of ephrinB levels was indicated
by anti-ephrinB1 and -2 antibodies, which recognize both ephrinB 1
and ephrinB2. Knockdown efficiency was calculated by comparing the
level of ephrinB1 and ephrinB2 after ephrinB1 and ephrinB2 siRNA
treatment with mock treatment (both under control exosome treatment
conditions). Mean knockdown efficiency was calculated from three
independent experiments.

Growth cone collapse analysis

Dissociated forebrain neurons, cortical neurons, and motor cortex ex-
plant cultures (E15.5) were generated as previously described (Seira-
dake et al., 2014). In Fig. 4 (A-C), primary E15.5 forebrain neurons
dissociated and cultured for 3 d were treated with 1 pg/ml preclus-
tered human-Fc or EphB2-Fc for 30 min or treated with control EVs
(Con-EVs) or EphB2* EVs (EphB2-EVs) for 3 h. Cells were fixed
and stained with phalloidin. EphB2* EVs were isolated from HEK293
cells stably expressing both EphB2 and membrane-targeted GFP. In
Fig. 4 (D-G), motor cortex explants cultured for 3 d were incubated
with exosomes/EVs purified from HEK293 cells with (EphB2-EV)
or without (control-EV) stable EphB2 and membrane-targeted GFP
expression. After 3-h incubation at 37°C, explants were fixed with
4% PFA for 20 min at RT and labeled with BIII-tubulin (1/1,000;
Sigma-Aldrich) and Alexa Fluor 568—phalloidin (1/500; Thermo
Fisher Scientific) after permeabilization to analyze growth cone mor-
phologies. Quantification of growth cone collapse was done as previ-
ously described (Seiradake et al., 2014).

Statistical analysis

Statistical analysis was performed in GraphPad Prism software (ver-
sion 5.00). Results were reported either by mean = SEM or mean + SD
as indicated in the figure legends. No statistical method was used to
predetermine sample size. The datasets with data points higher than 5
were analyzed with the D’ Agnostino and Pearson omnibus normality
test. Datasets with normal distributions were analyzed with either Stu-
dent’s ¢ test to compare two conditions or one-way analysis of variance
Tukey test to compare multiple conditions. Datasets that did not follow
anormal distribution in the normality test were analyzed with Kruskal—
Wallis test (multiple comparison). For data with replicates less than
five, we assumed normal distribution based on the appearance of the
data and analyzed with Student’s 7 test.

Online supplemental material
Table S1 provides the full list of proteins identified in all three SILAC
experiments. Table S2 provides the original mass spectrometry dataset

for the full list of proteins identified in EVs purified from U-251MG
glioblastoma cells. Table S3 provides the original mass spectrometry
dataset for the full list of proteins identified in EVs purified from
E15.5 dissociated motor cortex neurons (14 DIV). Table S4 provides
detailed information of all identified peptides corresponding to Eph or
ephrin from EVs purified from E15.5 dissociated motor cortex neurons
(14 DIV). Fig. S1 is related to Fig. 1, showing that ESCRT complex
components are EphB2 interactors. Fig. S2 is related to Figs. 2 and
3, showing the characteristics of EVs purified from HEK293 cells
stably expressing EphB2 or ephrinB1. Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201601085/DC1.
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