THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 39, pp. 28058-28067, September 27,2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Exosomes from Retinal Astrocytes Contain Antiangiogenic
Components That Inhibit Laser-induced Choroidal

Neovascularization™

Received for publication, March 19, 2013, and in revised form, August 6, 2013 Published, JBC Papers in Press, August 7, 2013, DOI 10.1074/jbc.M113.470765

Amir Reza Hajrasouliha*', Guomin Jiang*', Qingxian Lu*, Huayi Lu*, Henry J. Kaplan*, Huang-Ge Zhang®,

and Hui Shao™

From the *Department of Ophthalmology and Visual Sciences, Kentucky Lions Eye Center and the SDepartment of Research and
Development, Robley Rex Medical Center, University of Louisville, Louisville, Kentucky 40202

neovascularization.

neovascularization.

\_

(Bacl(ground: It is unknown whether the exosomes derived from neurosensory retinal cells regulate angiogenesis in the eye.
Results: Exosomes from retinal astrocytes contain multiple antiangiogenic components that inhibit laser-induced choroidal

Conclusion: Exosomes from monolayer culture of retinal astrocytes, but not retinal pigment epithelium, are antiangiogenic.
Significance: Retinal astrocyte exosomes might be a potential for clinical applications in the treatment of choroidal
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Exosomes released from different types of host cells have dif-
ferent biological effects. We report that exosomes released from
retinal astroglial cells (RACs) suppress retinal vessel leakage and
inhibit choroidal neovascularization (CNV) in a laser-induced
CNV model, whereas exosomes released from retinal pigmental
epithelium do not. RAC exosomes inhibit the migration of
macrophages and the tubule forming of mouse retinal microvas-
cular endothelial cells. Further, we analyzed antiangiogenic
components in RAC exosomes using an angiogenesis array kit
and detected several endogenous inhibitors of angiogenesis
exclusively present in RAC exosomes, such as endostatin. More-
over, blockade of matrix metalloproteinases in the cleavage of
collagen XVIII to form endostatin using FN-439 reverses RAC
exosome-mediated retinal vessel leakage. This study demon-
strates that exosomes released from retinal tissue cells have dif-
ferent angiogenic effects, with exosomes from RACs containing
antiangiogenic components that might protect the eye from
angiogenesis and maintain its functional integrity. In addition,
by identifying additional components and their functions of
RAC exosomes, we might improve the antiangiogenic therapy
for CNV in age-related macular degeneration and diabetic
retinopathy.

Exosomes are nanometer-sized vesicles (30—100 nm in
diameter) that are released by cells upon fusion of multivesicu-
lar bodies with the plasma membrane (1). Consequently, exo-
somes contain the proteins, lipids, and RNA, including mRNA
and miRNA, of their parent cells. Unlike the fate of proteins
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trafficked for degradation to the lysosomal system, secreted
exosomes are biologically active entities, and their biological
information can be delivered into the cells which uptake the
exosomes. The effect of exosomes from different cell types var-
ies because the composition of their functional molecules varies
depending on their cell of origin. For example, exosomes
derived from murine bone marrow-derived dendritic cells are
loaded with tumor peptides and display antitumor activity in
vivo by priming T cells in an antigen-specific manner and stim-
ulating the antitumor activity of cytotoxic lymphocytes (2). By
contrast, exosomes secreted by macrophages promote breast
cancer invasion and metastasis (3). Exosomes also have the abil-
ity to either increase or decrease angiogenesis depending on
their origin (4); tumor-derived exosomes play an important role
in facilitating metastases by enhancing angiogenesis (5, 6); acti-
vated T lymphocyte exosomes also promote angiogenesis, but
those from apoptotic T cells inhibit angiogenesis (7). Therefore,
different types of exosomes can be used or combined with spe-
cific drugs for the therapeutic goal.

Human retina is a delicate organization of neurons, glia
(Mtller cells, astrocytes, and microglia), and nourishing blood
vessels. Retinal vasculature is characterized by an arcuate pat-
tern, sparing the macula of large vessels and absence of retinal
vessels from the “fovea” allowing for high visual acuity. Age-
related macular degeneration (AMD)? is characterized by the
abnormal growth of new blood vessels within or beneath the
macula and is a leading cause of irreversible blindness among
people aged 50 years or older in the developed world. Vascular
endothelial growth factor (VEGF) plays an important role in the
development of new vessels that originate from the choroid
and/or deep capillary bed of the retina and anti-VEGF treat-
ment (such as ranibizumab, bevacizumab, and aflibercept) has

3The abbreviations used are: AMD, age-related macular degeneration;
ANOVA, analysis of variance; CNV, choroidal neovascularization; dn, day
number; MRMVEC, mouse retinal microvascular endothelial cell; PEDF, pig-
ment endothelium-derived factor; RAC, retinal astroglial cell; RPE, retinal
pigment epithelium.
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been a major advance in the treatment of this complication of
AMD (8, 9). However, >65% of patients do not respond to
treatment with improved vision (10), and regrowth of new ves-
sels suggests that pathogenic factors other than VEGF may be
involved in the pathogenesis of this complication. These addi-
tional factors such as complement (11, 12), cytokines (13, 14),
chemokines (10, 15), Toll-like receptors (16, 17), and lipid per-
oxidation products (18 —20) contribute either alone or synergis-
tically to the aberrant angiogenesis. Therefore, an alternative
approach that can simultaneously antagonize multiple factors
involved in AMD pathogenesis should be explored and may
increase the effectiveness of the treatment.

In this report, we tested the hypothesis that cells within the
neurosensory retina may release exosomes that regulate angio-
genesis. Our results showed that exosomes derived from ret-
inal astrocytes (RACs) of normal mice contain multiple anti-
angiogenic factors that inhibit the development of choroidal
neovascularization (CNV) in a laser-induced model whereas
those derived from retinal pigment epithelium (RPE) do not.

EXPERIMENTAL PROCEDURES

Animals—Pathogen-free female C57BL/6 (B6) mice, pur-
chased from Jackson Laboratory, were housed and maintained
in the animal facilities of the University of Louisville. All animal
studies conformed to the Association for Research in Vision
and Ophthalmology statement on the use of animals in Oph-
thalmic and Vision Research. Institutional approval was
obtained and institutional guidelines regarding animal experi-
mentation followed.

Mouse Retinal Microvascular Endothelial Cells (imRMVECs)—
B6 mRMVECs were purchased from CellBiologics (Chicago,
IL) and cultured in mouse endothelial cell culture medium pro-
vided by the same company (M1168). 3—5 passage mRMVECs
were used.

The isolation and characterization of RACs and RPE cells
from B6 mice have been described previously (21, 22). Both cell
types were cultured in T75 flask (laminin-coated for RPE) with
DMEM (Invitrogen) containing 1 g/liter glucose and supple-
mented with 10 mm HEPES (pH 7.4), 100 units/ml penicillin,
100 wg/ml streptomycin, and 10% fetal bovine serum (FBS).
3-5 passage RPE and RACs were used for collection of
exosomes.

Bone marrow-derived dendritic cells were generated accord-
ing to a procedure described previously (23). Briefly, bone mar-
row cells were flushed from femurs of B6 mice and placed at 1 X
10°/well in 1 ml of complete RPMI 1640 medium containing
10% FBS and 10 ng/ml granulocyte macrophage-colony-stimu-
lating factors in 24-well plates and fed every other day. On day
6, nonadherent cells were collected for phenotyping. The
resulting population consisted of 90-95% dendritic cells as
determined by flow cytometry analysis of CDl1lc. Mouse
embryo fibroblasts were provided by Y. Liu (University of Lou-
isville) (24). For exosome collection, all of the cells were grown
in a new flask in medium containing exosome-free FBS (see
below).

Isolation and Characterization of Exosomes—Cells described
above were grown to confluence in medium containing exo-
some-free FBS, prepared by sequential centrifugation of the
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FIGURE 1. Characterization of RAC-derived exosomes. A, representative
electron micrograph of exosomes (magnification, X72,000; Scale bar, 100
nm). Images were acquired with a Phillips CM10 electron microscope. B,
dose-dependent analysis of exosomes positive for CD63 by ELISA. Purified
RAC exosomes (EX) were examined in indicated dilutions from the original
concentration of 1 ug/ml. The control is the exosome-free cell culture
medium.

FBS at 4 °C at 500 X g for 30 min, 15,000 X g for 45 min, and
100,000 X g for 2 h; then exosomes were purified from the
culture supernatant using the same sequential centrifugation
procedure (25). The final pellet was resuspended in PBS and the
suspension filtered through a 0.22-pum membrane and centri-
fuged at 100,000 X g for 2 h at 4 °C, then the pellet was resus-
pended in PBS and the protein content determined using a
Bradford assay kit (Sigma). For electron microscopy, pellets
collected after centrifuging were fixed with 2% paraformalde-
hyde and loaded on Formvar-coated grids. The samples were
negatively stained with phosphotungstic acid for 1 min and
examined with Phillips CM10 electron microscopes at
72,000X. Electron microscopy demonstrated that the vesicles
present in our preparations were cup-shaped and measured
~30-70 nm in diameter (Fig. 1A). ELISA analysis revealed that
they were CD63-positive, a marker for exosomes (Fig. 1B).

Mouse Model of CNV and Treatment—B6 mice were anes-
thetized by intraperitoneal injection of ketamine (120 mg/kg)
and xylazine (20 mg/kg) and the pupils dilated with a single
drop of 1% tropicamide. Krypton red laser photocoagulation
(50-um spot size, 0.05-s duration, 250 mW) was used to gener-
ate four laser spots surrounding the optic nerve in one eye per
animal using a hand-held coverslip as a contact lens. A bubble
formed at each laser spot, indicating rupture of the Bruch’s
membrane (26). For treatment, mice were injected periocularly
with 10 ul of PBS alone or PBS containing 2 ug of exosomes
starting on the day of CNV induction (d1) either daily or every
other day until d7 (end of the experiment).

Labeling of Exosomes—RAC-derived exosomes were labeled
with the red fluorescent dye PKH26 using a commercially avail-
able kit (Sigma-Aldrich) according to the manufacturer’s
instructions.

CNV Observation by Fluorescence Microscopy and Choroidal
Flat Mounts—Seven days after rupture of the Bruch’s mem-
brane, the mice were anesthetized and perfused via the tail vein
with 50 mg/ml fluorescein isothiocyanate-labeled dextran
(FITC-dextran; 2 X 10° average molecular mass; Sigma-Al-
drich). After pupil dilation using 0.5% tropicamide and 1.25%
phenylephrine hydrochloride ophthalmic solutions, retinal
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vascular leakage was examined under a fluorescence micro-
scope (Eclipse E600; Nikon) and photographed. Animals
were then sacrificed and the eyes dissected and fixed over-
night in 4% paraformaldehyde. Choroidal-retinal flat
mounts were prepared and examined under a fluorescence
microscope (HAL-100; Zeiss). Axiovision Rel, 4.8 software
(Zeiss) was used to measure the total area of CNV at each
rupture site by personnel blind to study treatment and con-
trol groups.

Identification of F4/80-positive Macrophages in the Laser-
treated Spots—Choroidal-retinal flat mounts prepared from
FITC-dextran-injected mice were fixed with ethanol, washed
with PBS, and blocked by incubation for 1 h at room tempera-
ture in PBS containing 3% BSA. They were then incubated over-
nightat4 °C with rat monoclonal antibody against mouse F4/80
(1:100; eBiosciences, San Diego, CA) in PBS containing 1% BSA.
Negative control sections were treated identically, but the pri-
mary antibody was omitted. After rinse, the specimens were
incubated for 1 h at room temperature with Cy3-conjugated
donkey anti-rat IgG antibodies (Jackson ImmunoResearch
Laboratories) in PBS containing 1% BSA. Then the number
of positive cells was counted and representative images
photographed.

Isolation and Culture of Murine Peritoneal Macrophages—
B6 mice were injected intraperitoneally with 5 ml of sterile
RPMI 1640 medium, and peritoneal cells were harvested as
described previously (27). The cells were suspended in antibi-
otic-free RPMI 1640 medium containing 10% FBS and incu-
bated in a humidified incubator at 37 °C in 5% CO, in 24-well
cell culture plates for 2 h, then nonadherent cells were removed
and the medium replaced. The resultant cell preparation con-
sisted of >85% macrophages, as verified by flow cytometric anal-
ysis of cells immunostained with antibodies against mouse F4/80
and MHC class II molecules (BioLegend, San Diego, CA).

Chemotaxis Assay—DPeritoneal macrophages (3 X 10° cells/
well) were added to the upper well of a microchemotaxis device
(5-um pore size; 24-well; Transwell; Corning-Costar), and
RPMI 1640 medium containing chemokine (C-C motif) ligand
2 (CCL-2; 10 nm, BioLegend) was added to the lower well with
or without exosomes, and the cells that migrated to the lower
well after 2 h were collected and counted by flow cytometry
(28). All assays were performed in triplicate.

Migration Assay of mRMVECs—mRMVECs were cultured to
95% confluence in the 6-well plates. A crossed lesion was made
using a cell scraper. Cells were rinsed three times with serum-
free medium and incubated with the medium with increasing
doses of RAC-derived exosomes. After 24 h of migration, three
randomly selected fields at the lesion border were acquired
using a 10X phase objective on an inverted microscope (Olym-
pus IMT2; Tokyo, Japan). Using image, the distance between
the margin of the lesion and the most distant point on migrating
cells was analyzed.

VEGF-induced mRMVEC Proliferation by BrdU Staining—
mRMVECs (1 X 10*/well) were cultured with VEGF (50 pg/ml)
in 500-ul total volume in the presence of increasing doses of
RAC exosomes in 6-well plate chamber slides. After 24 h, BrdU
(20 uM) was added to each well and cultured for additional 12 h.
The proliferative cells were detected using FITC-labeling BrdU
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antibody and counted at five randomly selected fields in each
well under a 5X lens.

VEGF-induced mRMVEC Tubule Forming Assay—mRMVECs
were seeded (5000 cells/well) in a Matrigel-coated 96-well plate
(BD Biosciences) in the medium or medium containing 50
pg/ml VEGF in the increasing doses of RAC-derived exosomes
and incubated up to 8 h at 37 °C. Tube formation was examined
every 2 h under an inverted microscope and photographed at
40X magnification. Tubule complexity number and branch
length were measured using Image]J software (National Insti-
tutes of Health). Results are the mean *= S.E. of triplicate
experiments.

Mouse Angiogenesis Antibody Array Analysis—Exosomes of
RACs and RPE were extracted and transferred to radioimmune
precipitation assay buffer (Sigma) with protease inhibitor mixture
(Sigma). 300 g of each sample was subjected to Mouse Angiogen-
esis Protein Array (R&D Systems, ARY015). Data were analyzed
using Image]J software and graphed as bar charts.

Western Blotting—RAC cells were treated with or without
300 pg/ml FN-439 on days 0 and 3 of subculture. Exosomes
were then extracted and transferred to radioimmune precipita-
tion assay buffer with protease inhibitor mixture (Sigma), and
Western blotting was performed using Endostatin primary
antibody (1:500; R&D Systems) and secondary anti rat-HRP
(1:10,000; Santa Cruz Biotechnology).

Statistical Analysis—Experiments were repeated at least two
times. Statistical comparisons were made using an unpaired
Student’s ¢ test for two sets of data, a one-way or two-way
ANOVA for three or more means, and x° test for analyzing the
incidence of retinal vascular leakage. Values determined to be
significantly different from those for controls are marked with
asterisks in the figures (*, p < 0.05; **, p < 0.01).

RESULTS

Exosomes Rapidly Reach the Retina after Subtenon Injection—
Intravitreal injection of anti-VEGF agents is routinely per-
formed clinically. However, it can be associated with significant
complications, such as infectious endophthalmitis. Therefore,
we first decided to study the ability of exosomes, which are
nanometer-sized particles, to reach the retina following extra-
ocular (i.e. subtenon) injection. Mice were injected via the tail
vein with FITC-dextran (green) to identify blood vessels, then
injected periocularly with PKH26-labeled RAC-derived exo-
somes (containing 10 ug of protein) and kinetically observed in
vivo with the fluorescent microscope. As documented in Fig. 2,
the labeled exosomes (red) started to be seen in the neural ret-
ina 15 min after injection (Fig. 2A), gradually increased at 30
and 60 min (Fig. 2, Band C) and then more diffusely throughout
the neural retina (Fig. 2D). Thus, we observed that the subtenon
injection of exosomes resulted in a rapid and diffuse spread of
these microparticles within the neurosensory retina. Fig. 2, E
and F, showed that at 60 min after exosome injection, PKH26-
labeled exosomes were detected in the retina and the choroid
adjacent to the area of extrascleral injection, as well as laser
photocoagulation.

RAC-derived Exosomes Inhibit CNV—W e then evaluated the
effect of RAC-derived exosomes on laser-induced retinal vas-
cular leakage and CNV. RAC-derived exosomes were injected
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FIGURE 2. Periocular injected exosomes reach the choroid-retina. A-D,
time course of the appearance of exosomes in the eye as seen by fluores-
cent microscopy. Mice preinjected with FITC-dextran, which labels blood
vessels green, were injected periocularly with PKH26-labeled RAC-derived
exosomes (10 ng) and examined in vivo using fluorescence microscopy at
15 (A), 30 (B), 60 (C), and 120 (D) min after injection (magnification, X 10).
The arrows indicate PKH26-labeled (red) exosomes. E and F, confocal
microscope of two-dimensional (E) and three-dimensional (F) view of fro-
zen sections of the retina and choroid prepared after sacrifice of mice 60
min after periocular injection of RAC-derived exosomes labeled with
PKH26 (red) (magnification, X40; the blue stain of nucleus is DAPI. E, GCL,
layer of ganglion cells; INL, inner nuclear layer; ONL, outer nuclear layer;
CHO, choroid.

in the subtenon space (2 ug of protein/dose) either daily or
every other day starting on the day of laser burn (d1). On day 7
FITC-dextran was injected via the tail vein to identify the reti-
nal vascular leakage by in vivo fluorescent microscopy. As seen
in Fig. 34, control eyes treated with PBS had a 42% incidence of
retinal vascular leakage, whereas mice injected daily with RAC-
derived exosomes showed no retinal vascular leakage (0/24, 0%
incidence), similar to laser-untreated and PBS-injected control
retina; treatment every other day was less effective (25% of inci-
dence) than daily treatment. Choroidal flat mounts were then
performed to examine CNV formation of RAC exosome treat-
ment. Although every other day was not as effective as daily
treatment it did result in a dramatic reduction in the area of
choroidal neovascularization (Fig. 3B).

To determine whether the late treatment (i.e. from day 7 to
14 after laser injury) of RAC-derived exosomes could reduce
laser-induced CNV, we used the same mode of injection start-
ing from day 1 to day 7 to inject RAC-derived exosomes from
day 7 to 14. As shown in Fig. 3C, treatments starting day 7 had
treatment efficacy similar to those starting day 1, both early and
late treatments of RAC-derived exosomes having significantly
fewer areas of CNV than the one with PBS treatment.
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RAC-derived Exosomes Are the Most Effective in Inhibiting
CNV—To determine whether inhibition of retinal vascular
leakage and CNV was specific to RAC-derived exosomes, we
compared the efficacy of daily injection of 2 ug of exosome-
derived RACs, RPE cells, or two nonretinal tissue cells (fibro-
blasts and dendritic cells). As shown in Fig.4, among all of the
exosomes tested, only RAC-derived exosomes significantly
suppressed retinal vascular leakage (Fig. 4, A and B) and
reduced CNV (Fig. 4C), whereas those derived from fibroblasts,
dendritic cells, or RPE cells did not significantly alter laser-
induced retinal vascular leakage and the area of CNV examined
by in vivo fluorescent microscopy and choroid flat mount,
respectively.

RAC-derived Exosomes Reduced the Number of Macrophages
in CNV- and CCL-2-induced Macrophage Migration—The
major inflammatory cells identified in the CNV complex in
AMD are the macrophages (29). We investigated the effect of
RAC-derived exosomes on macrophage infiltration into the
choroid of the laser-induced CNV complex. Choroidal flat
mounts were stained with Cy3-conjugated antibody against
F4/80, a macrophage-specific marker. The number of F4/80-
positive cells in the choroidal scar was counted following the
subtenon injection of 2 ug of RAC-derived exosomes on a daily
basis. As shown in Fig. 54, the mean number of macrophages
per laser spot on day 7 was 60.8 (£13.6) in the PBS-treated
group compared with 27.2 (£4.4) in the RAC-derived exo-
some-treated group, a significant reduction of 55% (p < 0.01).

Further, we performed an in vitro chemoattractant migration
assay using peritoneal macrophages to confirm that RAC-derived
exosomes can inhibit macrophage migration. Peritoneal macro-
phages were stained with antibodies against MHC class II and
F4/80, two markers for macrophages (Fig. 5B). Macrophages were
added to the top well of a chemotaxis chamber, and the macro-
phage chemoattractant CCL2 (10 nm), either alone or with RAC-
derived exosomes (1 pg/ml or 10 wg/ml), was added to the lower
well. The number of cells that migrated to the lower well after 2 h
was counted by flow cytometry. As shown in Fig. 5C, CCL2-in-
duced macrophage migration was reduced by RAC-derived exo-
somes in a dose-dependent manner.

RAC-derived Exosomes Inhibit mRMVEC Migration and
Vascular Tubule Forming in Vitro—To determine whether
RAC-derived exosomes would target vascular endothelial
cells, we examined RAC-derived exosomes on migration,
proliferation, and tubule forming of mRMVECs. As illus-
trated in Fig. 6, RAC-derived exosomes at a dose of 1 ug/ml
significantly reduced the migration of mRMVECs (Fig. 6A),
but not EC proliferation (Fig. 6B). Moreover, RAC-derived
exosomes inhibited VEGF-induced tubule network forming
in a dose-dependent manner, with both the number of
branch points (Fig. 6C) and total branch length being signif-
icantly reduced (Fig. 6D).

RAC-derived Exosomes Express Elevated Levels of Antiangio-
genic Proteins—To identify the molecules in the exosomes
derived from RACs that can inhibit retinal vascular leakage and
new choroidal vessel formation, we analyzed the expression of
53 pro- or antiangiogenesis proteins in the exosomes from
RAC, using exosomes from RPE, which did not have significant
inhibitory effects on laser-induced CNV, as a comparison. The
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FIGURE 3. RAC-derived exosomes inhibit retinal vascular leakage and choroid new vessel formation in a laser-induced CNV model. A and B,
periocular injection of PBS (control) or RAC-derived exosomes (2 ug) was performed every other day or every day (n = 6 mice/group) starting at the
same day of laser injury (d1). On day 7, retinal vascular leakage was determined in vivo by fluorescence microscopy (A) and average area of CNV in all four
laser spots of six mice measured in choroidal flat mounts (B). C, on day 14, average area of CNV was determined in the mice treated with PBS or daily with
RAC-derived exosomes from day 1 to 7 or from day 7 to14. **, p < 0.01 compared with control group treated with PBS in one-way ANOVA. Error

bars, S.E.

results in Fig. 7 showed the differences of angiogenesis regula-
tor expression between exosomes derived from RACs and RPE.
Endostatin, KC (CXCL-1), MIP (macrophage inflammatory
protein)-1la, MMP (matrix metalloproteinase)-3 and MMP-9,
Nov (nephroblastoma-overexpressed), and PEDF (pigment
endothelium-derived factor) were exclusively expressed in
RAC-derived exosomes. In addition, proliferin and TIMP-1
(tissue inhibitor of metalloproteinases) were expressed higher
in RAC exosomes than in RPE exosomes. In contrast, RPE exo-
somes exclusively expressed ET-1 (endothelins) and PIGF-2
(placenta growth factor-2) and expressed higher levels of PTX3
(pentraxin-related protein, also known as TNF-inducible gene
14 protein) than RAC exosomes. Among up-regulated expres-
sion of proteins in RAC-derived exosomes, endostatin, PEDF,
and TIMP-1 are recognized as antiangiogenic factors. PIGF-2 in
RPE-derived exosomes is more related to vascular endothelial
growth factor (VEGF). The higher concentrations of endostatin
and PEDF in RAC exosomes than those in RPE exosomes were
further confirmed by ELISA (Fig. 7C).

Endostatin Is Responsible for Suppression of Retinal Vascular
Leakage—Endostatin is known as an endogenous inhibitor of
angiogenesis. To determine whether endostatin is the one in
RAC exosomes responsible for inhibition of angiogenesis induced
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by laser injury in the choroid, we used FN-439, a MMP inhibitor to
block MMPs in the cleavage of collagen XVIII to form endostatin
(Fig. 84). RACs after treatment with FN-439 released the exo-
somes which contained the reduced level of endostatin compared
with the endostatin in the exosomes from RACs without treat-
ment. RPE exosomes did not express endostatin, consistent with
the array result. Further, we injected the exosomes from RACs
treated with or without FN-439 into laser-induced CNV mice. Fig.
8, B and C, showed that retinal vascular leakage was suppressed
after treatment with RAC exosomes, and FN-439 completely
reversed the effect (33%, 0%, 30%, p < 0.05, Fig. 8, B and C),
whereas the inhibition of RAC exosomes on choroidal neovascu-
larization area could not be fully reversed by FN-439-treated exo-
somes (Fig. 8, D and E). The results suggested that endostatin alone
is responsible for suppression of retinal vascular leakage but not
reduction of CNV area.

Internalization of Exosomes by Macrophages and mRMVECs—
To determine the mechanisms of RAC exosomes targeting
macrophages and vascular endothelial cells, we examined the
internalization of exosomes by these two cell types. Macro-
phages and mRMVECs were co-cultured with PKH67-labeled
exosomes from either RACs or RPEs and analyzed by fluores-
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FIGURE 4. Exosomes derived from RACs are the most effective in suppressing active CNV. Exosomes (2 ng) derived from RACs, RPE, fibroblasts, dendritic
cells (DCs), or PBS (control) were injected periocularly daily into mice with laser-induced CNV, then, after 7 days, retinal vascular leakage was determined in vivo
by fluorescence microscopy (A and B) and average area of CNV in all four laser spots of six mice measured in choroidal flat mounts (C). ¥, p < 0.05 compared with
control group treated with PBS in one-way ANOVA. Error bars, S.E.
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FIGURE 5. RAC-derived exosomes reduced the number of F4/80* macrophages in the area of the laser-induced choroidal injury and in an in vitro
chemoattractant migration assay. A, mice injected daily with 2 ug of RAC-derived exosomes were examined on day 7 for infiltrated macrophages in the
choroidal flat mount using Cy3-conjugated F4/80 antibody; the average of infiltrated F4/80-positive macrophages per laser spot was counted and calculated
(n = 24 laser spots). Band C, peritoneal macrophages, 86.5% pure (B) at the top well of a chemotaxis chamber that migrated to the lower wells containing the
macrophage chemoattractant CCL2 (10 nm), alone or together with 1 or 10 ug/ml of RAC-derived exosomes, were collected after 2 h incubation and counted
by flow cytometry (C). *, p < 0.05; **, p < 0.01 compared with control group treated with PBS in one-way ANOVA. Error bars, S.E.

cent microscopy. After 2 h, exosomes were detected within strated to have effects on angiogenesis, with most studies

macrophages and mRMVEC (Fig. 9). reporting that exosomes promote angiogenesis both in vitro
and in vivo (4). We have shown, for the first time, that exosomes
DISCUSSION released from the neurosensory retina, specifically, RACs, can

Exosomes released by circulating cells (e.g. leukocytes and  suppress retinal vascular leakage and inhibit choroid neovascu-
platelets), endothelial cells, and tumor cells have been demon- larization in a laser-induced mouse model, whereas exosomes
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FIGURE 6. RAC exosomes inhibited the migration and vascular tubule
forming, but not proliferation of mRMVECs. A, migration of mMRMVECs. A
crossed lesion was made in the 6-well plates cultured with 95% confluence
MRMVECs in the medium with increasing dose of RAC exosomes. After 24 h of
migration, three randomly selected fields at the lesion border were acquired
using a 10X phase objective on an inverted microscope, and the distance
between the margin of the lesion and the most distant point on migrating
cells was analyzed. B, proliferation of mMRMVECs. mRMVECs were cultured with
50 nug/ml VEGF in the presence of increasing doses of RAC exosomes. After
24 h, 20 um BrdU was added to each well and cultured for additional 12 h. The
green BrdU-positive proliferated cells were counted at five randomly selected
fields in each well under a 5X lens. C and D, tubule forming of mMRMVECs.
mMRMVECs were cultured as in B but for 6 h. Representative examples of micro-
graphs (C) and total branch length (D) are shown. Data are mean = S.E. (error
bars) of triplicate experiments. *, p < 0.05; **, p < 0.01 compared with control
group treated without RAC exosomes in one-way ANOVA.

derived from RPE cannot. The results of these studies indicate
that in the eye, exosomes derived from different ocular cells
may be important for the balance of anti- and proangiogenesis
in this area and the integrity of vision function. They may also
play a role in the evolution of AMD and the other angiogenetic
related conditions. The ability of exosomes from neurosensory
retina to influence angiogenesis may be useful as an adjunctive
therapy in several diseases including exudative AMD, prolifer-
ative diabetic retinopathy, and angiogenesis associated with
tumor metastasis. However, although we did not observe anti-
angiogenic activity from the exosomes derived from the RPE
cell monolayer culture in the flask, it is possible that secretion of
RPE exosomes from the apical or basal surface may have a dif-

ferent property.
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The mechanisms by which RAC exosomes suppress retinal
vascular leakage and inhibit choroid neovascularization in a
laser-induced mouse model might be that RAC exosomes tar-
get both macrophages and vascular endothelial cells. Infiltrat-
ing macrophages play an important role in exudative AMD (30,
31) and in experimental CNV (32, 33). They are a major source
of inflammatory cytokines, complement, and VEGEF, all of
which are important in the pathogenesis of inflammation and
new vessel formation. RAC-derived exosomes suppressed the
infiltration of macrophages into laser treated areas (Fig. 5) and
inhibited the migration of macrophages in a chemotactic
chamber. In addition to the direct effect of RAC-derived exo-
somes in reducing the number of infiltrating macrophages, the
components of these exosomes may directly antagonize both
the inflammatory and angiogenic factors released from these
cells. RAC exosomes also target vascular endothelial cells. Our
in vitro study showed that RAC exosomes inhibited the migra-
tion and vascular tubule forming of mRMVECs, but inhibited
proliferation only minimally.

The antiangiogenic effect of RAC exosomes on macrophages
and vascular endothelial cells might be contributed by their
multiple molecules, including proteins, lipids, mRNA, and
miRNA, which are likely operate collaboratively in preventing
and inhibiting angiogenesis. Profiling angiogenic related pro-
tein expression with antibody array analysis of exosome
extracts revealed that endostatin, PEDF, and TIMP-1, chemo-
kines of KC (CXCL-1), and MIP (macrophage inflammatory
protein)-1, as well as matrix metalloproteinase, such as MMP-3
and MMP-9, are exclusively or highly expressed on RAC exo-
somes. Endostatin, PEDF, and TIMP-1 are known to possess
antiangiogenic properties (34 —37), whereas these chemokines
and MMPs can either promote or inhibit angiogenesis, depen-
ding on their environmental context. For example, MMPs pro-
mote angiogenesis by increasing the bioavailability of the
proangiogenic growth factors VEGEF, fibroblast growth factor 2
(FGF-2), and TGF-f (38). These factors stimulate proliferation
and migration of endothelial cells. On the other hand, MMPs
act antiangiogenically through cleavage of plasminogen and
collagen XVIII, resulting in generation of the antiangiogenic
factors angiostatin and endostatin (38). Mice lacking collagen
XVIII/endostatin have large CNV lesions and increased vascu-
lar leakage compared with control wild-type mice after laser
burn induction (34). We further validated endostatin and PEDF
expression in RAC exosomes by ELISA and its antiangiogenic
function by using endostatin-free RAC exosomes in laser-in-
duced CNV. Because there is no neutralizing endostatin anti-
body commercially available, we used MMP inhibitor, FN-439,
to block MMP for cleavage of collagen XVIII to generate
endostatin. Our data demonstrated FN-439 reduced endostatin
in RAC exosomes, and these exosomes, like endostatin-free
RPE exosomes, could not suppress vascular leakage, indicating
that endostatin in RAC exosomes is responsible for preventing
vessel leakage; however, endostatin alone could not suppress
the formation of CNV (Fig. 8). This finding suggests that
endostatin is more sensitive in inhibiting vascular leakage than
the size of CNV and that multiple factors such as PEDF in RAC
exosomes are involved in the inhibition of CNV formation. The
mechanism that through which endostatin inhibits retinal vas-
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FIGURE 8. Endostatin in RAC exosomes is responsible for suppression of retinal vessel leakage. A, endostatin level in the exosomes of RACs treated with
or without FN-439 and RPE was examined by Western blotting using anti-endostatin Ab. B-E, PBS or exosomes derived from RACs treated with or without
FN-439 were periocularly injected daily into mice with laser-induced CNV. After 7 days, retinal vascular leakage was determined (B and C), representative spot
of CNV was photographed (D), and the average area of CNV in all four laser spots of six mice was measured (E) in choroidal flat mounts. **, p < 0.01 compared
with control group treated with PBS in one-way ANOVA. Error bars indicate S.E.
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FIGURE 9. Internalization of exosomes by macrophages and mRMVECs.
PKH-26 (red)-labeled exosomes were incubated with either mRMVECs or
macrophages on a slide chamber for 2 h at 37 °C. Thereafter, the cells were
washed with PBS, fixed in ethanol, stained with DAPI, and observed under a
fluorescent microscope (magnification, X40).

mRMVEC

Macrophage

cular permeability is possibly an up-regulation of tight junction
proteins (34). Nevertheless, it cannot be excluded that FN-439,
an MMP inhibitor, inhibits other proteins that are responsible
for suppression of vascular leakage.

It has recently been reported that exosome-encapsulated
anti-inflammatory drugs can be transported from the nares to
the brain to treat CNS inflammatory diseases (39). In a like
manner, periocular injection of exosomes resulted in their
rapid delivery from the subtenon space into the choroid and
retina (Fig. 2). Hence, the periocular injection of exosomes for
therapeutic purposes may provide a safe route of administra-
tion that avoids the discomfort and risk of serious adverse
events such as infectious endophthalmitis caused by intravit-
real injection, the most common route used for the delivery of
anti-VEGF medications. Moreover, the periocular injection of
exosomes avoids the dilution effect associated with systemic
delivery (40 —43). However, the ability of nanometer-sized RAC
exosomes to penetrate via topical administration (44) or
through slow release from an extraocular polymer should be
explored to avoid the need for frequent intravitreal or extraoc-
ular injections.

In conclusion, we have demonstrated that exosomes released
from RACs target two major cells, macrophages and vascular
endothelial cells, which are involved in the angiogenic process.
RAC exosomes contain known antiangiogenic proteins such as
endostatin and PEDF that may play a role in the inhibition of
laser-induced CNV in the mouse. Hence, RAC exosomes have
the potential to provide a novel form of therapy for exudative
AMD, as well as other angiogenic diseases. Fundamental stud-
ies need to be conducted to further our understanding of the
constituents of exosomes derived from RACs.
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