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A B S T R A C T

Exosomes are informative microvesicles associated with intercellular communication via the transfer of many
molecular constituents such as proteins, lipids, and nucleic acids; environmental changes and the cellular status
around cells greatly affect exosome components. Cells of the retinal pigment epithelium (RPE) are key players in
retinal homeostasis. Transforming growth factor (TGF)-β and tumour necrosis factor (TNF)-α are increased in
the vitreous and retina in several retinal diseases and activate and undergo epithelial-mesenchymal transition
(EMT) in RPE cells. EMT is closely associated with mechanisms of wound healing, including fibrosis and related
angiogenesis; however, whether exosome components depend on the cell status, epithelium or mesenchyme and
whether these exosomes have pro- or anti-angiogenic roles in the retina are unknown. We performed this study
to investigate whether these EMT inducers affect the kinds of components in exosomes secreted from RPE cells
and to assess their angiogenic effects. Exosomes were collected from culture media supernatants of a human RPE
cell line (ARPE-19) stimulated with or without 10 ng/ml TNF-α and/or 5 ng/ml TGF-β2. NanoSight tracking
analysis and immunoblot analysis using exosome markers were used to qualify harvested vesicles. Angiogenic
factor microarray analysis revealed that exosomes derived from ARPE-19 cells cultured with TNF-α alone (Exo-
TNF) and co-stimulated with TNF-α and TGF-β2 (Exo-CO) contained more angiogenic factors than exosomes
derived from control cells (Exo-CTL) or ARPE-19 cells cultured with TGF-β2 alone (Exo-TGF). To assess the effect
on angiogenesis, we performed chemotaxis, tube formation, and proliferation assays of human umbilical vein
endothelial cells (HUVECs) stimulated with or without exosomes. HUVECs migrated to RPE-derived exosomes,
and exosomes derived from ARPE-19 cells accelerated HUVEC tube formation. In contrast, Exo-TNF and Exo-CO
reduced HUVEC proliferation. Our findings provide insight into the mechanisms underlying the relation between
angiogenesis and exosomes derived from RPE cells.

1. Introduction

Age-related macular degeneration (AMD) is a major cause of severe
visual impairment in western countries, and wet AMD, the exudative
type of AMD, is characterized by abnormal choroidal neovasculariza-
tion (CNV) invading into the retinal pigment epithelium (RPE) from the
choroidal layer [1,2]. Intravitreal anti-vascular endothelial growth
factor (VEGF) therapy is a mainstream treatment that is dramatically
effective for treating wet AMD; however, problems such as the recur-
rence of CNV, non-response to therapy, and fibrosis remain.

The RPE is located between the sensory retina and the choroidal
layer and is essential for retinal homeostasis due to its various

functions, including phagocytosis, transportation of nutrients, and
regulation of the blood-retinal barrier (BRB) [3]. A recent study re-
vealed that the expression of Snail, a transcription factor associated
with epithelial-mesenchymal transition (EMT), was expressed in RPE
cells in human CNV tissues [4]. When EMT occurs in epithelia, cells
gain mesenchymal characteristics and overexpress extracellular matrix
components, growth factors, and cytokines, including angiogenic fac-
tors, to repair injured tissues [5]. In RPE, aberrant EMT at the in-
flammatory site causes breakdown of the BRB, and this phenomenon in
the microenvironment facilitates the migration of endothelial cells,
macrophages, and fibroblasts to inflammatory regions [6]. Many kinds
of EMT triggers have been reported. Among them, transforming growth
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factors (TGFs) such as (TGF)-β are the most well-known, and ocular
fibrotic diseases feature EMT in the RPE [7]. In addition, proin-
flammatory cytokines such as tumour necrosis factor (TNF)-α can in-
duce EMT in RPE cells [8]. In the retina, TNF-α mRNA was detected in
membranes during proliferative vitreoretinopathy (PVR) [9]and im-
mune cells, glial cells, and activated RPE cells are reported to be sources
of TNF-α [10–12]. In addition, not only TGF-β but also TNF-α promotes
VEGF expression in RPE cells [13,14]. These results strongly suggest
that EMT in RPE cells is associated with CNV development.

Exosomes are membraned vesicles with a nanosize diameter that are
released into the extracellular space by most cells. Since exosomes
contain many types of informative components such as proteins, mRNA
and microRNA, cells receive information from other cells localized near
or far by incorporating exosomes [15]. Recent studies have reported
that the contents and intermediating roles of exosomes depend on their
cell origin and microenvironment. For example, exosomes from cancer
cells or tumour-associated macrophages are associated with angiogen-
esis and tumour metastasis and invasion, and pathological conditions,
such as ischaemia, hypoxia, oxidative stress or inflammation, affect
exosome components even in the same cell type [16–18]. In addition,
exosomes are found in RPE cells and in drusen, a precursor of wet CNV,
in patients with AMD and some reports show that exosomes from RPE
cells play part in neovascularization [19–22].

Based on these facts, we hypothesized that there were different roles
for exosomes secreted by EMT-induced (mesenchymal) RPE cells and by
steady (epithelial) RPE cells. In this study, we demonstrated that RPE
cells secrete exosomes and that these exosomes have different effects on
the angiogenic responses of human umbilical vein endothelial cells
(HUVECs).

2. Materials and methods

2.1. Cell culture

Human retinal pigment epithelial cells (ARPE-19 cells) were pur-
chased from American Type Culture Collection (Manassas, VA, USA).
The cells were cultured in 5% CO2 at 37 °C in Dulbecco's modified
Eagle's medium (DMEM)/Ham's F-12 nutrient mixture (DMEM/F-12)
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% foetal
bovine serum (FBS). HUVECs were obtained from Lonza (Walkersville,
MD, USA) and were cultured in 5% CO2 at 37 °C in Endothelial Cell
Basal Medium (EBM)-2 basal medium supplemented with EGM-2
SingleQuots (Lonza). We used cells from the following passage numbers
were used: for ARPE-19 cells, passage 5 and 10; for HUVECs, passage 3
and 6.

2.2. Antibodies and chemicals

We purchased human recombinant TNF-α and TGF-β2 from R&D
Systems (Minneapolis, MN, USA). The following antibodies were ob-
tained: anti-CD63 (Abcam, Cambridge, UK), anti-HSP70 (Cell Signaling
Technology, Danvers, MA, USA), anti-GM130 (Abcam), anti-β-actin
(Sigma-Aldrich), and anti-bromodeoxyuridine (BrdU; Millipore,
Billerica, MA, USA).

2.3. Exosome isolation from culture media and characterization

Exosomes were collected using Total Exosome Isolation Reagent
(Invitrogen, CA, USA) according to the manufacturer's protocol. Briefly,
after the cells were cultured for three days with or without TNF-α
(10 ng/ml) and/or TGF-β2 (5 ng/ml) in DMEM/F-12 supplemented
with 10% Exosome-depleted FBS (System Biosciences, Mountain View,
CA, USA), the media were collected and centrifuged at 2000×g for
30 min. The supernatant was mixed with half volumes of Total Exosome
Isolation Reagent and incubated at 4 °C overnight. The mixture was
centrifuged at 10,000×g for 1 h at 4 °C, and the supernatant was then

discarded. The exosome pellet was resuspended in PBS for exosome
quantitation and cell culture or lysed in RIPA buffer containing a
phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), protease
inhibitor cocktail (Thermo Fisher Scientific, MA, USA) and 5 mM
ethylenediaminetetraacetic acid (EDTA) for Western blot analysis. The
size and concentration of the harvested particles were analysed with the
NanoSight LM10V-HS nanoparticle tracking system (Quantum Design
Japan). For immunoblot analysis of exosome markers, the protein
concentration in cell or exosome lysates was measured using a Pierce
Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific).
Equal protein concentrations were loaded onto the gel and transferred
onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules,
CA, USA). The PVDF membranes were incubated with primary anti-
bodies for 1 h at room temperature or overnight at 4 °C. Then, the
membranes were washed and incubated with an appropriate horse-
radish peroxidase-conjugated secondary antibody for 1 h at room
temperature. The labelled specific proteins were visualized using an
enhanced chemiluminescence system (Amersham Biosciences/GE
Healthcare, Tokyo, Japan).

2.4. Human angiogenesis array

Exosome pellets were lysed in lysis buffer (1% Igepal CA-630,
20 mM Tris-HCl [pH 8.0], 137 mM NaCl, 10% glycerol, and 2 mM
EDTA) containing a phosphatase inhibitor cocktail and protease in-
hibitor cocktail. The protein concentration was measured by BCA assay,
and the same amount of protein was subjected to Human Angiogenesis
Array (R&D Systems). All procedures were performed according to the
manufacturer's protocol. The pixel densities of spots on the array were
analysed using ImageJ software.

2.5. Labelling and uptake of exosomes

Isolated exosomes were labelled using a PKH26 Red Fluorescent Cell
Linker Kit (Sigma-Aldrich) according to the manufacturer's protocol.
After the exosomes were labelled, the protein concentration of each
sample was measured by BCA assay. HUVECs were cultured in basal
media supplemented with 1% exosome-depleted foetal calf serum (FCS)
for 1 h. Then, each concentration of labelled exosomes was added, and
the cells were incubated for an additional hour. Internalized labelled
exosomes were visualized using a fluorescence microscope (BZ-X710,
Keyence, Osaka, Japan). Based on the results of this experiment, we
used 40 ng/ml exosomes in all subsequent experiments.

2.6. Transwell migration assay

Transwell migration assays were performed using a previously de-
scribed protocol with modifications [23]. Briefly, 10 × 104 cells per
well were seeded onto each insert (24-well cell culture insert, 3-μm pore
size) (BD Falcon, Tokyo, Japan), and the basal medium containing 1%
exosome-depleted FCS with or without 40 μg/ml exosomes was added
to the bottom chamber. After the cells were incubated for 21 h, the cells
on the upper portion of the insert were removed. The cells that mi-
grated to the bottom were fixed, stained with crystal violet (Wako,
Osaka, Japan) and counted by DAPI staining using a fluorescence mi-
croscope (BZ-X710) and BZ-X Analyzer software (Keyence). Each ex-
periment was repeated three times.

2.7. Cell growth

Cell growth was assessed by BrdU (Sigma-Aldrich) incorporation
assay as previously described with modifications [24]. Briefly, HUVECs
were incubated in 1% exosome-depleted FCS containing 40 μg/ml
exosomes for 24 h and then incubated in the presence of 10 μM BrdU for
the last 10 h. The cells were fixed and subjected to immunofluorescence
microscopy analysis. Each experiment was repeated three times.
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2.8. Endothelial tube formation assay

HUVECs were seeded at 10000 cells per well of a 96-well plate onto
Growth Factor-reduced Matrigel (Invitrogen) and incubated in 5% CO2
at 37 °C in EBM-2 medium supplemented 1% exosome-depleted FCS
with or without exosomes. Tube formation was imaged using a phase
contrast microscopy (objective, x4). The number of branching points
and the total length of the tubes were quantified by counting five
random fields/well under a microscope. Each experiment was repeated
five times.

3. Results

3.1. RPE secretion of exosomes is increased by TNF-α stimulation

First, we examined whether TNF-α and TGF-β2 induced the release
of exosomes in ARPE-19 cells. We cultured the cells in media containing
10% exosome depleted-FCS for analysis. We assessed the size and
concentration of extravesicles, which were collected from culture media
via Exosome Isolation Reagent, using the NanoSight system. This na-
noparticle tracking analysis showed that the mean diameter, mode
diameter, and the concentration of the particles were 127.3 ± 2.3,
96.8 ± 4.6 nm and 3.78 × 1012 ± 1.03 × 1011 particles/ml in the
control group; 122.1 ± 2.3, 89.0 ± 1.6 nm and 4.99 × 1012 ±
2.47 × 1011 particles/ml in the TNF-α group; 122.9 ± 4.0,
91.4 ± 3.5 nm and 5.15 × 1012 ± 1.15 × 1011 in the TGF-β2 group;
and 130.9 ± 3.1, 96.0 ± 5.5 nm and 5.53 × 1012 ± 1.07 × 1011 in the
co-stimulated group (Fig. 1A). Next, we confirmed the expression of the

exosome-associated proteins CD63 and HSP70 in particles isolated from
culture media via Exosome Isolation Reagent (Fig. 1B). These exosome
samples were depleted of GM130 (Golgi marker), which indicated a
lack of contamination of the cellular fraction of exosome lysates
(Fig. 1B). These results showed that particles harvested from culture
media via Exosome Isolation Reagent had the characteristics of exo-
somes.

3.2. RPE-derived exosomes contain angiogenesis-associated factors

We next performed angiogenesis arrays to examine whether exo-
somes released from RPE cells contained angiogenetic factors (Fig. 2).
We found nine types of angiogenic factors in control exosomes (Exo-
CTL). The factors in exosomes of TGF-β2-stimulated cells (Exo-TGF)
were identical to those of Exo-CTL. By contrast, the spots corresponding
to the expression levels of DPPΙV (#4), pentraxin (#7) and MCP-1
(#12) in Exo-TGF had the lowest intensity among all exosome groups.
We detected eleven types of angiogenic factors in exosomes secreted
from TNF-α-stimulated cells (Exo-TNF), and the expression levels of
coagulation factor ΙΙΙ (#1) and DPPΙV (#4) were higher in these exo-
somes than in exosomes in other groups. Exosomes from co-stimulated
cells (Exo-CO) included the same types of factors as Exo-TNF. The ex-
pression levels of TIMP-1 (#6), pentraxin (#7), IL-8 (#10) and MCP-1
(#12) were higher in Exo-TNF and Exo-CO than in Exo-CTL and Exo-
TGF. The expression levels of MMP-9 (#3), Activin A (#5) and VEGF
(#11) were the highest in Exo-CO (Fig. 2). These results showed that
exosomes released by ARPE-19 cells contained several angiogenic fac-
tors and that TNF-α alone, TGF-β2 alone, and co-treatment have

Fig. 1. Quantification of exosomes released from ARPE-19 cells. (A) NanoSight nanoparticle tracking analysis of vesicles released form ARPE-19 cells. The histograms
show the particle size distributions, and the red area ± standard error of the mean from five samples per group. (B) Immunoblot analysis of CD63, HSP70, and
GM130 in cell lysates and purified exosomes. ARPE-19 cells were treated with TNF-α and/or TGF-β2 for 3 days. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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different effects on the exosome components.

3.3. HUVECs uptake exosomes derived from RPE cells

Before we assessed the effect of RPE-derived exosomes on HUVECs,
we checked the uptake of exosomes labelled with PKH 26 and opti-
mized the concentration of exosomes for HUVEC stimulation.
Fluorescence microscopy analysis showed that the PKH signals in-
creased dose-dependently in the cytosol (Fig. 3), and we used 40 ng/ml
exosomes in all subsequent experiments.

3.4. The effects of RPE-derived exosomes on HUVEC chemotaxis,
proliferation and tube formation

We tested the HUVEC migration activity of each exosome type using
a Transwell migration assay. HUVECs scarcely migrated to the control
medium without exosomes. HUVECs showed a significant migratory
response to exosomes compared to their response to the control
medium. The numbers of HUVECs that migrated to the different exo-
some groups were as follows: Exo-TNF, 2725 ± 182 (p < 0.001); Exo-
TGF, 1813 ± 338 (p < 0.001); Exo-CO, 2526 ± 178 (p < 0.001); and
Exo-CTL, 709 ± 143 (p = 0.00719) (Fig. 4A).

To evaluate the effects of exosomes on HUVEC proliferation, we
performed BrdU incorporation assays and counted the ratio of BrdU-
positive cells to total cells. HUVECs treated with Exo-CTL
(0.5335 ± 0.0357, p = 0.162) or Exo-TGF (0.5272 ± 0.0491,
p = 0.988) showed proliferation rates similar to those of control cells.
On the other hand, we found a significant decrease in the number of
BrdU-positive HUVECs in the presence of Exo-TNF (0.3486 ± 0.0467,
p < 0.001) and Exo-CO (0.3531 ± 0.0410, p < 0.001) (Fig. 4B). We

further examined the effects of RPE-derived exosomes on capillary-like
structure formation in HUVECs by quantifying the total length of the
tubes and the number of branching points by tube formation assay.
Representative images revealed that the number of branching points
increased in the presence of all exosome types (Exo-CTL: 10.6 ± 3.58,
p < 0.001; Exo-TNF: 24.57 ± 8.46, p = 0.0275; Exo-TGF:
26.6 ± 5.77, p = 0.00725; Exo-CO: 28.2 ± 9.18, p = 0.00305)
compared with the control (10.6 ± 3.5777). The total tube length in-
creased upon exosome stimulation (Exo-CTL: 7282 ± 1843, p = 0.012;
Exo-TGF: 13,702 ± 3819, p = 0.0441; Exo-CO: 15,211 ± 5229,
p = 0.0101), with the exception of Exo-TNF (11,607 ± 4346,
p = 0.255) compared to the control (7282 ± 1843). However, the total
length of the tubes and the number of branching points did not sig-
nificantly differ between the exosome groups (Fig. 4C).

4. Discussion

Exosomes are intercellular transmitter substances [15]. The number
of studies showing that exosomes contribute to several phenomena and
pathologies has been increasing. For example, tumour cells have been
shown to facilitate angiogenesis by secreting exosomes during tumour
growth and metastasis [25–27]. In this study, we reported that RPE
cells secrete exosomes containing different components, which depend
on cell characteristics—epithelial or mesenchymal—and that the effects
of exosomes on HUVECs depend on the type of stimuli to which RPE
cells are exposed.

The development of abnormal retinal angiogenesis is associated
with the infiltration of inflammatory cells such as fibroblasts and
macrophages, as well as with the RPE vascular response underlying
pathological conditions such as oxidative stress and inflammation

Fig. 2. The profiles of angiogenesis-related
proteins in RPE-derived exosomes. Each
type of exosome was collected from super-
natants of ARPE-19 cells that were in-
cubated without (Ex-CTL) or with TNF-α
(Ex-TNF), TGF-β2 (Ex-TGF) or co-stimula-
tion (Ex-CO) for 3 days. Equal amounts of
total protein from each sample were sub-
jected to human angiogenesis array. Spot
images of arrays at the same exposure time
and the mean pixel density are shown in the
graph. The numbers on the images denote 1,
coagulation factor ΙΙΙ; 2, Serpin E1; 3, MMP-
9; 4, DPPIV; 5, Activin A; 6, TIMP-1; 7,
Pentraxin 3; 8, Thrombospondin-1; 9,
IGFBP-3; 10, IL-8; 11, VEGF; and 12, MCP-
1.

Fig. 3. HUVECs uptake exosomes released from RPE cells. HUVECs were incubated with the indicated concentration of PKH26-labelled exosomes for 1 h, and
incorporated exosomes (red) were detected by fluorescence microscopy. Nuclei were stained with DAPI. Scale bar, 20 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The effects of exosomes released from RPE cells on the angiogenic behaviours of HUVECs. (A) HUVECs were plated in the upper chambers, and the lower
chambers contained medium supplemented with 1% FCS with or without exosomes. Exosomes were released from unstimulated (Ex-CTL), TNF-α-stimulated (Ex-
TNF), TGF-β2-stimulated (Ex-TGF), and co-stimulated (Ex-CO) ARPE-19 cells. Chemotactic cells were fixed and stained with crystal violet and DAPI. Scale bar,
500 μm. The cell number was counted by nuclei staining; the graph shows the number of translocated cells per field. The data are presented as the means ± SD in
four different fields in each of three independent experiments. ***P < 0.001 (Dunnett's test). (B) HUVECs were incubated in medium supplemented with 1% FCS
containing each type of exosome for 24 h and then in the additional presence of 10 μM BrdU for the last 10 h. Representative fluorescence microscopy images of cells
stained with an anti-BrdU antibody (green) and of nuclei stained with DAPI. Scale bar, 100 μm. The number of BrdU-positive cells and the total number of nuclei were
counted. The data are presented as the means ± SD in three different fields. ***P < 0.001 (n = 3, Dunnett's test). (C) Representative images showing tube formation
in HUVECs cultured on growth factor-reduced Matrigel with or without each type of exosome released from ARPE-19 cells. We used angiogenic growth factor-
containing medium (GM) as the positive control. Graphs showing the quantification of the total length of the tubes and number of branching points. Each bar
indicates the mean ± SD (n = 5, *P < 0.05, **P < 0.01, Dunnett's test). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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[28–30]. Inflammation facilitates angiogenesis during tissue repair and
simultaneously induces EMT in epithelial cells of the lesion. We sought
to verify the mode of communication between EMT-induced RPE cells
and vascular endothelial cells via exosomes to transmit information
about environmental changes surrounding RPE cells. We previously
reported that TNF-α and TGF-β2 are EMT-inducing factors in ARPE-
19 cells [8]. Therefore, we first examined the effects of these factors on
the secretion of exosomes by RPE cells and confirmed that RPE cells
released nanovesicles with the characteristics of exosomes—nanosized
and expressing exosomal markers (Fig. 1). These exosomes contained a
rich variety of angiogenic factors (Fig. 2). Interestingly, the kinds of
angiogenic factors were dependent on the stimulation—TNF-α alone,
TGF-β2 alone, co-stimulation, or no treatment. Additionally, although
the detailed mechanisms of exosome uptake are not completely clear,
uptake generally occurs via pinocytosis and membrane fusion [31], and
we confirmed via a PKH labelling system that HUVECs incorporated the
RPE-derived exosomes (Fig. 3).

Angiogenesis is a phenomenon of new capillary vessel formation
from existing blood vessels, and hypoxic or inflammatory conditions
induce angiogenic processes, vessel instability by directing pericytes
away from endothelial cells, and budding and extending by promoting
endothelial cell migration and proliferation [32]. In vitro chemotaxis,
tube formation, and proliferation assays were used to identify which
factors or agents had stimulatory or inhibitory effects on angiogenesis.

Chemotaxis of endothelial cells is an essential step for capillary
budding in angiogenesis, and tumour-derived exosomes are reported to
promote endothelial cell migration [32,33]. We found that exosomes
derived from RPE cells facilitated the chemotaxis of HUVECs (Fig. 4A).
These findings suggested that exosomes secreted by activated RPE cells
play a role as directional biochemical cues to promote the chemotaxis
of endothelial cells towards inflammatory sites. Furthermore, the data
in Fig. 4C suggest that exosomes derived from RPE cells contribute to
endothelial cell tube formation. By contrast, exosomes from RPE cells
showed no effect on the proliferative activity of HUVECs; rather, Exo-
TNF and Exo-CO significantly inhibited the proliferation of HUVECs
(Fig. 4B). Thus, exosomes derived from RPE cells under inflammatory
stimulation promote the differentiation and maturation, not the pro-
liferation, of endothelial cells. In the retina, several cells, including not
only RPE cells but also astrocytes and glial cells, secrete exosomes, and
retinal astrocyte-derived exosomes have an inhibitory effect on the
development of laser-induced CNV [11,12,34]. Further studies are ne-
cessary to clarify which cells or exosomes control each step of angio-
genesis.

In conclusion, we demonstrated that EMT-associated factors pro-
mote the secretion of angiogenic factor-rich exosomes by RPE cells and
that RPE-derived exosomes accelerate endothelial cell migration and
tube formation, which may result in the development of CNV.
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