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Abstract

Purpose We discuss recent advances in extracellular vesicle
(EV) technology as biomarkers, therapeutics, and drug deliv-
ery vehicles in the visual system with an emphasis on the
retina.

Recent Findings Retinal cell-type specific EVs can be detect-
ed in the blood and in the aqueous humor and EV miRNA
cargoes can be used diagnostically to predict retinal disease
progression. Studies have now shown EVs can deliver bioac-
tive miRNA and AAV cargoes to the inner retinal cell layers
and, in some models, improve retinal ganglion cell (RGC)
survival and axon regeneration.

Summary EV molecular profiles and cargoes are attractive
biomarkers for retinal and optic nerve disease and trauma
and EVs offer a safe and tunable platform for delivering ther-
apies to ocular tissues. However, EVs are heterogeneous by
nature with variable lipid membranes, cargoes, and biologic
effects, warranting stringent characterization to understand
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how heterogeneous EV populations modulate positive tissue
remodeling.
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Introduction

Extracellular vesicles (EVs) are increasingly appreciated as
important factors regulating intercellular communication in
the visual system and are now being explored as biomarkers,
therapeutics, and drug delivery vehicles. EVs comprise sever-
al populations of sub-micron sized vesicles, including
exosomes, ectosomes, oncosomes, shed vesicles or
microvesicles, apoptotic bodies, and matrix-bound
nanovesicles (MBVs). Though the EV nomenclature is devel-
oping, EVs are generally classified by their biogenic origin
and molecular profiles into four main groups: exosomes,
microvesicles, apoptotic bodies [1], and the recently described
MBVs [2]. Each group is characterized by distinct sets of
lipids, proteins, and nucleic acids. However, EVs are hetero-
geneous even within subgroups and EV subgroup localiza-
tions are wide spread within tissues, organs, and body fluids
and thus overlap significantly. EVs are now recognized widely
as evolutionarily conserved intercellular communication vehi-
cles that regulate cellular proliferation, migration, organiza-
tion, and phenotypes during development, maintenance and
function, injury and disease, and in aging [3]. Hence, EV
research has increased dramatically in recent years on EV
pathophysiology and the use of EVs as biomarkers and poten-
tial therapeutics. Here, we discuss recent EV findings in the
visual system, using EVs to diagnose or to treat injury or
disease in the visual system, specifically retinal and optic
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nerve diseases or trauma, and logical next steps required to
advance EV technology responsibly to the clinic.

Extracellular Vesicle Overview

EVs are lipid-bound vesicles ranging in size from 10 to
1000 nm. EVs are secreted from virtually all cell types and
are found in all body fluids and the extracellular matrix. EVs
are secreted via numerous mechanisms, including direct bud-
ding or shedding from the parent cell, release from multi-
vesicular bodies fusing with the plasma membrane, exocyto-
sis, or via apoptotic cell body release. Though, in some cases,
EV membranes may resemble the parent membrane composi-
tionally as in budding or shedding microvesicles, EV lipid
membranes are generally distinct from the parent plasma
membrane and these distinctions play important roles in mod-
ulating the biophysical properties of EVs both before and after
secretion. Prior to secretion, unique lipid compositions influ-
ence interactions with other lipids and proteins, like recruiting
effector molecules necessary for EV sorting, trafficking, and
micro-domain localization, and the timing, location, and rate
of secretion, among other factors. After secretion, lipid and
membrane composition regulates the rate and timing of EV
transport within tissues and fluids, cellular recognition, loca-
tion and method of uptake, and ultimately functional impact.
EV membranes are differentially enriched in various lipid
modifiers, like enzymatic phospholipases, and lipids like cho-
lesterol and sphingomyelin, which are hypothesized to in-
crease EV lipid packing density, enhancing EV stability dur-
ing transport within body fluids and increasing cellular uptake
specificity [4]. Moreover, EVs can also carry bioactive releas-
able lipids like prostaglandins and arachidonic acid [5, 6].

EV Surface and Cargo Properties and Signaling

Regardless of EV type, EV properties generally reflect the
phenotype of the parent cell; surface markers, cargoes, secre-
tion rate, and location reflect the parent cell’s physiology [7¢].
In addition to lipids, EV surface molecules include carbohy-
drates, and proteins that regulate EV secretion temporally and
spatially, inter- and intra-cellular transport within tissue and
body fluids, and cellular targeting. EVs are equipped to signal
via multiple direct contact mechanisms, including cell surface
receptor activation. Cells can internalize EVs by different
mechanisms, including clathrin-dependent and clathrin-
independent endocytoses, phagocytosis, macropinocytosis,
and fusion mediated by lipid rafts [8]. Surface proteins, lipids,
and carbohydrates direct cellular targeting as well as the
mechanism and the location of internalization. Both the mech-
anism and the location influence the biological effects of EVs
and their cargoes, important considerations for therapeutic

development. Like surface markers, EV cargoes are variable,
but generally include proteins and nucleic acids, particularly
miRNAs, that reflect the phenotype and the release site from
the parent cell, particularly important in highly polarized cells,
like neurons, vascular endothelial cells, and the various cells
making up the blood-brain barrier, including retinal pigment
epithelial (RPE) cells that make up the outer blood retinal
barrier (BRB) and Miiller glia and astrocytes that make up
the inner BRB. Importantly, EVs, regardless of the vesicle
subtype or cellular source, are heterogeneous populations with
distinct surface markers, cargoes, and biologic effects (Fig. 1)
[9¢]. For example, a recent study showed EVs from different
stem cell populations can have opposite effects on neurite
growth from different primary neurons [10]. Thus, both pre-
clinically and clinically increased stringencies are needed to
establish guidelines for the characterization of surface markers
and cargoes, and rational delivery strategies must be devel-
oped to effectively advance EV-based therapies clinically.

EVs as Biomarkers in the Visual System

EV molecular profiles are increasingly recognized as potential
biomarkers for diseases, including cancers and neurodegener-
ative diseases in the CNS. In spinal cord injury (SCI), changes
in exosomal miRNAs reflect many of the barriers to CNS
regeneration. For example, SCI can differentially regulate
exosomal miRNAs that modulate calcium signaling, synaptic
function, axon guidance [11-13], axon degeneration, inhibi-
tory molecule expression, and scar tissue formation [14], sug-
gesting engineered EV combinations may be useful in
counteracting or modulating the signaling pathways underly-
ing the default healing response in the CNS. Though EV bi-
ology in the visual system is less developed, a number of
recent studies indicate EVs, like exosomes and microvesicles,
and their cargoes, particularly miRNAs and inflammatory pro-
teins, may be used to detect, monitor, and prognosticate retinal
and possibly optic nerve trauma and disease.

For example, rhegmatogenous retinal detachment (RD) is
the most common type of RD and proliferative
vitreoretinopathy (PVR) is the most common disease that de-
velops from RD. PVR can complicate photoreceptor reattach-
ment to the RPE by causing malapposition and lost visual
acuity or even photoreceptor death and vision loss.
However, the underlying mechanical and inflammatory mech-
anisms are only partially understood. A recent study showed
that EVs derived from photoreceptors, peanut agglutinin or
phosphatidylserine-positive, were higher in the aqueous hu-
mor (AH) of patients after thegmatogenous RD [15¢]. The
photoreceptor-specific EVs were higher depending on the du-
ration of the RD at the time of surgery and closely correlated
to soluble pro-inflammatory factors, like MCP-1, a pro-
inflammatory cytokine involved in photoreceptor apoptosis.
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Fig. 1 EVs are composed of various molecules capable of cellular
signaling that may also be used therapeutically or for biomarker
analysis. EVs are secreted from cells throughout the body and carry
lipid, protein, carbohydrate, cytokine, miRNA, and RNA cargoes. EV

Thus, retinal cell-type specific EVs can be detected after RD,
and EV concentrations are predictive of the RD duration and
pro-inflammatory factors known to induce photoreceptor ap-
optosis, supporting the notion that analysis of vitreal EVs may
aid in the prognosis of RD surgery and visual recovery.

MiRNA cargoes within EVs can serve as biomarkers for
disease, not only in the body fluid affected by disease, but
systemically in the blood levels as well. MiR146a and
miR26a were upregulated in the vitreous humor of uveal mel-
anoma patients [16], and follow-up studies revealed miR146a
was also upregulated in blood serum exosomes of uveal mel-
anoma patients [17]. Additionally, systemic miRNAs are be-
ing investigated as biomarkers for malignant gliomas [18]. In
brain tissue, miRNA expression is up- or downregulated for
numerous miRNA with glioma onset and progression, and
preliminary clinical data suggests circulating miRNA may
serve as a biomarker for glioma diagnosis and prognosis.

EV detection and analysis may also eventually predict pre-
disposition or progression in glaucomatous eyes. The causes
of glaucoma are unknown; however, one factor commonly
associated with glaucoma is an increase in intraocular pressure
(IOP). Even though increased IOP is associated with the dis-
ease and often used as a predictor for glaucoma, IOP increase
is not present in all glaucoma cases, and frequently IOP in-
crease is only observed after significant visual field loss.
Therefore, a need exists for a method to diagnose early onset
glaucoma while also determining the underlying cause of the
disease. In glaucoma patients, specific subsets of miRNAs are
upregulated and downregulated, respectively [19], suggesting
there is direct or indirect miRNA signaling between retinal
ganglion cells (RGCs) and the vitreous, and additional studies
indicate the majority of miRNAs in the AH are found within
EVs [20]. Recent studies showed that non-pigmented ciliary
epithelium cell (NPCE)-derived EVs accumulate in trabecular
meshwork cells and effect Wnt signaling, a pathway involved
in IOP regulation [21¢]. Overall, these studies indicate EVs
and their cargoes can serve as biomarkers for glaucoma, po-
tentially serving as an early diagnostic marker, and may also
contribute directly to the progression of the disease.
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surface proteins, lipids, and carbohydrates direct cellular targeting, can
activate cell surface signaling, and influence the mechanism and location
of internalization

Developing EV Technology Clinically Requires
Stringent, Rigorous Methodologies

The number of studies on ocular EVs has rapidly expanded
recently and consequently so has our understanding of EV
biology in ocular disease and trauma and, inevitably, so has
the number of proposed EV-based therapeutics with many
studies showing promise in experimental models. However,
as noted above, stringent purification and rigorous character-
ization are required to develop effective biomarkers and clin-
ical therapies. For example, numerous cells secrete EVs into
the AH or blood, and numerous molecules, particularly
miRNAs, have been shown to change in response to ocular
disease or injury. However, due to experimental methods and
design, whether miRNAs in the AH are within cells, different
EV populations, or within protein/RNA complexes is largely
unknown. Moreover, we know virtually nothing about the
cellular origins of EVs in the AH. To accurately capture and
analyze cell-specific EV populations secreted from ocular tis-
sues, within the AH or within the blood, cell-specific EV
surface markers and cargo profiles must be identified. To date,
a few cell-specific markers have been identified, as demon-
strated for photoreceptors [15¢]. However, we currently lack
markers for most retinal cells, including RGCs and Miiller
glia. Moreover, some EVs may be tissue or compartment spe-
cific, which has been shown for some miRNAs in the anterior
chamber [22]. Thus, minimally invasive and highly sensitive
diagnostic tools must be developed specifically for ocular
tissues.

In the future, EVs could be used in routine clinical screen-
ings to measure the health of ocular tissues, including the
retina and the optic nerve, and improve trauma and disease
detection and treatment. However, to achieve clinical reliabil-
ity, set purification, analytical standards, and technological
advances in EV capture and analysis are required. EV purifi-
cation requires stringent methodologies since EV profiles are
affected by changes in the method of preparation, variations in
cell cultures, and even batch-to-batch variability. Standardized
purification methods have been established [23, 24] and
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refined [7¢]; however, many investigators have yet to adopt
these standards. EV purification kits are often used for conve-
nience. However, preparations from these kits are often con-
taminated with other vesicles, non-exosomal proteins, and
nucleic acids, which can alter bioactivity and experimental
results. Progress is also being made in developing nanoscale
devices for capturing even single EVs [25]. Developing such
tools that can capture low level exosomes in blood for instance
is more patient friendly than probing ocular tissues and fluids.
The ability to detect cell-type specific EVs will more rapidly
advance our knowledge of EV biology in normal and patho-
genic conditions and logically accelerate therapeutic develop-
ments. Developing standards for classifying EVs is also un-
derway with the development of the ExoCarta database [26¢].
Key to all of the above is developing proper analytic methods
that can characterize EV rigorously.

However, to develop more refined EV capture methods
requires more refined analytic methods. For example,
exosomes released from the RPE have been hypothesized to
play important roles in AMD pathogenesis. AMD is one of the
leading causes of vision loss in people over age 60 and can
present as either the “dry” form characterized by the presence
of drusen deposits in the macula or as the “wet” form charac-
terized by choroidal neovascularization. Changes in exosomal
properties have been reported in the AH of AMD patients
[27], and studies suggest exosomes may play a role in the
development of choroidal neovascularization since exosomal
markers are upregulated in aged RPE. Both drusen and oxi-
dative stress can increase exosome secretion from RPE cells,
suggesting exosomes may also play a role in dry AMD. In
addition to metabolic support and maintenance of photorecep-
tors, the RPE plays several other roles critical to retinal health
and function by forming the outer BRB in the eye. The inher-
ent polarization of the BRB logically suggests RPE cell sig-
naling, including EVs, must also be polarized to maintain
normal retinal function and loss of such polarity would be
expected to lead to RPE dysfunction as observed in aged
RPE and AMD. Though methods have been developed to
isolate exosomes clinically from AMD patient serum [28],
further biomarker development is required to develop specific
biomarkers to capture and analyze exosomes from normal or
diseased RPE cells.

A recent study by Klingeborn et al. (2017) is a step in this
direction by analyzing the proteome in EVs secreted by polar-
ized RPE monolayers. Using mass spectrometry and protein
correlation profiling, exosomes were analyzed from polarized,
primary RPE monolayers grown on membranes in serum-free
trans-well cultures. This approach allowed EVs to be analyzed
from either the apical or the basolateral compartments.
Consistent with the RPE’s relationship with the retinal
(apical) and systemic circulation (basolateral) in vivo, the au-
thors demonstrated in vitro that epithelial polarity regulates
directional exosome release; both the number of exosomes

and their proteomes were polarized and consistent with RPE
function and known protein localizations in vivo. Out of the
631 identified proteins, 47% were unique to apical exosomes
and 15% unique to basolateral exosomes, with 37% found in
both exosomal compartments [7¢]. Though these results need
to be confirmed in vivo, the demonstration of polarity-driven
exosome secretion from polarized epithelial cells advances
our understanding of EV biology and may be relevant to dys-
function in other epithelial tissues, like vascular retinopathies.
Moreover, the differences in apical and basolateral exosomal
proteomes advance the number of potential RPE-specific
exosome markers in a polarity-dependent manner. Thus, not
only changes in exosomal proteins, but also in their polarity,
could be used to potentially monitor RPE function as part of
preventative care, in the diagnosis and monitoring RPE dys-
function at an early disease stage, and/or monitor the effects of
therapeutics on RPE function.

EVs as Ocular Therapeutics

Compared to cell-based therapies, EV-based therapies are at-
tractive alternatives. In particular, stem cell (SC)-derived EVs
have received most of the attention since several studies have
shown SC EVs can recapitulate many of the positive thera-
peutic effects of the parent stem cell on immunomodulation
and tissue remodeling without the negative inflammatory and
neoplastic concerns associated with using SCs. EVs are small
and, depending on their surface properties, can cross many
biological barriers including the BBB. As expanded below,
biologically produced EVs are easily customized using main-
stream molecular and genetic techniques, including bar cod-
ing with nucleic acid or other molecular tags for tracking.
Purified EVs are easily stored and loaded with small mole-
cules, proteins, and nucleic acids, like miRNAs or even viral
vectors. EVs or combinations of EVs can target and deliver
diverse biomolecular cargoes to modulate distinct cellular
populations, like immune cells, glia, and neurons, making
them attractive developing combinatorial therapeutics to treat
CNS and ocular injuries and diseases clinically. Though clin-
ical studies are in early development phases, this idea is sup-
ported by pre-clinical rodent studies reporting positive tissue
remodeling and increased functional recovery in a stroke mod-
el [29].

Recent pre-clinical studies have shown EVs can also pos-
itively modulate injury responses in the retina in optic neurop-
athy and neurovascular disease animal models. Damage to the
optic nerve in ischemic optic neuropathies (ION) and traumat-
ic optic neuropathies (TON) often leads to progressive and
permanent vision loss. Though surgery or corticosteroids
may benefit some patients, lost vision is likely permanent
due to progressive RGC axon degeneration and death. After
acute optic nerve ischemia in rat, a recent study by Mead et al.
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(2017) showed that intravitreally injected EVs, derived from
bone marrow derived stem cells (BMSCs), successfully deliv-
ered their cargoes to the inner retinal layers and both Miiller
glia and RGCs. In BMSC EV-treated animals, RGC survival
and axon regeneration increased and RGC axonal loss and
RGC dysfunction decreased. The authors concluded these ef-
fects relied on exosomal miRNA, since the positive therapeu-
tic effects on RGCs were diminished by knocking down the
miRNA effector molecule Argonaute-2 [30¢]. Fibroblast EVs
have been reported to increase RGC survival and growth after
acute optic nerve ischemia via established axon growth regu-
latory pathways involving mTOR activation by GSK3f3 and
TSC2 [31¢]. The ability of EVs to deliver bioactive nucleic
acids to multiple layers in the inner retina suggests cell-free
EV therapies may benefit other traumatic or neurodegenera-
tive ocular diseases.

In support of this notion, EVs were recently shown to ame-
liorate ischemia and neovascularization in a vascular neurop-
athy model, possibly due to the positive immunomodulatory
effects of SC EVs. Clinically, neovascular disease can lead to
vision loss in several retinopathies, including retinopathy of
prematurity, ischemic retinal vein occlusions, wet age-related
macular degeneration, and proliferative diabetic retinopathy.
Typical treatments include anti-VEGF drugs, thermal laser
treatment, or photodynamic therapy. However, each is limited,
requires prolonged or multiple treatments, and increases vi-
sion loss in some cases. Moisseiev et al. (2017) showed that
intravitreally injected EVs from human MSCs significantly
reduced retinal ischemia and neovascularization in a murine
model of oxygen-induced retinopathy (OIR), the most widely
used model for vascular pathology and abnormal angiogene-
sis, without immunosuppression [32]. MSC-derived EVs can
modulate microglial-induced inflammation [33] which can in
turn reduce astrocyte proliferation and activation [34]. MSC-
derived EVs has also been reported to reduce monocyte che-
motactic protein (MCP)-1 expression and injury, apoptosis,
and inflammatory responses in a mouse model of laser in-
duced retinopathy [35¢]. These initial findings are encourag-
ing and motivate EV engineering to optimize or customize
biologically produced EVs to deliver specific cargoes to spe-
cific cellular populations.

The above studies indicate good retinal biocompatibility
with EVs derived from different cell sources and used in dif-
ferent experimental rodent models. EVs have several other
desirable experimental advantages that will likely speed our
knowledge on EV biology and the development of EV-based
therapies. Unlike cells, EVs do not replicate, change pheno-
type, or actively migrate from the application site and thus can
be manipulated and delivered with more precision. Some EVs,
like exosomes, can cross the BBB, including the BRB, with-
out initiating a pro-inflammatory immune response. EVs are
easily derived from virtually any cellular source in vitro, in-
cluding stem cells, immune system cells, glia, and tissue-
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specific cells, and are easily generated, purified, and stored
for prolonged periods of time. Since EVs reflect the pheno-
type of the parent cell, EVs from cells cultured under con-
trolled and varied physiological conditions are valuable
in vitro and in vivo experimental tools. For example, identi-
fying EV surface markers, cargoes, and cell-specific effects on
polarized cells like microglia or astrocytes will provide new
insight into microglia-mediated astrocyte Al activation [34]
and reveal new approaches to minimizing secondary trauma
and scar tissue formation in the injured CNS [36].

Engineered EVs as Therapies and Drug Delivery
Vehicles

Engineered EVs designed to deliver specific cargoes to spe-
cific cellular populations in a controllable manner offer the
most attractive EV-based therapeutic for clinical use.
Engineered EVs may be superior to single-molecule drugs,
biologics, whole cells, and synthetic liposome or nanoparticle
formulations because of the ease of bioengineering with mul-
tiple factors while retaining superior biocompatibility and
biostability and posing fewer risks for abnormal differentia-
tion or neoplastic transformation. [3]. EVs can be engineered
to incorporate proteins, small molecules, and nucleic acids.
Proteins can be concentrated in the lumen of EVs by fusing
its partner with tetraspanin CD63, and miRNAs can be incor-
porated into EVS by fusing Ago protein with CD63.
Additionally, Poly A, a binding protein that binds mature
mRNAs, can selectively recruit mRNAs to EVs. IncRNAs
can be enriched in EVs by fusing motifs from polycomb re-
pressive complex 2 (EZH1 and EZH2) with tetraspanins.
Using knowledge gained from biologically derived EVs, bio-
engineers are making progress toward developing homoge-
neous EV populations that can be engineered to target defined
cargoes specific to certain cellular populations. While direct
EV delivery is possible in most tissues throughout the body,
retinal drug and therapeutic nucleic acid delivery are compli-
cated by the BRB. Some EVs, like MSC exosomes, appear to
readily cross the inner limiting membrane and can deliver
nucleic acid cargoes to multiple retinal layers. Since EVs re-
flect the cargoes and state of the parent cell, treating cells
in vitro with specific cytokines, growth factors, and small
molecules to stimulate the production and release of EV's with
desirable cargoes for therapeutic use is possible.

For example, a recent study by Wassmer et al. (2017)
showed EV associated adeno-associated virus (Exo-AAV)
can be delivered to the retina, and this EV-associated delivery
mechanism outperformed standard AAV delivery with respect
to green fluorescent protein (GFP) delivery to the retina [37].
GFP was packaged into Exo-AAV and conventional AAV
vectors and delivered to the retina of adult mice via intravitreal
injection. GFP expression was monitored by fundus imaging,



Curr Ophthalmol Rep (2017) 5:276-282

281

histology, and qRT-PCR 4 weeks post-injection. Target cells
for delivery were RGCs, bipolar cells, Miiller cells, and pho-
toreceptors, and results showed the Exo-AAV penetrated the
inner nuclear, outer plexiform, and outer nuclear layers which
was deeper than the AAV vector alone. The study indicates
Exo-AAV serves as a robust gene delivery tool in the mouse
retina, and the simplicity of production and isolation should
make the Exo-AAV a widely applicable tool to ocular
research.

Finally, MSCs have been used clinically to treat patients
with graft versus host disease (GvHD), and a recent study
showed that MSC-derived EVs are able to significantly de-
crease the symptoms of GvHD shortly after the onset of treat-
ment [38]. MSC-derived EVs induced similar anti-
inflammatory effects as MSC, suggesting the EVs released
from MSC, more so than the MSC themselves, may be re-
sponsible for the altered immune response after MSC therapy
administration. Cell transplantation is fraught with caveats
[36]; therefore, EV administration may be a safer and more
reliable alternative to cell transplantation.
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