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Abstract: Exosomes, nanoscale vesicles with a diameter of 30 to 150 nm, are composed of
a lipid bilayer, protein, and genetic material. Exosomes are secreted by virtually all types of
cells in the human body. They have key functions in cell-to-cell communication, immune
regulation, inflammatory response, and neovascularization. Mounting evidence indicates that
exosomes play an important role in various diseases, such as cancer, cardiovascular diseases,
and brain diseases; however, the role that exosomes play in eye diseases has not yet been
rigorously studied. This review covers current exosome research as it relates to ocular
diseases including diabetic retinopathy, age-related macular degeneration, autoimmune uvei-
tis, glaucoma, traumatic optic neuropathies, corneal diseases, retinopathy of prematurity, and
uveal melanoma. In addition, we discuss recent advances in the biological functions of
exosomes, focusing on the toxicity of exosomes and the use of exosomes as biomarkers
and drug delivery vesicles. Finally, we summarize the primary considerations and challenges
to be taken into account for the effective applications of exosomes.
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Introduction

Extracellular vesicles (EVs) are an umbrella term for all lipid bilayer-encased
extracellular structures, which are typically divided into three subtypes: exosomes
(~30-150 nm in diameter), microvesicles (~100-1000 nm in diameter), and apop-
totic bodies (~100-5000 nm in diameter), based on their formation mode, particle
size, and functional properties.'” Exosomes are the smallest subtype of EVs.? The
term “exosome” was first used in the early 1980s to describe small vesicles (~50
nm) of endosomal origin released during the maturation of sheep.> Subsequently,
it was shown that these nanovesicles could be secreted by numerous cells such as
B cells, T cells, cancer cells, endothelial cells, and mesenchymal stem cells.®
Exosomes, which are nanosized membrane-enclosed vesicles of 30 to 150 nm
that are shed by various cell types, exist extensively in a variety of bodily fluids
including tears, aqueous humor, vitreous humor, blood, urine, semen, vaginal fluid,
breast milk, cerebrospinal fluid, ascites, lymph, bile, amniotic fluid, and saliva.” 10
They are formed as intraluminal vesicles (ILVs) after fusion of a multivesicular
body (MVB) with the plasma membrane.'""'> A MVB is an intermediate endosomal
compartment that is filled with ILVs."? Diverse bioactive molecules including
lipids, proteins, and nucleic acids are the main functional components of exosomes,
which are encapsulated in a lipid bilayer membrane.'*'> Exosomes are a promising
field of cytological and biomedical research, attracting intense interest because of
the biological functions and broad contribution of exosomes to a range of diseases.

First, exosomes that carry surface molecules partake in intercellular communication
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by activating cellular signaling through receptor-ligand
interactions with target cells.f Second, it has been sug-
gested that exosomes are involved in the progression of
multiple diseases through a mechanism by which they
change the physiological state of target cells via fusing
with the target cell’s membrane and transferring their
cargo (protein, lipids, mRNA, microRNA, and DNA) to
that cell.'®'® Third, exosomes have great potential as
biomarkers for diagnosing diseases.”>** Finally, exo-
somes, in the form of drug delivery vehicles, have been
explored as potential therapeutic tools for a variety of
currently incurable diseases.”* 2°

Vision impairment, including blindness, is an impor-
tant public health concern.””?® The number of people
affected by vision impairment or blindness is estimated
to be 2.2 billion worldwide with middle-aged and elderly
individuals being particularly affected.”®>° In 2019, the
World Health Organization reported that the leading
causes of moderate or severe vision impairment are uncor-
rected refractive error, cataract, diabetic retinopathy (DR),
age-related macular degeneration (AMD), glaucoma, cor-
neal opacity, and trachoma.?’ The cornea is the transparent
front surface of the eye. Characterized by its powerful
refractive ability, the cornea is a key component of the
optical system.*!*? Thus, other diseases of the cornea are
contributing factors to vision impairment. In addition to
these eye diseases, uveitis, which is uncommon but affects
all age, is another cause of vision impairment.**> There are
many drawbacks and limitations to current therapies such
as surgery, intraocular injections, and eye drops that pri-
marily rely on impeding the development of these dis-
eases. Research into more effective alternative treatments
is needed, including research into regenerative cell-based
therapies.***°

Exosomes are known to play an important role in many
diseases, such as cancer, cardiovascular disease, and ner-
vous system diseases. In recent years, the role of various
cell-derived exosomes in diverse ophthalmic diseases has
been increasingly studied. However, knowledge regarding
the function of exosomes in ocular diseases remains lim-
ited. Recently, some reviews of the role of exosomes in
ocular diseases have emerged. Klingeborn et al'® summar-
ized various studies on the functions of exosomes in the
normal and diseased eye, including AMD, diabetic retino-
pathy, and uveal melanoma. In addition, how exosomes
are acquired and their potential as therapeutic carriers and
for disease diagnosis are discussed in their review. Mead

136

et al”” reviewed the therapeutic potential of EVs in retinal

diseases, including optic nerve crush, glaucoma, retinal
ischemia, retinal laser injury, autoimmune uveitis, and
diabetic retinopathy. Moreover, they discussed several
future research directions. More recently, one review dis-
cussed the involvement of exosomes in various pathologi-
cal processes and their role in several major eye diseases,
including autoimmune diseases of the eye, large area cor-
neal damage, retinopathy of prematurity, age-related
diabetic
glaucoma.’” Compared with the above reviews, we report

macular  degeneration, retinopathy, and
here the latest progress on more eye diseases that involve
the exosomes. We discuss the role of exosomes in diabetic
retinopathy, AMD, autoimmune uveitis, glaucoma, trau-
matic optic neuropathies, corneal diseases, retinopathy of
prematurity and uveal melanoma, and we separately dis-
cuss the relationship between exosomes and oxidative
stress-induced eye diseases. In addition, we discuss the
biogenesis and characteristics of exosomes in detail, as
well as extraction methods for studying exosomes, and
summarize this in the form of a schematic for clear under-
standing. Furthermore, we also review the latest research
on advancements elucidating the potential applications of
exosomes as biomarkers, drug delivery systems, targeting

modalities, and as toxic agents.

Characteristics and Biogenesis of

Exosomes
EVs are continually released by most cells into the extra-
cellular space as vehicles to participate in diverse biological
processes. EVs have two different pathways of biogen-
esis: 1) They are produced directly through budding from
the plasma membrane; 2) The fusion between a MVB and
the plasma membrane forms EVs. The latter is the produc-
tion pathway of exosomes.>*** As shown in Figure 1, the
biosynthesis of exosomes is an endosomal-dependent, pro-
gressive cytological process. ILVs accumulate in the lumen
when the early endosomes formed by invagination of cell
membrane mature into late endosomes. Specific-sorted
ILVs, loaded with lipids, proteins, and cytosol, are obtained
from inward budding of the early endosomal membrane.
Late endosomes filled with ILVs are commonly known as
MVBs or multivesicular endosomes (MVEs).®** There are
two fates for the MVB in cells. These are the fusion of an
MVB with lysosomes that degrade their cargo, and the
fusion between a MVB and the plasma membrane that
ILVs

CXOSOI’II(?S.41

releases into  extracellular environment as

During the formation of exosomes, several
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Figure | Biogenesis of exosomes. Exosome formation originates from the early endosomes formed by plasma membrane invagination. The membranes of mature late
endosomes buds inward to form ILVs and transform into MVBs. After the MVBs fuse with the plasma membrane, ILVs are released into the extracellular space to form

exosomes.

mechanisms exist that contain the endosomal sorting com-
plex required for transport (ESCRT)-dependent mechanisms
and ESCRT-independent mechanisms (eg, tetraspanins and
lipid-dependent mechanisms) to achieve specific sorting of
exosomal contents.>® The most well-known mechanism for
forming MVB and ILVs is mediated by ESCRT, which is
composed of at least twenty proteins that assemble into four
complexes (involving ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III) with several associated proteins (including
VPS4, VTA1, and ALIX) that are highly conserved from
yeast to mammals.*** In addition to ESCRT, some studies
have reported that the biogenesis of exosomes is also regu-
lated by other bioactive substances, such as syndecan-
syntenin-ALIX,* ¢-Src (a membrane-associated tyrosine
kinase),” small GTPase Ral,*® Atgl2-Atg3 (complex
between two core autophagy regulators),?” and mixed line-
age kinase domain-like (MLKL).*®

Exosomes with heterogeneous size distribution are
observed to be cup-shaped and consist of numerous intra-
cellular components including proteins, nucleic acids (eg,
DNAs, mRNAs, and microRNAs), and lipids. These mole-

cules perform different biological functions (Figure 2).'>%

The outer membrane of exosomes are basically composed
of lipids, interspersed with a variety of membrane proteins.
Specific lipids that are abundant in exosomes (eg, choles-
terol, phospholipids, and phosphatidylserine) have been
investigated.>® Undoubtedly, exosomal membrane proteins
play an important role in the biological functions of exo-
somes, such as transmembrane proteins, as well as lipid-
anchored or peripherally associated membrane proteins.”'
In addition to various membrane proteins, soluble proteins
can exist in the exosome lumen.’'>* Interestingly, exo-
somes of different cellular origin share common protein
components. These protein components include tetraspa-
nins that contain CD63, CD9, CD81, and CD82; integrin
proteins that take part in cell targeting and adhesion;
membrane fusion proteins that are closely related to Rab
GTPases, annexins, and flotillin; and several molecular
chaperones that mediate the generation of MVBs such as
heat shock proteins (HSP) 70 and 90.>* Recently, the role
of exosomal nucleic acids, RNAs in particular, in cell-to-
cell communication and genetic exchange between cells
have received widespread attention. Research has shown
that mRNA and microRNA (miRNA) present in exosomes
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Figure 2 The main components of exosomes. The lipid bilayer of exosomes contains specific lipids such as cholesterol and phosphatidylserine, which can protect the
contents from degradation. In addition, various membrane proteins (eg, Tetraspanins, Annexins, Flotillin, and integrin proteins) and intracapsular proteins (eg, HSP70, HSP90,
and Rab GTPases) are present in exosomes, each of which assumes different roles. ESCRT (endosomal sorting complex required for transport) is mainly involved in the
generation of exosomes. DNA, mRNA, and miRNA are the key genetic materials in exosomes.

mediate their effects by transferring between cells.**>*

Furthermore, noncoding RNAs (ncRNAs) such as
miRNA, long-ncRNA, and circular RNA are stable in
exosomes and play a crucial role in the pathological pro-
cess of many diseases.”

Uptake of Exosomes

It is well known that cells can communicate with each
other by means of exosomes. Exosomes, released from
donor cells into the extracellular environment, undergo
a free-floating period in which they circulate in body
fluids."® Exosomes are ingested by recipient cells in dif-
ferent ways to achieve intercellular communication.
Cellular uptake of exosomes can be roughly divided into

the following three types: (1) exosomes can fuse directly
with the plasma membrane to deliver their cargo to
a recipient cell. Although this process is considered to be
connected with tetraspanin complexes, a detailed mechan-

19,53

ism remains unclear. (2) Exosomes and target cells

transmit signals through receptor-ligand interactions.”*=°
There are soluble signals for the proteolytic cleavage of
ligands on the surface of exosomes and juxtacrine signal-
ing for the juxtaposition of ligands and receptors on the
exosomes and receptor cells.'” (3) Target cells uptake
exosomes by diverse forms of endocytosis. These pro-
cesses of endocytosis include clathrin- and caveolin-
mediated endocytosis, receptor- and raft-mediated endocy-

. . . . 181
tosis, macropinocytosis, and phagocytosis.'®!
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Whether exosome selection and uptake by cells is
specific is of importance for developing exosome thera-
pies, and several studies, including those on ocular dis-
eases, have reported the response of exosomes from
different to different
a particular study showed that different receptor cells

sources cells. For instance,
could non-selectively uptake exosomes from the same
cell source, but their uptake capacity and uptake mechan-
isms were different.>® Additionally, Ren et al’ ? proposed
a new drug delivery method for the treatment of neuronal
diseases as they found that exosomes isolated from the
conditioned medium of bone marrow mesenchymal stem
cells (BMSCs) might use retrograde transport to peripheral
nerve endings where they were ingested. Notably, some
studies have demonstrated the uptake of exosomes from
specific ocular cells, which provides a theoretical basis for
the clinical application of exosomes in ocular diseases.
Interestingly, in vitro, exosomes secreted by human cor-
neal epithelial cells (HCECs) could be taken up by human
corneal fibroblasts while HCECs can uptake exosomes
released from human mesenchymal stromal cells.®*?’
Furthermore, in vivo, BMSC-exosomes labeled with
green fluorescent protein (GFP) were injected into the
vitreous humor and then tracked on retinal ganglion cells
(RGCs) together with the retinal nerve fiber layer (RNFL)
and resident cells morphologically identified as astrocytes,

indicating that these cells could incorporate exosomes.®

Methods for Exosome Isolation and

Purification

To date, no technique has been used to isolate exosomes to
absolute purity.®> Most separation protocols obtain small
EVs samples only by removing large EVs without verify-
ing their intracellular origin.'®** With the popularity of the
term exosome, many scientists have used exosomes
directly to refer to EVs in their publications.®® In their
isolation protocols, therefore, isolated samples that may
contain small EVs are generally referred to directly as
exosomes.®* Even so, a number of techniques based on
the specific traits of exosomes have been developed for the
isolation of exosomes from various samples.®® These
methods, each with its own unique advantages and disad-
vantages, include differential ultracentrifugation, density-
gradient separation, size exclusion chromatography,
immunological isolation, and precipitation. In many stu-
dies, exosomes have been better isolated by combining

different separation methods.®> The following are some

commonly used separation approaches. Here, we chose
to use the term “exosome” to denote samples obtained
by various isolation methods.

Differential Ultracentrifugation

Differential ultracentrifugation is the most common
method for isolating exosomes, although it is time-
risk  of
contamination.®” It requires several steps with varying

consuming and carries a  significant
durations and rotation speeds at 4°C to obtain exosomes
(Figure 3A).%%° Under increasing centrifugal force and
rotation speed, larger particles precipitate out in turn, and
smaller particles are left in the supernatant. Foreign parti-
cles such as dead cells, cell debris, and apoptotic bodies
are gradually removed, resulting in the separation of

CXOSOTHCS.7O

Density-Gradient Separation

Density-gradient separation can be regarded as the conti-
nuation and optimization of differential ultracentrifuga-
tion. This technique results in increased purity of
exosomes by further separating particles by density and
effectively removing other non-exosomes.”' At present,

7273 and iodixanol’+"?

sucrose are the two types of density
gradient media commonly used in this method. The parti-
cular steps to be followed during density-gradient separa-
tion are dependent on the type of media chosen (Figure
3B). The physical integrity and bioactivity of exosomes
can be better maintained by the cushioning effect of iodix-

anol and sucrose than by pure ultracentrifugation.

Size Exclusion Chromatography

Size exclusion chromatography (SEC) is an ideal method
to separate exosomes from blood plasma. The technique is
low yield but results in no obvious albumin contamination.
As such, it has been applied to clinical samples.”®”’
Unlike the protocol of differential ultracentrifugation,
Rather,

through

SEC does not rely on ultracentrifugation.”®

a solution containing exosomes is run
a stationary phase composed of a porous polymer.
Particles larger than the pore size of the polymer are eluted
first. Those smaller than the pore size are eluted later,

achieving material separation (Figure 3C).””

Immunological Isolation
Recently, highly specific immunoaffinity capture (IAC)
technology has been applied to the separation of exo-

somes. This technique utilizes the immune affinity
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interactions between proteins present on the membrane of
exosomes and their antibodies.®® Magnetic bead-based
isolation is a general method for specific capture of
exosomes.®® Based on the specific surface markers of
exosomes, exosomes can be adsorbed and isolated after
they are incubated with magnetic beads coated with corre-
sponding antibodies (Figure 3D).

Precipitation

Precipitation is a simple method of isolation. Biological
samples are mixed with a polymer. Exosome precipitation
is then achieved at lower speeds of centrifugation (Figure
3E).®! Polyethylene glycol (PEG) is a polymer-based pre-
cipitation reagent that is commonly used to extract exo-
somes from cell culture supernatant. PEG has the ability to
form exosome aggregates by encapsulating a large quan-

tity of exosomes.*

Biological Functions of Exosomes

Signal Transduction

Signal transduction is the most basic and important bio-
logical function of exosomes. Early studies reported that
exosomes may be cellular garbage carriers to expel
metabolic waste in cells.®® However, subsequent studies
have demonstrated that exosomes can achieve intercel-
lular signaling, thereby regulating various physiological
and pathological processes, without the classical path-
ways of autocrine, paracrine, and direct intercellular
contact. Exosomes released from their parent cells can
act as vectors of intercellular communication, transport-
ing their contents to adjacent cells or distant cells. They
can also transmit information to multiple cells and
locations.®® Exosomes can serve as a signaling complex
by directly binding to receptors on recipient cells and
activating those cells. Furthermore, protein fragments,
cleaved from the surface of exosomes by proteases, can
serve as soluble ligands interacting with surface recep-
tors on target cells to activate associated signaling
cascades.®> Exosomes can also transfer their cargoes to
recipient cells through endocytosis, thus changing the
cell status and producing functional effects.®® The uptake
capacity of exosomes is determined by the type of reci-
pient cell rather than the type of donor cell, which may
be closely related to organ-specific metastasis.”® Many
studies have shown that oxidative stress signals closely
related to the processes of various major eye diseases are
87,88 further

transferred through exosomes. However,

research is needed to understand the specific cellular
and molecular basis for exosomal signal transduction.

Immune Regulation

The role of exosomes in immunology has been studied
extensively. Early studies have found that B lymphocyte-
derived exosomes execute antigen presentation through
major histocompatibility complex (MHC) proteins
(MHC-I and MHC-II).** Cancer cells, like immune
cells, can generate immunologically active exosomes,
affecting the immune regulatory mechanism. Exosomes
that carry tumor antigens have anti-tumor effects. These
exosomes can use CD8" and CD4" T cells to eliminate
tumors. They can also directly inhibit the growth and
development of tumors.”® Kim et al’' demonstrated that
exosomes secreted from immature dendritic cells (DCs)
take part in diminishing inflammatory and autoimmune
responses via the MHC-II dependent pathway. A recent
study indicated that mesenteric lymph (ML) exosomes
released by gut epithelial cells after trauma/hemorrhagic
shock (T/HS) may act as key mediators in the induction of
post-trauma immune dysfunction, which can markedly
increase the expression of MHC-II and Fas ligand.
However, ML exosomes may reduce the antigen-
presenting capability of DCs that can cause lymphocytes
proliferation.®?

Although the research on the immunomodulatory effect
of exosomes is mainly focused on cancer diseases, the
immunomodulatory potential of exosomes in ocular dis-
eases has also been investigated in recent years.'>**** For
example, retinal pigment epithelium (RPE) cells can
release small EVs under different conditions to inhibit

1°° confirmed that

the immune response. Knickelbein et a
EVs from non-stimulated ARPE-19 only suppress the pro-
liferation of T cells and the immunity of monocytes, but
have no effect on cell survival. However, when ARPE-19
cells are stimulated by inflammation-related cytokines,
RPE-derived small EVs kill monocytes in addition to
inhibiting T cell proliferation, possibly to mitigate harmful
immune responses. More studies further examining the
role of exosomes in immune-mediated eye diseases are

needed.

Repair Regeneration

Exosomes contain specific components that play a role in
repair and regeneration in a variety of disease models. For
example, miRNAs may be essential mediators in the
induction of tissue regeneration by the activation or
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inhibition of numerous downstream pathways.”®*” Stem
cell-derived exosomes are able to induce cardiac angio-
genesis and promote postinjury repair by the transfer of
specific components (mRNAs, miRNAs, and proteins) into
target cells or the site of injury.”® In addition, exosomes
from mesenchymal stem cells (MSCs) participate in the
repair and regeneration of cartilage damage by promoting
migration and proliferation, enhancing matrix synthesis,
decreasing cell apoptosis, and regulating the immune
response.”” Existing studies have shown that exosomes
play a
regeneration.'°*'°" Nojima et al'®* observed that hepato-

also key role in liver repair and
cyte exosome number increases significantly in the hepatic
ischemia-reperfusion model. Hepatocyte exosomes induce
hepatocyte proliferation in target cells by transporting
enzymes that foster the generation sphingosine-1-phos-
phate (S1P). Similarly, the ability of exosomes to promote
regeneration has been verified in eye diseases models. For
example, exosomes within RPE cells subjected to oxida-
tive stress have been shown to exhibit increased levels of
mRNAs and proteins specific for the vascular endothelial
growth factor receptor (VEGFR). The release of these
exosomes results in increased expression of VEGFR-1
and VEGFR-2 and subsequent angiogenic capacity in

endothelial cells.'®

Exosomes as Biomarkers

Exosomes have a promising potential to serve as biomar-
kers for a wide range of diseases. The number of exo-
somes and the specific bioactive substances present in
exosomes have been found to vary distinctly between
healthy individuals and patients with a variety of
diseases.'® Li et al'® reported that colon cancer can be
identified by the presence of a large number of circRNAs
in serum exosomes. Recently, Xiao et al'® demonstrated
for the first time that cytokeratin 19 (CK19), carbohydrate
antigen 125 (CA125), and tumor-associated glycoprotein
72 (TAG72) can be used as biomarkers for colorectal
cancer (CRC) due to their different expression levels in
exosomes derived from different cells. Moreover, glypi-
can-1 (GPC1) is a proteoglycan exclusively enriched in the
surface of cancer exosomes. Melo et al'”’ reported that
healthy people and patients with pancreatic cancer at dif-
ferent stages can be distinguished by GPC1" circulating
exosomes measured in serum. In addition to exosomal
cargo differences, increased levels of exosomes were
found in the supernatant of cancer cell cultures and in
the blood of cancer patients.'”®'% An innovative study

using small populations found that different types of lipids
in exosomes in urine may be specific markers for diagnos-
ing prostate cancer.'"’

As mentioned above, exosomes also exist in bodily
fluids closely related to the eye such as aqueous humor
(AH)'"'""'? and vitreous humor (VH).'" Polarity-specific
functions of RPE monolayers can be revealed by direc-
tional proteomes of exosomes.''* Exosomes isolated from
the cultured supernatant of ARPE-19 cells as well as the
AH of patients with age-related macular degeneration
(AMD) were identified and compared.115 Results indicated
that the specific proteins were elevated in the AH of
individuals with AMD subjects. This result provides evi-
dence that exosomal proteins in AH may be used as
a biomarker for the diagnosis of AMD. In addition, the
basal side of RPE cells, the main lesion site of AMD can
release exosomes. These exosomes that enter the blood
from the choroid are a potential biomarker for the diag-
nosis of retinal diseases.''® Similarly, the potential of
exosomes and their RNA payloads as specific markers in
the diagnosis of eye diseases has attracted much attention
as of late. Dismuke et al first demonstrated that exosomes
are the major EV type in AH and contain characteristic
exosomal RNA, which may provide important basic infor-
mation for the development of exosomes for the diagnosis

of diseases.!!!

Exosomes as Drug Delivery Vesicles

Exosomes are potential natural drug carriers due their
structural composition, diverse biological functions, and
unique biological origin. Research has suggested that exo-
somes could be used to passively and actively deliver
drugs with different properties and components.''” The
efficacy and stability of a drug can be improved by anchor-
ing it to tetraspanins embedded in the exosomal mem-
brane. For example, the attachment of myostatin
propeptide to CD63 on the exosomal membrane not only
solves the problem of its low stability in serum, but also
enhances its inhibitory effect on mature myostatin without
toxicity.'"® CP05, a peptide of phage display, can increase
its efficiency in capturing and loading exosomes and
increases the expression of corresponding proteins in mus-
cles by attaching to exosomal CD63.'"” Furthermore, exo-
facilitate the

substances by encapsulating them and delivering them to

somes function of certain bioactive
receptor cells. For example, exogenous proteins can be
loaded by exosomes and transferred across the blood-
brain barrier to target cells, which may be a promising
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treatment for brain diseases.'”® Chen et al'*' found that
endogenous exosomes can independently carry gRNA or
Cas9 proteins of the clustered regularly interspaced short
palindromic repeats/associated nuclease (CRISPR/Cas)
system, thereby transferring the gene editing activity of
this system between donor and recipient cells. In addition
to the direct effect, autologous exosomes can indirectly
promote the delivery of exogenous nanodrugs in vivo and
increase the efficacy of drugs.'*

Because of the limitations of traditional methods for
the treatment of eye diseases, increasing attention is being
given to exosomes as a medium for drug delivery.
Comparison of intravitreal injection of traditional AAV2
with the novel exosome-associated AAV2 (exo-AAV2)
revealed that exo-AAV2 carrying the GFP-coding gene
(AAV) was
expressed and had greater penetrability in the retina.

adeno-associated  virus more strongly

123
Additionally, when exosomes from MSCs overexpress
miR-126, intravitreal injection can effectively inhibit the
signaling pathways associated with inflammatory response
in DR.'**

Toxicity of Exosomes

Despite increasing research focused on the therapeutic
effects of exosomes, little is known about exosomal toxi-
city. The potential widespread applications of exosomes as
therapeutic agents raise concerns about their potential
adverse impacts. Exosomes secreted by genetically engi-
neered T cells whose surfaces bind to chimeric antigen
receptor (CAR) have been found to have low toxicity,
although they effectively inhibit tumor development.'?
Recent studies have shown that exosomes contribute to
the development of AIDS. HIV-1-infected T cells can not
only release exosomes containing the transactivation
response (TAR) element RNA to activate the associated
cascade and thus aggravate the cancer, but also uninfected
cells can produce exosomes to activate latent HIV-1 in
infected cells to promote cancer development.'?®'?” In
addition, some liver-derived exosomes can cause toxic
reactions when applied to target cells. Exogenous exo-
somes released after acetaminophen liver injury in mice
can be absorbed by mouse primary hepatocytes, causing
toxicity of receptor cells and induce cell death.'”® Gao
et al'?® demonstrated that circulating exosomes loaded
with metallothionein 1D pseudogene (MT1DP), released
by hepatocytes, target kidney cells to enhance cadmium-
induced nephrotoxicity. Toxic amyloid-beta oligomers can
be carried by exosomes from the brain of people with

Alzheimer’s disease, allowing these oligomers to move
between neurons and worsen the disease.'*® Zhang et al'*
have shown that exosomes in serum produced after hepatic
ischemia-reperfusion may cause oxidative stress and
damage hippocampal and cortical neurons. The eye is an
extremely sensitive organ, and with the emergence of
exosomes in the study of eye diseases, the toxicity of
exosomes on the eyes is a matter of concern that needs
to be addressed. However, only a few studies have focused
on the adverse effects of exosomes in the eye. Huang

et al'®!

reported that when exosomes are loaded with
IgG, they can activate the classical complement pathway,
promoting microvascular damage and aggravating DR.
However, exosomes lacking Ig-G have the opposite effect.

132
1'32 extracted exosomes from normal

Recently, Ke et a
RPE cells and rotenone-induced RPE cells. Compared
with the control group, exosomes released by RPE cells
under oxidative stress induced inflammation and apoptosis
in normal RPE cells through the Apafl/Caspase-9 signal-
ing pathway. This led to retinal functional damage. Further

research into exosomal toxicity in the eye is warranted.

Exosomes and Oxidative Stress

The concept of oxidative stress was formulated in redox
biology and medicine in the 1980s, and it has been studied
in a wide range of fields, including chemistry, biology, and
pathology.'*®> Oxidative stress is closely linked with
a variety of diseases. Subsequently, increased research
has focused on the relationship between exosomes and
oxidative stress. Plasma exosomes from HIV patients trea-
ted with antiretroviral therapies have been reported to be
associated with changes in the levels of certain oxidative
stress markers, indicating that these exosomes are loaded
with oxidative stress-related proteins.'** In addition, exo-
somes and their cargoes may play a role in various dis-
eases by mediating different molecular mechanisms
associated with oxidative stress. For example, oxidative
stress not only induced more exosomes from cardiac pro-
genitor cells, but it also significantly upregulated miR-21
in exosomes under this condition. Importantly, miR-21 can
downregulate its target gene programmed cell death 4 to
inhibit oxidative stress-related apoptosis in myocardial
cells.!®> Saeed-Zidane et al'*® found that exosomes,
secreted by bovine granulosa cells under oxidative stress,
contained abundant Nrf2 mRNA and possible antioxi-
dants, which may mediate the molecular defense mechan-
ism related to oxidative stress in granulosa cells. Similarly,
oxidative stress plays an important role in many ocular
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diseases, such as diabetic retinopathy and age-related
macular degeneration.'*”"'*° There is no doubt that the
role of exosomes released by eye cells exposed to oxida-
tive stress is worthy of considerable attention.

Exosomes in Diseased Eyes

Exosomes contain proteins, lipids, and nucleic acids that
are associated with their parental cells and thus have
a wide range of biological functions. The following is an
introduction to their functions in eye diseases (Table 1).

Diabetic Retinopathy

Diabetic retinopathy (DR), one of the serious complica-
tions of diabetes, is the most important manifestation of
diabetic microangiopathy, resulting in a fundus lesion with
specific changes. The main pathological stages of DR
include non-proliferative DR, pre-proliferative DR, and
proliferative DR. Diabetic macular oedema, characterized
by vascular leakage and macula, is a special subtype of
non-proliferative of DR."**'*! The pre-proliferative stage
refers to capillary closures and the existence of a non-
perfusion area. The development of neovascularization is
a marker of proliferative DR, and hypoxia plays an impor-
tant role in this stage.'*' Obviously, retinal ischemia-
reperfusion injury (IRI) to a large extent mediates the
pathological process of DR.'*? Retinal ischemia directly
leads to temporary hypoxia and the loss of important
nutrients. Reperfusion then promotes the production of
excessive reactive oxygen species (ROS) inducing oxida-
tive stress and further inflammatory responses.'*® Finally,
IRI causes necrosis, apoptosis, and autophagy resulting in
a decrease in retinal neurons, especially RGCs.'**

The role of exosomes secreted by MSCs in the eye is
coming into focus as studies confirm that DR can be
improved after intravitreal injection of MSC derived
exosomes.'?* Moisseiev et al'*> demonstrated the effect
of exosomes on retinal ischemia by intravitreal injection of
hypoxia-cultured exosomes containing angiogenic active
ingredients from human-MSCs (hMSCs) and control sal-
ine in oxygen-induced retinopathy (OIR) mouse models.
Compared with the control group, exosome treatment
inhibited retinal thinning and alleviated retinal ischemia.
Studies have also been conducted on the role of exosomes
in diabetic microangiopathy. EVs in plasma of diabetic
patients with retinopathy were found to increase the
expression of cytokines and angiogenic factors, suggesting
that these EVs may be involved in the transmission of

14
17

carrier-related factors.'*® Recently, Maisto et a used

high concentrations of glucose to stimulate retinal photo-
receptors to simulate DR. They found that high glucose
endothelial
(VEGF) and diminished anti-angiogenic miRNA levels in

levels increased vascular growth factor
photoreceptors and exosomes. A study on diabetic micro-
vascular complications found that exosomes can carry
circular RNAs-cPWWP2A,

sponge, and indirectly mediate the function of retinal

an endogenous miR-579

vessels in patients with diabetes through different expres-
sion levels of cPWWP2A and miR-579.!*® However, it has
been found that the level of platelet-rich plasma exosomes
is significantly increased in the plasma of diabetic rats,
which can up-regulate the TLR4 signaling pathway that
regulates inflammatory response and can cause retinal
endothelial injury.'*® Kamalden et al'>® confirmed that
miR-15a, delivered by circulating exosomes after pancrea-
tic production, can cause oxidative stress to enhance type-
2-diabetes (T2D)-induced DR. PPARYy is an active ingre-
dient in exosomes. Katome et al'>' showed that PPARy
was significantly increased in AH and VH of patients with
proliferative DR, revealing that exosomes play an impor-
tant role in DR.

Age-Related Macular Degeneration

The retina is a soft transparent membrane that is sensitive
to light stimulation and is attached to the inner surface of
the choroid through the outermost layer of RPE and the
Burch membrane.'>? The RPE is composed of monolayer
pigment epithelial cells, which are vulnerable to oxidative
stress, especially ROS, due to their anatomical position
and function.'®?

Age-related macular degeneration (AMD), which
occurs mostly in people over 50 years of age, is the
leading cause of blindness among the elderly in developed
countries. According to the clinical manifestations and
pathological changes, it is divided into dry AMD and
wet AMD. Wet AMD, also known as neovascular AMD,
is characterized by the occurrence of choroidal neovascu-
larization (CNV) and accompanied by choroidal and ret-
inal hemorrhage. Wet AMD produces more serious visual
impairment than dry AMD. Neovascularization does not
occur in dry AMD, but yellow drusen form underneath the
RPE. Dry AMD is accompanied by geographical atrophy,
also known as atrophic AMD.'?

RPE, which forms the outer blood-retina barrier
(BRB), plays an important role in the pathogenesis of
AMD. It has been reported that oxidative stress, an impor-
tant factor leading to AMD, can cause donor cells to
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Table 1. A Brief Description of the Biological Role of Exosomes in Related Eye Diseases
Related Eye Origin of Exosomes Exosomal Content Biological Function of Eye Diseases References
Diseases
Diabetic Human umbilical cord- miR-126 Alleviates hyperglycemia-induced retinal 124
retinopathy derived mesenchymal stem inflammation by inhibiting the HMGBI
(DR) cells (MSCs) signaling pathway
DR Plasma from diabetic mice | Ig-G Activates the classical complement pathway 131
via Ig-G to aggravate the development of DR
DR Human MSCs cultured Reduces the severity of retinal ischemia in 145
under hypoxic conditions murine model
DR Retinal photoreceptors miRNAs, VEGF Mediates the regulation of angiogenesis 147
DR Platelet-rich plasma CXCLI0 Upregulates the TLR4 signaling pathway to 149
mediate hyperglycemia-induced retinal
endothelial injury
DR Pancreatic-B-cells miR-15a Transfers miR-15a from the pancreas into 150
retinal cells to enhance diabetic
complications
DR Plasma peroxisome proliferator-activated | Loads PPARYy, participates in the 151
receptor gamma (PPARy) pathogenesis of proliferative DR
Age-related Human retinal pigment Cytokeratin 8, cytokeratin 14, Has the potential to diagnose neovascular s
macular epithelial ARPE-19 cells; cathepsin D, Hsp70; myosin-9, AMD as novel biomarkers
degeneration aqueous humor (AH) and actin, aortic smooth muscle
(AMD)
AMD Retinal astroglial cells Multiple antiangiogenic Suppresses laser-induced choroidal 15
(RACs) components neovascularization
AMD ARPE-19 cells VEGFR2 Involved in new blood vessel formation 156
AMD Retinal pigment epithelial Transports and releases anti-VEGF antibody 158
(RPE) cells bevacizumab as drug delivery vesicles
AMD Serum miR-486-5p, miR-626, miR-885- | Has the potential to diagnose wet AMD as | '*?
5p novel biomarkers by these circulating
microRNAs
AMD Cultured ARPE-19 cells Signaling phosphoproteins Has the potential to mediate cell-cell 160
under oxidative stress signaling during physio-pathological and act as
conditions biomarkers
Autoimmune Human MSCs Ameliorates experimental AU through el
uveitis (AU) suppressing the migration of inflammatory
cells
AU MSCs Protects the retinal structure of 162
experimental AU rat model and reduces
inflammatory cell infiltration
Primary open- | Non-pigmented ciliary miR-29b Reduces levels of WNT/B-catenin pathway 169
angle glaucoma | epithelium (NPCE)
(POAG) primary cells
(Continued)
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Table 1. (Continued).

crush (ONC)

Related Eye Origin of Exosomes Exosomal Content Biological Function of Eye Diseases References
Diseases
POAG Primary human trabecular | miR-182 Associated with POAG via miR-182 170
meshwork (TM) cells
Glaucoma Cultured NPCE cells Involved in signaling between the AH forming | ''?
and draining cells in the ocular system
Glaucoma Bone marrow MSCs Promotes neuroprotection by preserving the |
(BMSC) level of RGCs and protecting against axonal
degeneration
Optic nerve BMSC Promotes the survival of Retinal Ganglion 173

Cells (RGCs) and the regeneration of their
axons by miRNA-dependent pathway

ONC Umbilical cord MSCs Promotes the survival of RGCs and activates
glia cells for neuroprotection

Corneal Corneal fibroblasts Matrix metalloproteinase (MMP) | Mediates corneal angiogenesis via exosomal 176
diseases 14 MMPI4 transport
Corneal Human Corneal Treats ocular surface injuries by accelerating | ©'
diseases Mesenchymal Stromal corneal epithelial wound healing

Cells
Retinopathy of | Microglial cells miR-24-3p Attenuates photoreceptor injury and 181
prematurity neovascularization of ROP model
(ROP)
Uveal Melanoma microRNA Provides theoretical basis for the diagnosis of | '®
melanoma exosomes in metastatic UM
(UM)

secrete EVs that transmit stress signals to normal RPE
cells to weaken the barrier function of RPE.'** Many
types of retinal cells can generate and release exosomes,
such as RPE cells and retinal astroglial cells (RACs),
which may be involved in the pathological process of
AMD. However, the roles of these different cell-derived
exosomes in the retina are also markedly different.
Hajrasouliha et al'>®> demonstrated that RACs-derived exo-
somes contain anti-angiogenic components that can reduce
retinal vascular leakage and curb CNV. These results sug-
gest a new treatment of AMD. Exosomes from RPE cells,
however, do not have this capability. Interestingly, unlike
healthy RPE cells, RPE cells under stress release large
amounts of exosomes containing VEGFR2 that enhance
the formation of new blood vessels. In addition, exosomes
from RPE cells under stress increase autophagy to promote
AMD.'*® Moreover, Wang et al'*’ conjectured that exo-
somes and autophagy might mediate and enhance the

formation of drusen during AMD. Bevacizumab, an anti-
VEGF antibody against AMD, has also been found to be
taken up by RPE cells after intravitreal injection and then
re-released by exosomes.'*®

Numerous studies have revealed that exosomes contain
cargo that may serve as biomarkers for the diagnosis of
AMD, particularly microRNA and proteins. For instance,
Kang et al''” indicated that exosome proteins have great
potential as novel biomarkers for the diagnosis of neovas-
cular AMD as they found changes in exosomal proteins
levels in the AH of subjects with AMD. A recent study
found that the expression of three new circulating
microRNAs, including miR-486-5p, miR-626, and miR-
885-5p, significantly differed in control and individuals
with AMD, but their effects were not identical. The results
showed that the expression of miR-486-5p and miR-626
were up-regulated in patients, while the expression of
miR-885-5p was down-regulated in patients.'””® 1In

submit your manuscript

10530

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Liu et al

addition, Biasutto et al'®®

used reverse phase protein
arrays analysis to find that the content of some phospho-
proteins in cultured ARPE-19 cells-derived exosomes sub-
jected to oxidative stress were changed, suggesting that
these exosomal proteins may be involved in cell apoptosis
and cell metabolism. All of the above studies provide
theoretical and experimental basis for exosomes to be

used as specific markers in the diagnosis of AMD.

Autoimmune Ubveitis

Uveitis is the general name for inflammation of iris, ciliary
body, and choroidal. According to the location, the disease
can be divided into anterior uveitis, posterior uveitis mid-
dle uveitis, and panuveitis. Autoimmune uveitis (AU)
involves not only inflammation of the uveitis itself, but
also inflammation of adjacent tissues such as the retina and
vitreous. RPE cells, which have immunosuppressive prop-
erties, may modulate the immune response by releasing
exosomes.'” In recent years, the role of exosomes in auto-
immune uveitis has been studied.

Studies have shown that MSCs used in the treatment of
eye diseases have a significant immunomodulatory effect
and can repair damaged or diseased tissues and organs.
Previous studies have demonstrated that MSCs can
improve experimental AU in rat models. Based on the
relevant experiments of MSCs, Bai et al'®' verified the
role of exosomes secreted by MSCs in the experimental
AU rat model through periocular injection. They found
that periocular injection of hMSCs-derived exosomes
reduced leukocyte infiltration in the eyes and alleviated
uveitis. These results suggest that exosomes from hMSCs
have promising potential in the treatment of AU.
Interestingly, the MSC exosomes were found to regulate
the immune response by inhibiting the flow of inflamma-
tory cells into the eye rather than by inhibiting the specific
immune response of T cells. In addition, a study has shown
that intravenous administration of exosomes released by
MSCs immediately after immunization can protect the
retinal structure of experimental AU rat model and reduce
inflammatory cell infiltration. These results are similar to
those found with injection of MSC exosomes around the

eye.162

Glaucoma and Traumatic Optic

Neuropathies
Glaucoma is a group of diseases characterized by atrophy
and depression of the optic nerve, visual field defects, and

visual decline. Pathologically increased intraocular pres-
sure (IOP) and insufficient blood supply to the optic nerve
are the primary risk factors for glaucoma. The tolerance of
the optic nerve to pressure damage is also related to the
occurrence and development of glaucoma. There are two
subtypes of glaucoma: open-angle glaucoma and closed-
angle glaucoma. The two subtypes can be further divided
into primary and secondary glaucoma.'®® Patients with
primary glaucoma have normal or elevated IOP, but no
clear cause has been identified.'®>1%° In addition, normal
tension glaucoma, with no increase in IOP, is considered
likely to be a singular subtype of primary open-angle
glaucoma (POAG).'®® Unlike primary glaucoma, second-
ary glaucoma has identifiable causes, such as elevated
IOP.'®'** During the development of glaucoma, the
RGCs are gradually lost due to the increased IOP caused
by the increased generation and reduced outflow of AH, '’
which hinders the transmission of information from the
retina to the brain. Therefore, reducing intraocular pres-
sure and decreasing the loss of RGCs are the main meth-
ods of glaucoma treatment. Trabecular meshwork (TM)
that can drain AH to reduce IOP is the main objective of
clinical treatment.'®®

Lerner et al'® performed protein analysis on exosomes
secreted by primary cells of the non-pigmented ciliary
epithelium (NPCE) and a NPCE cell line. They found that
these exosomes contained a large number of negative mod-
ulators of Wnt signaling miR-29b. After treating TM cells
with these exosome samples, the expression of COL3A1 was
down-regulated, suggesting that NPCE cells-derived EVs
may mediate the regulation of TM classical Wnt signaling.
Lerner et al'’® also reported that exosomes derived from
NPCE cells are involved in the regulation of Wnt signaling
proteins in TM cells, suggesting that EVs are involved in
signal communication between related cells in the ocular
water system. A study reported by Liu et al'’' suggested
the potential role of exosomes in POAG. They conducted
a large-scale study of TM gene expression in patients with
POAG and healthy subjects, and for the first time demon-
strated that TM gene expression occurred in patients with
a Q368X myocilin mutation. It is worth noting that flotillin-2
and tetraspanin-6, two exosome-enriched proteins, had dif-
ferent TM gene expression in POAG patients. Moreover,
exosome-related proteins, including matrix GLA protein,
SPARC, and TIMP2, are expressed by a few TM character-
istic genes that were different in non-myocilin POAG
individuals.'”"*'"? One study used miRNA sequencing
(miRNA-Seq) to detect the expression of miR-182 in various
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types of human eye tissues, human AH, and exosomes
derived from human primary TM cells, respectively, to verify
the correlation between miRNA variation and POAG.''? In
addition to studies on TM, the therapeutic effect of MSC-
derived exosomes from different tissues on glaucoma and
traumatic optic neuropathies has been extensively investi-
gated. For example, a series of tests were carried out after
weekly intravitreal injection of exosomes released by bone
marrow-derived MSCs (BMSCs) in rats of the optic nerve
crush (ONC) model. Exosomes from BMSCs were found to
enhance the survival of RGCs and promote axonal regenera-
tion, thus significantly protecting the optic nerve.®® This
neuroprotective effect of BMSC-derived exosomes has also
been demonstrated in the genetic DBA/2J mouse model of
glaucoma.'”® However, Pan et al'’* investigated the effect of
exosomes released by umbilical cord MSCs on ONC rats and
found that cell-derived exosomes increased the survival of
RGCs but did not promote axonal regeneration.

Corneal Disease

Corneal disease, one of the primary eye diseases leading
to blindness, causes the clear cornea to appear pale and
opaque, which can lead to blurred vision, decreased
vision, and even blindness. Corneal defects in mice with
mucopolysaccharidosis VII have been found to be
MSC
transplantation.'”> Han et al'’® isolated exosomes con-

repaired by  human  umbilical cord
taining matrix metalloproteinase (MMP) 14 from corneal
fibroblasts. MMP14, an angiogenic enzyme, is trans-
ported by corneal fibroblast exosomes to vascular
endothelial cells to promote corneal angiogenesis. In
addition, MMP14 is involved in the recruitment of its
target MMP2 on corneal fibroblast exosomes. Samaeekia
et al°' extracted exosomes from the secretome of human
corneal mesenchymal stromal cells by differential ultra-
centrifugation and conducted in vitro and in vivo experi-
ments. Compared with a control group, both the
remaining wound area in an in vitro scratch assay and
the degree of wounds in in vivo corneal epithelial debri-
dement wounds in mice were significantly improved by
these exosomes. The results suggest that human corneal
mesenchymal stromal cells exosomes may be used to
treat corneal epithelial trauma. More recently, one study
has shown that the treatment of HCEC-derived EVs
increased myofibroblast differentiation via the expression
of a-smooth muscle actin and the elevation of contracti-
lity, suggesting that these EVs may conduct corneal

scarring.®

Retinopathy of Prematurity
The data shows that there are different causes of childhood
blindness in different regions of the world, and retinopathy
of prematurity (ROP) is one of the leading causes of
childhood blindness in the United States.'”” Infants born
before term (40 weeks) are prone to various lesions
because their tissues and organs, especially those related
to the visual system, are not fully developed. ROP, clini-
cally characterized by retinal vasculature abnormalities, is
a clinical entity involving the retina.'’®'”® ROP consists of
two oxygen-dependent postpartum phases: Phase 1, char-
acterized by the arrest of vascular growth, and Phase 2,
characterized by vascular proliferation.'®°

In phase 1, hyperoxia, which inhibits VEGF, is an impor-
tant inducer of this disease. Importantly, normal air condi-
tions can also lead to hyperoxia in addition to oxygen
therapy to increase infant survival.'® As a baby grows, the
increased metabolism changes the retina from a hyperoxic
state to a hypoxic state, and the disease enters phase 2. In
contrast, this stage promotes VEGF.'®® One study showed
that exosomes from MSCs could effectively improve hyper-
oxia-induced retinopathy, and that exosomes were well tol-
erated after intravitreal injection, providing a novel idea for
safe non-cellular therapy for ROP.'** Of note, Xu et al'®'
investigated the role of exosomes derived from microglia in
an animal model of ROP. Recently, the idea that microglia
cells are involved in the formation and development of the
central nervous system has emerged,'®* and a recent study
has found that microglia may improve retina-related

diseases.'®

Microglia-derived exosomes were injected into
the vitreous body of a mouse model and showed a series of
manifestations: 1) reduction of avascular areas and neovas-
cular tufts; 2) decreased expression of VEGF and transform-
ing growth factor B (TGF-B), and 3) inhibition of
photoreceptor apoptosis.'®' These findings also provide
a theoretical basis for exosomes to be used as a new treat-
ment method for ROP. Indeed, the efficacy of exosomes in

ROP remains to be further studied.

Uveal Melanoma

Although eye cancer is rare, it can be devastating when it
occurs. Uveal melanoma (UM) is a common cancer of the
eye.'® UM, a primary intraocular malignancy, is a general
term for melanoma of the choroid, ciliary body, or iris.'®
Notably, nearly half of patients with UM have organ
metastases, especially liver metastases.'®® Eldh et al'®’

extracted exosomes from liver perfusate from patients
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with hepatic metastatic UM who underwent hepatic perfu-
sion. In metastatic UM, exosomes originating from mela-
noma are released for hepatic circulation, and these
Melan-A
microRNAs, thus further demonstrating their origin.

exosomes contain and melanoma-related
More importantly, exosomes can be isolated from local
blood circulation in patients with metastatic UM, and
their RNA clusters are specific.'®’ Similarly, miRNA pro-
files from vitreous exosomes from patients with UM were
analyzed in another study, which also suggested that exo-
somal RNAs may be potential specific markers for diag-
nosing UM.'®® Thus, exosomes have not been well studied
in UM, but their potential and prospects in the diagnosis of
disease are worth exploring.

Conclusions and Future

Perspectives

Current evidence has shown that exosomes contain a variety
of proteins and genetic material that contribute to their broad
biological functions including information transmission,
immune regulation, repair, and regeneration. As discussed
in this review, a number of studies provide evidence for the
important role played by exosomes in the pathological pro-
cess of ocular diseases, including inflammation, neuronal
degeneration, oxidative stress, and neovascularization. In
addition, exosomes have the ability to cross biological bar-
riers. Using exosomes as biomarkers or therapeutic carriers
may bring better and personalized treatment to patients with
eye diseases. Taken together, this review advances the
understanding of the role of exosomes in ocular diseases.
However, based on the complexity and diversity of exo-
somes, the functions and mechanisms of exosomes in ocular
diseases requires further investigation. The role of exosomes
as biomarkers or therapeutic vehicles in ocular disease diag-
nosis and clinical treatments needs further study. Moreover,
there is no established standard for separating and purifying
exosomes, let alone the mass production of exosomes, which
needs urgently require research. Therefore, significant stu-
dies are needed to develop such therapeutic treatments in
ocular diseases.
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