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Exosomes are a subset of extracellular vesicles (EVs) that are secreted by most cell types.
They are nanosized EVs ranging from 30 to 150 nm. The membrane-enclosed bodies
originate by the process of endocytosis and mainly comprise DNA, RNA, protein, and
lipids. Exosomes not only act as cell-to-cell communication signaling mediators but also
have the potential to act as biomarkers for clinical application and as a promising carrier for
drug delivery. Unfortunately, the purification methods for exosomes remain an obstacle.
While most of the exosome researches are mainly focused on cancer, there are limited
studies highlighting the importance of exosomes in ocular biology, specifically cornea-
associated pathologies. Here, we summarize a brief description of exosome biogenesis,
roles of exosomes and exosome-based therapies in corneal pathologies, and exosome
bioengineering for tissue-specific therapy.
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INTRODUCTION

Exosomes are a class of extracellular vesicles (EVs) with diameters of 30–150 nm that are secreted
into the extracellular space from almost all cell types. Cells also secrete other EVs, such as apoptotic
bodies and ectosomes (Thery et al., 2002; Kalra et al., 2012). Exosomes are commonly found in
several biological fluids, such as urine, serum, breast milk, tear fluids, vitreous humor, aqueous
humor, and saliva, in both homeostatic and pathological conditions (Ibrahim and Marban, 2016).
Exosomes have a double-layered membrane structure that acts as a pit for bioactive molecules like
DNA, RNA, proteins, and lipids. The content of exosomes induces a functional response in the
recipient cells that are cell- and context-dependent. Exosomes act as potent mediators of cell-to-cell
communication, which regulate several cell signaling pathways under both physiological and
pathological angiogenesis, immunosuppression, and cancer (Maia et al., 2018). The International
Society for Extracellular Vesicles (ISEV) describes Minimal Information for Studies of Extracellular
Vesicles (“MISEV”) guidelines for the field in 2014. As per ISEV, the minimal set of information for
studying EVs is separation/isolation, characterization, and functional studies (Thery et al., 2018).

The unique structure of exosomes consists of both proteins and lipids. Exosomes are mainly
composed of transport proteins, fusion proteins, heat shock protein (HSP), CD9, CD81, and
phospholipid-related proteins, all of which can act as markers for exosome selection and
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characterization (Zhang et al., 2019). Mass spectrophotometric
results indicate the presence of nearly 4400 different proteins
within the exosome. The large variety of proteins ultimately make
exosomes an ideal candidate as the cargo delivery vehicle for
intracellular communication. These unique properties of
exosomes provide opportunities for innovations in diagnosis,
treatments, and drug delivery (Li et al., 2019a). For instance,
exosomes may contribute to the propagation of certain diseases
including cancer metastasis; like tumor cells, exosomes act as a
proangiogenic factor (Ahmadi and Rezaie, 2020); the addition of
diabetic sera disrupts the mesenchymal stem cell-derived
exosomes (MSC-Exos) signaling (Rezaie et al., 2018), stroke
pathogenesis (Mahjoubin-Tehran et al., 2021), gynecological
cancer (Hashemipour et al., 2021), cervical cancer (Nahand
et al., 2020), malignant glioma (Ghaemmaghami et al., 2020),
and sepsis (Hashemian et al., 2020). They can also be used
extensively in regenerative medicine; therefore, understanding
the content, biogenesis, and release mechanisms of exosomes will
enhance our understanding of pathologies and provide insight for
new treatment options (Azmi et al., 2013; Basu and Ludlow,
2016). Due to their nanoscale size, exosomes could potentially be
used as drug delivery particles for specific targeting with minimal
toxicity. Recently, MSC-derived exosomes were also shown to be
effective against SARS-CoV2 pneumonia (Akbari and Rezaie,
2020) and osteoarthritis (Mianehsaz et al., 2019).

The ocular system is one of the major sensory systems. Many
signaling pathways, such as the Wnt, TGF-β, and FGF pathways
are involved in the development of the ocular system (Heavner and
Pevny, 2012). Some contributing factors that can lead to vision loss
include trauma, aging, and hereditary factors. Recent studies have
shown that exosomes are secreted by ocular cells ((Han et al.,
2017). Vision impairment, including blindness, is an important
public health concern and it is reported that nearly 2.2 billion
people are affected by vision impairment or blindness worldwide,
affecting primarily the middle-aged and elderly population
(Sabanayagam and Cheng, 2017; Bourne et al., 2018). As per
2019, the World Health Organization reported that the leading
causes for vision impairment are uncorrected refractive error,
cataract, diabetic retinopathy, age-related macular degeneration,
glaucoma, and corneal opacity. The cornea refers to the transparent
front surface of the eye, which is characterized by its powerful
refractive ability and considered a key component of the optical
system. Thus, diseases of the cornea are also contributing factors to
vision impairment (Flaxman et al., 2017; Fricke et al., 2018).

There are currently limited therapies for corneal repair
including surgery, intraocular injections, and eye drops. These
treatment plans primarily focus on suppressing the disease
development and progression rather than tissue repair.
Therefore, there is a need for research into alternative
treatments, including research into regenerative cell-based
therapies. With the information derived from exosomes
studies in other fields, data suggest the potential of exosomes
as a therapeutic potential in corneal-related diseases. While there
is extensive literature describing the role of exosomes in cancer,
their function in the eye is limited. Here, we review current
knowledge of exosome function in the visual system in the
context of corneal pathologies. We will also discuss the recent

development in the exosome field, including bioengineered
exosomes and exosomes as potential biomarkers for disease.

BIOGENESIS, RELEASE, AND UPTAKE OF
EXOSOMES

Biogenesis of exosomes is an endosome-dependent, progressive
cytological process, which starts with the inward budding of the
plasmamembrane to form early endosomes.With the maturation
of these early endosomes, intraluminal vesicles (ILV) are formed
in the lumen of the late endosomes, which are also called
multivesicular bodies (MVBs) or multivesicular endosomes
(MVEs) (Gurunathan et al., 2019). There are two possible
fates of MVBs in the cell: i) fusion with the plasma membrane
and release of their internal content in extracellular space as
exosomes or ii) fusion with lysosomes with subsequent
degradation (Zhang et al., 2019). Figure 1 depicts the
biogenesis, release, and uptake of exosomes.

The exosome’s cargo contains different proteins, RNAs, and
lipids. Sorting of exosomal content is carried out by various
molecular types of machinery such as endosomal sorting
complex required for transport (ESCRT) machinery, ESCRT-
independent machinery, and other modulatory mechanisms
(Villarroya-Beltri et al., 2014; Anand et al., 2019; Wei et al.,
2021). ESCRT is an intricate protein machinery that is
comprised of four complexes (i.e., ESCRT-0, ESCRT-I, ESCRT-
II, and ESCRT-III) with several associated proteins (including
VPS4, Tsg101, VTA1, and ALIX) that are highly conserved from
yeast tomammals (Colombo et al., 2013; Frankel andAudhya, 2018;
Juan and Furthauer, 2018). The ubiquitin binding subunits of
ESCRT-0 recognize and sequester ubiquitinated cargo proteins
into specific domains of endosomal membranes. ESCRT-I and
ESCRT-II form the stable membrane neck and ESCRT-III drives
the vesicle neck scission, dissociation, and recycling of the ESCRT-
III complex with the energy supplied by Vps4 protein (Henne et al.,
2011; Juan and Furthauer, 2018). Alternatively, the exosomes
biogenesis and cargo loading are reported to occur in ESCRT-
independent way as well (Stuffers et al., 2009). Absence of ESCRT
machinery inmammalian cells has been shown to result in impaired
cargo sorting into ILVs and variations in ILV number and size but it
did not block the formation of MVBs. It suggests that exosomes
biogenesis might result from coordinated involvement of both
ESCRT-dependent and ESCRT-independent machinery. Various
bioactive substances have been reported to regulate the biogenesis
and sorting of exosomes such as tetraspanin (Babst, 2011), ceramide
(Castro et al., 2014), sphyngosine-1-phosphate (S1P) (Kajimoto
et al., 2013), phospholipase D2 (PLD2) (Laulagnier et al., 2004),
syndecan-syntenin-ALIX (Baietti et al., 2012), c-Src (Hikita et al.,
2019), GTPase Ral (Hyenne et al., 2018), mixed lineage kinase
domain-like (MLKL) (Yoon et al., 2017), and small integral
membrane protein of the lysosome/late endosome (SIMPLE)
(Zhu et al., 2013).

Proteins are sorted in exosomes primarily by ESCRTmachinery,
lipid-dependent mechanisms, and the tetraspanins (Villarroya-
Beltri et al., 2014). RNA loading into exosomes is lipid-
mediated. It depends on the affinity of the cellular RNA with
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the raft-like region of the outer layer of the MVB membrane (Janas
et al., 2015). Sumoylated hnRNPA2B1 has been reported to be a key
player in sorting of miRNAs into exosomes (Villarroya-Beltri et al.,
2013). Additionally, KRAS (Kirsten rat sarcoma viral oncogene
homolog) has been shown to play an important role in sorting
miRNA in exosomes (Cha et al., 2015). Record et al. have reviewed
the type of lipids vectorized by exosomes and described their role in
the fate and bioactivity of exosomes (Record et al., 2014).

The release of exosomes requires an array of crucial factors
including cytoskeleton, Rab GTPase, and fusion apparatus
SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptors) complex (Hessvik and Llorente, 2018).
Further, the uptake of exosomes by recipient cells can be
through endocytosis (clathrin-, caveolin-, or lipid raft-
mediated for different cell types), direct fusion with plasma
membrane, or receptor-ligand interaction (Liu et al., 2020).

EXOSOMES IN OCULAR SURFACE
DISEASES

Immune-Mediated Diseases
The role of exosomes, released from both nonimmune and
immune cells, during physiological and pathological immune

responses is widely documented (Robbins and Morelli, 2014).
Endogenous secretion as well as exogenous administration of
exosomes can elicit and regulate the immune response in a
context- and dose-dependent manner. The functional ability of
exosomes is ascribed to transfer and presentation of antigenic
peptides, regulation of gene expression by exosomal miRNA, and
induction of various immune signaling pathways by the exosome
surface ligands (Kalluri and LeBleu, 2020). In the present section,
we discuss the diverse roles of exosomes in some of the immune-
mediated eye diseases.

Sjögren’s Syndrome
Sjögren’s syndrome is a chronic autoimmune disorder
characterized by lymphocytic infiltration in the lacrimal and
salivary glands, leading to eye and oral dryness. The
exocrinopathy can result from primary Sjögren’s syndrome
(pSS) or it can be secondary to other autoimmune disorders
such as systemic lupus erythromatosus (SLE) or rheumatoid
arthritis (Huang et al., 2020). The pathogenesis of Sjögren’s
syndrome involves activation of both innate and adaptive
immune pathways, e.g., B cell-activating factor (BAFF)/BAFF
receptor axis, interferon (IFN) signatures, and nuclear factor
kappa B (NF-kB) signaling (Sandhya et al., 2017). Prognostic
markers for Sjögren’s syndrome include anti-Ro/SSA, anti-La/

FIGURE 1 | Biogenesis, release, and uptake of exosomes: (1) exosome biogenesis starts with the formation of an endosomal vesicle from the plasma membrane.
The endocytic vesicle generates ILV, which further forms the MVB. (2) Sorting of exosomal content is mediated by various ESCRT-dependent and independent
mechanisms. Exosomal cargoes (hnRNPA2/B1, lncRNAs, miRNA, tetraspanins, etc.) approach the MVBmembrane in order to be loaded into exosomes. (3) The MVBs
can either release exosomes outside the cell using Rab and SNARE complex or be degraded by lysosomes. (4) The released exosomes can be taken by the
recipient cells whether by direct fusion to plasmamembrane, by endocytosis, or by ligand-receptor interaction. hnRNPA2/B1: heterogeneous nuclear ribonucleoproteins
A2/B1; lncRNA: long noncoding RNA, miRNA: microRNA, ESCRT: endosomal-sorting complex required for transport; MVB: multivesicular body; ILV: intraluminal
vesicle; SNARE: soluble N-ethylmaleimide-sensitive fusion attachment protein receptor.
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SSB, and antinuclear autoantibodies (ANA) (Huang et al., 2020).
These autoantigens are released by salivary gland epithelial cells
via exosomes. Hence, exosomes are involved in the presentation
of intracellular autoantigens to the immune system driving
disease progression in Sjögren’s syndrome. Another study
(Gallo et al., 2016) has shown that Epstein Barr Virus- (EBV-)
specific microRNA, i.e., EBV-miR-BART13-3p, is significantly
elevated in salivary glands (SGs) of pSS patients. The EBV
typically infects B cells but not salivary epithelial cells.
However, exosomes can transfer EBV-miR-BART13-3p from
B cells to salivary epithelial cells. The subconjunctivally
administered MSC-Exos have been shown to efficiently
alleviate the induced autoimmune dacryoadenitis in rabbit
models, which closely mimic human Sjögren’s syndrome.
Thus, MSC-Exos show therapeutic effects for Sjögren’s
syndrome-induced dry eyes. MSC-Exos execute their
modulatory effects on the polarization of lacrimal macrophage
and through the enhancement of Th2 and Treg responses via
targeting of NF-kB signaling (Li et al., 2019a; Huang et al., 2020).

Corneal Allograft Rejection and Regeneration
Though the cornea is an immunologically privileged avascular
transparent tissue, corneal grafts are rejected due to an allogeneic
immune response. The adaptive immune response is initiated
following recognition of donor MHC antigens by recipient T cells
(Marino et al., 2016). Gonzalez-Nolasco et al. have recently
reviewed the role of exosomes in recognition, rejection, and
tolerance of allografts (Gonzalez-Nolasco et al., 2018). Another
study shows that short collagen-like peptides conjugated to
polyethylene glycol (CLP-PEG) exert proregenerating effects
through stimulation of EVs production by host cells
(Jangamreddy et al., 2018). Additionally, epithelial-derived
exosomes are reported to have a potential role in corneal
wound healing and neovascularization. Han et al. have shown
that epithelial-derived exosomes mediate communication
between corneal epithelial cells, corneal keratocytes, and
vascular endothelial cells (Han et al., 2017). Also, the limbal
stromal cell- (LSC-) derived exosomes contribute to the
proliferation and wound healing of limbal epithelial cells
(LEC) (Leszczynska et al., 2018). Human corneal mesenchymal
stromal cells (cMSC) exosomes are reported to accelerate corneal
epithelial wound healing too.

Autoimmune Uveitis
Exosomes serve as a crucial player for immune-regulatory
functions of retinal pigment epithelial (RPE) cells in uveitis.
Exosomes from both nonstimulated and cytokine-stimulated
RPE cells inhibit T-cell stimulation and regulate the viability
and phenotype of monocytes (Knickelbein et al., 2016). Though
specific mechanisms have yet to be explored, the MSC-Exos
warrant therapeutic potential for autoimmune uveitis.

Wound Healing and Neovascularization
The cornea covers the anterior 1/6th of the total surface of the
globe and is lined by a nonkeratinized stratified squamous
epithelium, which is richly innervated. Other cellular
components of the cornea are the stromal keratocytes and

endothelial cells. Injury to the cornea initiates a cascade of
reactions initiating repair pathways. Depending on the depth
of corneal injury, namely, epithelial, stromal, or endothelial, the
injured cells propel a healing response. Tissue repair comprises
cell migration, transformation, and the release of growth factors,
cytokines, integrins, and proteases. Scar formation during the
healing process compromises the transparency of the cornea and
can lead to a sight-threatening scenario.

After epithelial injury, damaged cells enter a latent phase
leading to cellular apoptosis (Liu and Kao, 2015), followed by
the migration of adjacent cells towards the site of injury to repair
the epithelial layer. The cell migration is initiated by EGF and
further facilitated by HGF and KGF, the expression of which is
upregulated by PDGF (Klenkler et al., 2007). This phase is
followed by the proliferation and differentiation of epithelial
cells to restore the cell density, which is driven by the limbal
epithelial stem cells. The proliferating cells ultimately undergo
attachment to the basement membrane through
hemidesmosomes to complete the process of epithelial layer
healing.

Similar to the epithelium, the first response after stromal
injury is apoptosis of keratocytes triggered by cytokines, such
as TNF-a, IL-1, and Fas ligand. The keratocytes first differentiate
into fibroblast under the effect of actin and then migrate to the
site of injury where they further differentiate into myofibroblasts
(Miyagi et al., 2018). This transformation is initiated by TGF-B1,
TGF B2, and PDGF (Miyagi et al., 2018). A makeshift
extracellular matrix (ECM) is deposited and the wound
closure is attempted. Myofibroblasts express alpha-smooth
muscle actin, vimentin, and desmin, which lead to a haze
formation. The disorganized ECM and decreased crystallin
production can compromise corneal transparency (Ljubimov
and Saghizadeh, 2015). Once the barrier function recovers, the
level of the aforementioned proinflammatory mediators subsides.
HGF helps in the degradation of the ECM, which eventually gets
reabsorbed and corneal transparency is reestablished.

Mesenchymal stromal cells have a therapeutic potential to
modulate the inflammatory process and promote wound healing.
Exosomes have been shown to contribute to this repair process
(Li and Zhao, 2014). They effectively inhibit neovascularization,
promote clearance of neutrophils, and therefore promote scarless
healing of the cornea. After corneal injury, MSCs home to the site
of injury under the effect of chemoattractants. MSC migration is
mediated by chemokines SDF-1 and substance P released at the
site of injury (Yao et al., 2012). In injured corneas, exosomes
upregulate the expression of antiangiogenic factors, such as
thrombospondin-1 (TSP-1), and anti-inflammatory cytokines,
including IL-10, TGF-B1, and IL-6, while downregulating the
expression of the proinflammatory factors IL-2, interferon-γ
(IFN-γ), macrophage inflammatory protein-1α, and vascular
endothelial growth factor (VEGF) (Yao et al., 2012). Ma et al.
transplanted human MSCs grown, expanded on the AM into
chemically burned corneas of rats, and reported significant
improvement in the corneal surface and vision after 4 weeks
(Ma et al., 2006). Moreover, studies show a significant reduction
in CD45 and interleukin 2 (IL-2) expression in eyes treated with
MSCs (Samaeekia et al., 2018). In addition, matrix
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metalloproteinase-2 (MMP-2), which is associated with
inflammation-related angiogenesis, was undetectable in the
eyes treated with the MSCs (Samaeekia et al., 2018).

In an in vitro study, a monolayer of confluent human corneal
epithelial cells (HCECs) scratched and then treated for 24 h with
1.0 × 10̂8 exosome/mL media showed a significant increase in the
rate of reepithelialization of the monolayer compared to the PBS-
treated control (30.1% remaining wound area after 16 h,
compared to that of control with 72.9%). Additionally, in vivo
analysis showed that within 24 h the exosome-treated animals
demonstrated significantly greater wound healing compared to
control (77.5% healed versus 41.6%) (Samaeekia et al., 2018).

The additional advantages of using exosomes as a therapeutic
potential include easy isolation through ultracentrifugation
techniques, they do not obstruct small vessels, and they have a
low risk of rejection and malignancy. Exosomes can be safely and
stably stored as well as their myriad prohealing effects, which can
help in scarless wound repair.

Exosomes as Biomarkers for Eye Diseases
With the advancement of stem cell research in regenerative
medicine, the focus has tilted towards utilizing exosomes to
identify biomarkers for ocular diseases (van der Merwe and
Steketee, 2017). There is an increased potential for the
development of exosome-based diagnostic assays. Exosomes
and EVs have several features that make them a unique target
for finding new biomarkers: i) presence of the lipid bilayer,
thereby providing stability and protection of enclosed RNA,
DNA, and proteins from nucleases and proteases in the
extracellular milieu, ii) exosomes containing tissue-, cell-, or
disease-specific proteins and nucleic acids, and iii) the relative
tendency to withstand difficult conditions making it possible to
use a wide range of methods for isolation and enrichment from a
range of biological fluids (i.e., plasma, serum, urine, saliva, semen,
breast milk, aqueous humor, and cerebrospinal fluid). Studies
from cancer, cardiovascular disease, and diabetes researches
report promising findings for the utility of exosome as
biomarkers for diagnosis, risk assessment, and a therapeutic
vehicle (Lawson et al., 2016; Klingeborn et al., 2017).

Exosomes are produced by healthy and pathological cells.
Exosome concentrations have been reported in the serum of
cancer patients and have been used for diagnosis and prognosis
purposes. Tear fluids also hold potential as a noninvasive source for
the identification and characterization of exosome-based biomarkers
(Gonzalez and Falcon-Perez, 2015). The biggest challenge associated
with analyzing tear exosomes is the sample volume. However, the
expression of exosomes markers (CD9; CD63) in tears is
significantly higher when compared to serum-derived exosomes,
making tears an attractive approach for developing diagnostics
(Inubushi et al., 2020). Currently, there is limited literature on
the use of tear exosomes as a disease state biomarker; however,
tear-based proteomics identified several proteins that are exosome-
associated, indicating a need for further exploration (Qin and Xu,
2014; Grigor’eva et al., 2016; Liu et al., 2019). With the advancement
inmodern technologies and high throughput sequencing facility, the
therapeutic potential of exosomes derived from tear samples could
be considerable potential as a source for biomarkers.

Exosomes are abundantly present in the ocular fluids such as,
tear fluids, aqueous humor (AH), and vitreous humor, all of
which are important for maintaining ocular surface health but
can also contribute to disease progression (Dismuke et al., 2015;
Grigor’eva et al., 2016). Protein profiling of AH and RPE-derived
exosomes could be used as a valuable tool for novel diagnostic
biomarkers for patients with glaucoma, neovascularized age-
related macular degeneration (AMD), and retinal diseases
(Kang et al., 2014; Dismuke et al., 2015). Even though there is
limited literature, the identification and characterization of
exosome-specific biomarkers in eye diseases has great
potential. Recently it was shown that vitreous humor
exosomes-derived miR-146a could be used as a potential
biomarker for uveal melanoma (Ragusa et al., 2015). Though
exosomes have been proposed as a potential treatment for ocular
surface regeneration and homeostasis in pathologies including
corneal fibrosis and dry eye diseases, there are currently, to our
knowledge, no reports highlighting the potential use of exosomes
derived from pathological tears for diagnostic uses. Moreover,
with the recent technological advances in exosome analysis,
certainly, this is a wide-open area of research.

EXOSOMES MODULATION AND CORNEAL
PERSPECTIVE

Exosomes are natural nanomaterials consisting of surface ligands
and receptors. Exosomes can be conveniently isolated from cell
culture conditioned media and from various biological fluids
(Qin and Xu, 2014; Luan et al., 2017; Hessvik and Llorente, 2018).
They are superior to synthetic nanovesicles, such as liposomes,
owing to their stability, bioavailability, natural origin, circulation
half-life, immunomodulatory roles, tissue-specific targeting, and
ability to penetrate nonaccessible tissue regions (Antimisiaris
et al., 2018). These properties make exosomes an excellent
candidate for drug loading, delivery, and site-specific tissue
delivery. Due to the lack of tissue and cell-specific targeting
features, naturally occurring exosomes face many challenges
when being considered as a therapeutic delivery system (Li
et al., 2019b), thereby emphasizing the need for modulating
the exosomes as per the demand and requirement of pathologies.

Exosome’s engineering has recently been done to modulate
exosome behavior to meet the cell, tissue, and pathologic specific
demands. Exosomes are engineered at the cellular level under
natural conditions but successful exosome modification requires
further exploration. Exosomes are secreted from cells expressing
lipids, cell surface molecules, and ligands that naturally target
specific types of recipient cells. There is evidence pointing to the
natural targeting ability of exosomes based on the donor cells. For
example, exosomes isolated from neuroblastoma cells express
glycosphingolipid glycan groups that have a selective affinity to
the amyloid-β aggregates in the brain, providing a promising
targeted treatment for Alzheimer’s disease (Hood, 2016).
Targeting ligands on the surfaces of exosomes can also be
engineered; a widely used strategy is to insert the gene for the
targeting ligand into the donor cells. The donor cells will then
secrete exosomes expressing the targeting ligand on their surface
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promoting tissue-specific treatment. A similar approach was used
to express Lamp2b in the exosomes of dendritic cells, which was
shown to bind strongly to the neuron-specific rabies viral
glycoprotein (RVG) peptide. In another study, exosomes were
used to deliver let-7a miRNA targeting EGFR-overexpressing
breast cancer cells in mice (Alvarez-Erviti et al., 2011; Kesharwani
et al., 2012).

Corneal tissue is frequently challenged by biological, chemical,
thermal, and traumatic wounds associated with immune cells
infiltration, inflammation, neovascularization, and fibrosis. If not
treated in a timely manner, the tissue injury could result in loss of
vision. Along with MSCs therapy, their secretory products have
recently gained interest in corneal regeneration due to their
immunomodulatory and antiangiogenic potential (Phinney
and Prockop, 2007). The treatment of rabbit corneal stromal
cells with adipose MSCs-derived exosomes resulted in increased
proliferation, reduced apoptosis, and deposition of ECM (Shang
et al., 2020). In another study, topical application of corneal
stromal stem cells-derived exosomes suppressed corneal
inflammation and fibrosis through a reduction in neutrophil
infiltration and fibrotic mediators, tenascin-C, Col3A1,
SPARC, etc. in a murine superficial stromal wound model
(Lin et al., 2013; Shen et al., 2018). Furthermore, in a mouse
model of the corneal wound, results show an increase in wound
healing with human mesenchymal stromal cell treatment. All
these data taken together indicate a potential role of MSC-derived
exosome as a therapeutic potential for corneal disease and further
exploration into exosome-based regenerative mechanisms
remains.

The function of exosomes is dictated by their cargos, which
include small RNAs, specific proteins, lipids, and metabolites.
Corneal stromal stem cell- (CSSC-) derived exosomes are
proposed to have a unique set of miRNAs that promote corneal
integrity, as compared to the exosomes derived fromHEK293 cells,

justifying the lack of scar-forming activity in the latter set of
exosomes. Furthermore, the Funderberg group recently showed
that ALIX protein inhibited the packaging of miRNA into
exosomes, indicating the regulatory role of ALIX in packaging
of miRNA in exosomes. Further, CSSC that expresses lower levels
of ALIX is ineffective in reducing scar formation, potentially due to
their low cargo packaging efficiency (Hertsenberg et al., 2017).
Recently an interesting study from the May Griffith group also
reported that exosomes are an important mediator of corneal
regeneration. They hypothesized that the presence of exosomes
is associated with the production of a new ECM at the surgical site
in the rabbits undergoing LiQD cornea treatment compared to the
controls (McTiernan et al., 2020).

Currently, studies show that exosomes are modulated to
enhance their efficacy to meet the demands of the cell and
tissue context. Though there are substantial studies on cancer
biology, neurosciences, and immune biology, the concept of
exosome remodeling to meet the different aspects of corneal
pathologies is still in infancy.

FUTURE DIRECTIONS AND CONCLUDING
REMARKS

Exosomes are promising and fascinating biological nanomaterials.
With the advancing popularity and promising results, it could be
extrapolated that the existing cell therapies could be conveniently
replaced by exosome therapy. MSC-Exos paved the path for
extensive studies on exosomes, particularly focusing on
regenerative medicine. Exosomes have proven to be a promising
alternative for cell therapy, as MSCs-derived exosomes have shown
to be equally as good as stem cells (Cheng et al., 2017).

Inflammation, activation of immune cells, neovascularization,
and fibrosis are the common disease driving mechanisms of

FIGURE 2 | Schematic showing the effect of mesenchymal stem cells (MSCs) and other cell type-derived exosomes on corneal wound healing and fibrosis.
Exosomes are actively involved in immunomodulation and extracellular matrix (ECM) remodeling. The use of exosome therapy could be a promising approach tomaintain
corneal homeostasis and maintaining transparency.
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several eye conditions and it is important to note that exosomes
have proven to be a promising tool to combat these processes.
Exosomes are a promising tool that can take part in
immunomodulation, ECM remodeling, and drug delivery
(Figure 2). Though there is extensive research highlighting
exosome therapy in other fields, sadly, the eye field is trailing
in this context. The information given by these fields could be
used as a tool for accelerating exosomes and eye research. Using
exosomes as biomarkers or therapeutic vehicles holds the
potential to lead to better, personalized treatments for patients
with eye diseases. This review highlights the immense research
opportunities that exist to understand the physiological role and
clinical potential of exosomes in ocular health and disease.

AUTHOR CONTRIBUTIONS

Conception, design, editing, and reviewing of the manuscript and
final approval have been done by VS; conception, design, review
of literature, writing, compiling, editing, and reviewing of the
manuscript have been done by AT; review of literature, writing,
compiling, and editing have been done by AS and SV; writing the
manuscript, providing critical feedback, and reviewing the
manuscript have been done by TB; reviewing, scientific
editing, and providing critical feedback have been done by SS.
The manuscript has the final approval of all the authors. The first
three authors (AT, AS, and SV) have contributed equally and
share the first authorship.

REFERENCES

Ahmadi, M., and Rezaie, J. (2020). Tumor Cells Derived-Exosomes as
Angiogenenic Agents: Possible Therapeutic Implications. J. Transl. Med. 18
(1), 249. doi:10.1186/s12967-020-02426-5

Akbari, A., and Rezaie, J. (2020). Potential Therapeutic Application of
Mesenchymal Stem Cell-Derived Exosomes in SARS-CoV-2 Pneumonia.
Stem Cel. Res. Ther. 11 (1), 356. doi:10.1186/s13287-020-01866-6

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., andWood, M. J. A. (2011).
Delivery of siRNA to the Mouse Brain by Systemic Injection of Targeted
Exosomes. Nat. Biotechnol. 29 (4), 341–345. doi:10.1038/nbt.1807

Anand, S., Samuel, M., Kumar, S., and Mathivanan, S. (2019). Ticket to a Bubble
Ride: Cargo Sorting into Exosomes and Extracellular Vesicles. Biochim.
Biophys. Acta (Bba) - Proteins Proteomics 1867 (12), 140203. doi:10.1016/
j.bbapap.2019.02.005

Antimisiaris, S., Mourtas, S., and Marazioti, A. (2018). Exosomes and Exosome-
Inspired Vesicles for Targeted Drug Delivery. Pharmaceutics 10 (4), 218.
doi:10.3390/pharmaceutics10040218

Azmi, A. S., Bao, B., and Sarkar, F. H. (2013). Exosomes in Cancer Development,
Metastasis, and Drug Resistance: a Comprehensive Review. Cancer Metastasis
Rev. 32 (3-4), 623–642. doi:10.1007/s10555-013-9441-9

Babst, M. (2011). MVB Vesicle Formation: ESCRT-dependent, ESCRT-
independent and Everything in between. Curr. Opin. Cel. Biol. 23 (4),
452–457. doi:10.1016/j.ceb.2011.04.008

Baietti, M. F., Zhang, Z., Mortier, E., Melchior, A., Degeest, G., Geeraerts, A., et al.
(2012). Syndecan-syntenin-ALIX Regulates the Biogenesis of Exosomes. Nat.
Cel. Biol. 14 (7), 677–685. doi:10.1038/ncb2502

Basu, J., and Ludlow, J. W. (2016). Exosomes for Repair, Regeneration and
Rejuvenation. Expert Opin. Biol. Ther. 16 (4), 489–506. doi:10.1517/
14712598.2016.1131976

Bourne, R. R. A., Jonas, J. B., Bron, A.M., Cicinelli, M. V., Das, A., Flaxman, S. R., et al.
(2018). Prevalence and Causes of Vision Loss in High-Income Countries and in
Eastern andCentral Europe in 2015:Magnitude, Temporal Trends and Projections.
Br. J. Ophthalmol. 102 (5), 575–585. doi:10.1136/bjophthalmol-2017-311258

Castro, B. M., Prieto, M., and Silva, L. C. (2014). Ceramide: a Simple Sphingolipid
with Unique Biophysical Properties. Prog. Lipid Res. 54, 53–67. doi:10.1016/
j.plipres.2014.01.004

Cha, D. J., Franklin, J. L., Dou, Y., Liu, Q., Higginbotham, J. N., Demory Beckler,
M., et al. (2015). KRAS-dependent Sorting of miRNA to Exosomes. Elife 4,
e07197. doi:10.7554/eLife.07197

Cheng, L., Zhang, K., Wu, S., Cui, M., and Xu, T. (2017). Focus on Mesenchymal
Stem Cell-Derived Exosomes: Opportunities and Challenges in Cell-free
Therapy. Stem Cell Int. 2017, 1–10. doi:10.1155/2017/6305295

Colombo, M., Moita, C., van Niel, G., Kowal, J., Vigneron, J., Benaroch, P., et al.
(2013). Analysis of ESCRT Functions in Exosome Biogenesis, Composition and
Secretion Highlights the Heterogeneity of Extracellular Vesicles. J. Cel. Sci. 126
(Pt 24), 5553–5565. doi:10.1242/jcs.128868

Dismuke, W. M., Challa, P., Navarro, I., Stamer, W. D., and Liu, Y. (2015). Human
Aqueous Humor Exosomes. Exp. Eye Res. 132, 73–77. doi:10.1016/
j.exer.2015.01.019

Flaxman, S. R., Bourne, R. R. A., Resnikoff, S., Ackland, P., Braithwaite, T., Cicinelli,
M. V., et al. (2017). Global Causes of Blindness and Distance Vision
Impairment 1990-2020: a Systematic Review and Meta-Analysis. Lancet
Glob. Health 5 (12), e1221–e1234. doi:10.1016/S2214-109X(17)30393-5

Frankel, E. B., and Audhya, A. (2018). ESCRT-dependent Cargo Sorting at
Multivesicular Endosomes. Semin. Cel. Dev. Biol. 74, 4–10. doi:10.1016/
j.semcdb.2017.08.020

Fricke, T. R., Tahhan, N., Resnikoff, S., Papas, E., Burnett, A., Ho, S. M., et al.
(2018). Global Prevalence of Presbyopia and Vision Impairment from
Uncorrected Presbyopia. Ophthalmology 125 (10), 1492–1499. doi:10.1016/
j.ophtha.2018.04.013

Gallo, A., Jang, S.-I., Ong, H. L., Perez, P., Tandon, M., Ambudkar, I., et al. (2016).
Targeting the Ca 2+ Sensor STIM1 by Exosomal Transfer of Ebv-miR-
BART13-3p Is Associated with Sjögren’s Syndrome. EBioMedicine 10,
216–226. doi:10.1016/j.ebiom.2016.06.041

Ghaemmaghami, A. B., Mahjoubin-Tehran, M., Movahedpour, A., Morshedi, K.,
Sheida, A., Taghavi, S. P., et al. (2020). Role of Exosomes in Malignant Glioma:
microRNAs and Proteins in Pathogenesis and Diagnosis. Cell Commun Signal
18 (1), 120. doi:10.1186/s12964-020-00623-9

González, E., and Falcón-Pérez, J. M. (2015). Cell-derived Extracellular Vesicles as
a Platform to Identify Low-Invasive Disease Biomarkers. Expert Rev. Mol.
Diagn. 15 (7), 907–923. doi:10.1586/14737159.2015.1043272

Gonzalez-Nolasco, B., Wang, M., Prunevieille, A., and Benichou, G. (2018).
Emerging Role of Exosomes in Allorecognition and Allograft Rejection.
Curr. Opin. Organ. Transplant. 23 (1), 22–27. doi:10.1097/
MOT.0000000000000489

Grigor’eva, A. E., Tamkovich, S. N., Eremina, A. V., Tupikin, A. E., Kabilov, M. R.,
Chernykh, V. V., et al. (2016). Characteristics of Exosomes Andmicroparticles
Discovered in Human Tears. Biomed. Khim 62 (1), 99–106. doi:10.18097/
PBMC20166201099

Gurunathan, S., Kang, M.-H., Jeyaraj, M., Qasim, M., and Kim, J.-H. (2019).
Review of the Isolation, Characterization, Biological Function, and Multifarious
Therapeutic Approaches of Exosomes. Cells 8 (4), 307. doi:10.3390/
cells8040307

Han, K.-Y., Tran, J. A., Chang, J.-H., Azar, D. T., and Zieske, J. D. (2017). Potential
Role of Corneal Epithelial Cell-Derived Exosomes in Corneal Wound Healing
and Neovascularization. Sci. Rep. 7, 40548. doi:10.1038/srep40548

Hashemian, S. M., Pourhanifeh, M. H., Fadaei, S., Velayati, A. A., Mirzaei, H., and
Hamblin, M. R. (2020). Non-coding RNAs and Exosomes: Their Role in the
Pathogenesis of Sepsis. Mol. Ther. - Nucleic Acids 21, 51–74. doi:10.1016/
j.omtn.2020.05.012

Hashemipour, M., Boroumand, H., Mollazadeh, S., Tajiknia, V., Nourollahzadeh,
Z., Rohani Borj, M., et al. (2021). Exosomal microRNAs and Exosomal Long
Non-coding RNAs in Gynecologic Cancers. Gynecol. Oncol. 161 (1), 314–327.
doi:10.1016/j.ygyno.2021.02.004

Heavner, W., and Pevny, L. (2012). Eye Development and Retinogenesis. Cold
Spring Harbor Perspect. Biol. 4 (12), a008391. doi:10.1101/cshperspect.a008391

Henne, W. M., Buchkovich, N. J., and Emr, S. D. (2011). The ESCRT Pathway.Dev.
Cel. 21 (1), 77–91. doi:10.1016/j.devcel.2011.05.015

Hertsenberg, A. J., Shojaati, G., Funderburgh, M. L., Mann, M. M., Du, Y., and
Funderburgh, J. L. (2017). Corneal Stromal Stem Cells Reduce Corneal Scarring

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 6847127

Tiwari et al. Cornea and Exosomes

https://doi.org/10.1186/s12967-020-02426-5
https://doi.org/10.1186/s13287-020-01866-6
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1016/j.bbapap.2019.02.005
https://doi.org/10.1016/j.bbapap.2019.02.005
https://doi.org/10.3390/pharmaceutics10040218
https://doi.org/10.1007/s10555-013-9441-9
https://doi.org/10.1016/j.ceb.2011.04.008
https://doi.org/10.1038/ncb2502
https://doi.org/10.1517/14712598.2016.1131976
https://doi.org/10.1517/14712598.2016.1131976
https://doi.org/10.1136/bjophthalmol-2017-311258
https://doi.org/10.1016/j.plipres.2014.01.004
https://doi.org/10.1016/j.plipres.2014.01.004
https://doi.org/10.7554/eLife.07197
https://doi.org/10.1155/2017/6305295
https://doi.org/10.1242/jcs.128868
https://doi.org/10.1016/j.exer.2015.01.019
https://doi.org/10.1016/j.exer.2015.01.019
https://doi.org/10.1016/S2214-109X(17)30393-5
https://doi.org/10.1016/j.semcdb.2017.08.020
https://doi.org/10.1016/j.semcdb.2017.08.020
https://doi.org/10.1016/j.ophtha.2018.04.013
https://doi.org/10.1016/j.ophtha.2018.04.013
https://doi.org/10.1016/j.ebiom.2016.06.041
https://doi.org/10.1186/s12964-020-00623-9
https://doi.org/10.1586/14737159.2015.1043272
https://doi.org/10.1097/MOT.0000000000000489
https://doi.org/10.1097/MOT.0000000000000489
https://doi.org/10.18097/PBMC20166201099
https://doi.org/10.18097/PBMC20166201099
https://doi.org/10.3390/cells8040307
https://doi.org/10.3390/cells8040307
https://doi.org/10.1038/srep40548
https://doi.org/10.1016/j.omtn.2020.05.012
https://doi.org/10.1016/j.omtn.2020.05.012
https://doi.org/10.1016/j.ygyno.2021.02.004
https://doi.org/10.1101/cshperspect.a008391
https://doi.org/10.1016/j.devcel.2011.05.015
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


by Mediating Neutrophil Infiltration after Wounding. PLoS One 12 (3),
e0171712. doi:10.1371/journal.pone.0171712

Hessvik, N. P., and Llorente, A. (2018). Current Knowledge on Exosome Biogenesis
and Release. Cell. Mol. Life Sci. 75 (2), 193–208. doi:10.1007/s00018-017-2595-9

Hikita, T., Kuwahara, A., Watanabe, R., Miyata, M., and Oneyama, C. (2019). Src in
Endosomal Membranes Promotes Exosome Secretion and Tumor Progression.
Sci. Rep. 9 (1), 3265. doi:10.1038/s41598-019-39882-z

Hood, J. L. (2016). Post Isolation Modification of Exosomes for Nanomedicine
Applications. Nanomedicine 11 (13), 1745–1756. doi:10.2217/nnm-2016-0102

Huang, Y., Li, R., Ye, S., Lin, S., Yin, G., and Xie, Q. (2020). Recent Advances in the
Use of Exosomes in Sjögren’s Syndrome. Front. Immunol. 11, 1509.
doi:10.3389/fimmu.2020.01509

Ibrahim, A., and Marbán, E. (2016). Exosomes: Fundamental Biology and Roles in
Cardiovascular Physiology. Annu. Rev. Physiol. 78, 67–83. doi:10.1146/
annurev-physiol-021115-104929

Inubushi, S., Kawaguchi, H., Mizumoto, S., Kunihisa, T., Baba, M., Kitayama, Y.,
et al. (2020). Oncogenic miRNAs Identified in Tear Exosomes from Metastatic
Breast Cancer Patients. Anticancer Res. 40 (6), 3091–3096. doi:10.21873/
anticanres.14290

Janas, T., Janas, M. M., Sapoń, K., and Janas, T. (2015). Mechanisms of RNA
Loading into Exosomes. FEBS Lett. 589 (13), 1391–1398. doi:10.1016/
j.febslet.2015.04.036

Jangamreddy, J. R., Haagdorens, M. K. C., Mirazul Islam, M., Lewis, P., Samanta,
A., Fagerholm, P., et al. (2018). Short Peptide Analogs as Alternatives to
Collagen in Pro-regenerative Corneal Implants. Acta Biomater. 69, 120–130.
doi:10.1016/j.actbio.2018.01.011

Juan, T., and Fürthauer, M. (2018). Biogenesis and Function of ESCRT-dependent
Extracellular Vesicles. Semin. Cel. Dev. Biol. 74, 66–77. doi:10.1016/
j.semcdb.2017.08.022

Kajimoto, T., Okada, T., Miya, S., Zhang, L., and Nakamura, S.-i. (2013). Ongoing
Activation of Sphingosine 1-phosphate Receptors Mediates Maturation of
Exosomal Multivesicular Endosomes. Nat. Commun. 4, 2712. doi:10.1038/
ncomms3712

Kalluri, R., and LeBleu, V. S. (2020). The Biology, Function, and Biomedical
Applications of Exosomes. Science 367 (6478), eaau6977. doi:10.1126/
science.aau6977

Kalra, H., Simpson, R. J., Ji, H., Aikawa, E., Altevogt, P., Askenase, P., et al. (2012).
Vesiclepedia: a Compendium for Extracellular Vesicles with Continuous
Community Annotation. Plos Biol. 10 (12), e1001450. doi:10.1371/
journal.pbio.1001450

Kang, G.-Y., Bang, J. Y., Choi, A. J., Yoon, J., Lee, W.-C., Choi, S., et al. (2014).
Exosomal Proteins in the Aqueous Humor as Novel Biomarkers in Patients
with Neovascular Age-Related Macular Degeneration. J. Proteome Res. 13 (2),
581–595. doi:10.1021/pr400751k

Kesharwani, P., Gajbhiye, V., and Jain, N. K. (2012). A Review of Nanocarriers for
the Delivery of Small Interfering RNA. Biomaterials 33 (29), 7138–7150.
doi:10.1016/j.biomaterials.2012.06.068

Klenkler, B., Sheardown, H., and Jones, L. (2007). Growth Factors in the Tear Film:
Role in Tissue Maintenance, Wound Healing, and Ocular Pathology.Ocul. Surf.
5 (3), 228–239. doi:10.1016/s1542-0124(12)70613-4

Klingeborn, M., Dismuke, W. M., Bowes Rickman, C., and Stamer, W. D. (2017).
Roles of Exosomes in the normal and Diseased Eye. Prog. Retin. Eye Res. 59,
158–177. doi:10.1016/j.preteyeres.2017.04.004

Knickelbein, J. E., Liu, B., Arakelyan, A., Zicari, S., Hannes, S., Chen, P., et al.
(2016). Modulation of Immune Responses by Extracellular Vesicles from
Retinal Pigment Epithelium. Invest. Ophthalmol. Vis. Sci. 57 (10),
4101–4107. doi:10.1167/iovs.15-18353

Laulagnier, K., Grand, D., Dujardin, A., Hamdi, S., Vincent-Schneider, H., Lankar,
D., et al. (2004). PLD2 Is Enriched on Exosomes and its Activity Is Correlated to
the Release of Exosomes. FEBS Lett. 572 (1-3), 11–14. doi:10.1016/
j.febslet.2004.06.082

Lawson, C., Vicencio, J. M., Yellon, D. M., and Davidson, S. M. (2016).
Microvesicles and Exosomes: New Players in Metabolic and Cardiovascular
Disease. J. Endocrinol. 228 (2), R57–R71. doi:10.1530/JOE-15-0201

Leszczynska, A., Kulkarni, M., Ljubimov, A. V., and Saghizadeh, M. (2018).
Exosomes from normal and Diabetic Human Corneolimbal Keratocytes
Differentially Regulate Migration, Proliferation and Marker Expression of

Limbal Epithelial Cells. Sci. Rep. 8 (1), 15173. doi:10.1038/s41598-018-
33169-5

Li, F., and Zhao, S. Z. (2014). Mesenchymal Stem Cells: Potential Role in Corneal
Wound Repair and Transplantation. World. J. Stem. Cel. 6 (3), 296–304.
doi:10.4252/wjsc.v6.i3.296

Li, N., Zhao, L., Wei, Y., Ea, V. L., Nian, H., and Wei, R. (2019a). Recent Advances
of Exosomes in Immune-Mediated Eye Diseases. Stem Cel. Res. Ther. 10 (1),
278. doi:10.1186/s13287-019-1372-0

Li, X., Corbett, A. L., Taatizadeh, E., Tasnim, N., Little, J. P., Garnis, C., et al.
(2019b). Challenges and Opportunities in Exosome Research-Perspectives from
Biology, Engineering, and Cancer Therapy. APL Bioeng. 3 (1), 011503.
doi:10.1063/1.5087122

Lin, K.-J., Loi, M.-X., Lien, G.-S., Cheng, C.-F., Pao, H.-Y., Chang, Y.-C., et al.
(2013). Topical Administration of Orbital Fat-Derived Stem Cells Promotes
Corneal Tissue Regeneration. Stem Cel. Res. Ther. 4 (3), 72. doi:10.1186/scrt223

Liu, C.-Y., and Kao, W. W.-Y. (2015). Corneal Epithelial Wound Healing. Prog.
Mol. Biol. Transl. Sci. 134, 61–71. doi:10.1016/bs.pmbts.2015.05.002

Liu, C., Zhao, J., Tian, F., Cai, L., Zhang, W., Feng, Q., et al. (2019). Low-cost
Thermophoretic Profiling of Extracellular-Vesicle Surface Proteins for the Early
Detection and Classification of Cancers. Nat. Biomed. Eng. 3 (3), 183–193.
doi:10.1038/s41551-018-0343-6

Liu, J., Jiang, F., Jiang, Y.,Wang, Y., Li, Z., Shi, X., et al. (2020). Roles of Exosomes in
Ocular Diseases. Int. J. Nanomedicine. Vol. 15, 10519–10538. doi:10.2147/
IJN.S277190

Ljubimov, A. V., and Saghizadeh, M. (2015). Progress in Corneal Wound Healing.
Prog. Retin. Eye Res. 49, 17–45. doi:10.1016/j.preteyeres.2015.07.002

Luan, X., Sansanaphongpricha, K., Myers, I., Chen, H., Yuan, H., and Sun, D.
(2017). Engineering Exosomes as Refined Biological Nanoplatforms for Drug
Delivery. Acta Pharmacol. Sin 38 (6), 754–763. doi:10.1038/aps.2017.12

Ma, Y., Xu, Y., Xiao, Z., Yang, W., Zhang, C., Song, E., et al. (2006). Reconstruction
of Chemically Burned Rat Corneal Surface by Bone Marrow-Derived Human
Mesenchymal Stem Cells. Stem Cells 24 (2), 315–321. doi:10.1634/
stemcells.2005-0046

Mahjoubin-Tehran, M., Rezaei, S., Jesmani, A., Birang, N., Morshedi, K.,
Khanbabaei, H., et al. (2021). New Epigenetic Players in Stroke
Pathogenesis: From Non-coding RNAs to Exosomal Non-coding RNAs.
Biomed. Pharmacother. 140, 111753. doi:10.1016/j.biopha.2021.111753

Maia, J., Caja, S., Strano Moraes, M. C., Couto, N., and Costa-Silva, B. (2018).
Exosome-Based Cell-Cell Communication in the Tumor Microenvironment.
Front. Cel. Dev. Biol. 6, 18. doi:10.3389/fcell.2018.00018

Marino, J., Paster, J., and Benichou, G. (2016). Allorecognition by T Lymphocytes
and Allograft Rejection. Front. Immunol. 7, 582. doi:10.3389/
fimmu.2016.00582

McTiernan, C. D., Simpson, F. C., Haagdorens, M., Samarawickrama, C., Hunter,
D., Buznyk, O., et al. (2020). LiQD Cornea: Pro-regeneration Collagen
Mimetics as Patches and Alternatives to Corneal Transplantation. Sci. Adv.
6 (25), eaba2187. doi:10.1126/sciadv.aba2187

Mianehsaz, E., Mirzaei, H. R., Mahjoubin-Tehran, M., Rezaee, A., Sahebnasagh, R.,
Pourhanifeh, M. H., et al. (2019). Mesenchymal Stem Cell-Derived Exosomes: a
New Therapeutic Approach to Osteoarthritis?. Stem Cel. Res. Ther. 10 (1), 340.
doi:10.1186/s13287-019-1445-0

Miyagi, H., Thomasy, S. M., Russell, P., and Murphy, C. J. (2018). The Role of
Hepatocyte Growth Factor in Corneal Wound Healing. Exp. Eye Res. 166,
49–55. doi:10.1016/j.exer.2017.10.006

Nahand, J. S., Vandchali, N. R., Darabi, H., Doroudian, M., Banafshe, H. R.,
Moghoofei, M., et al. (2020). Exosomal microRNAs: Novel Players in Cervical
Cancer. Epigenomics 12 (18), 1651–1660. doi:10.2217/epi-2020-0026

Phinney, D. G., and Prockop, D. J. (2007). Concise Review: Mesenchymal Stem/
Multipotent Stromal Cells: The State of Transdifferentiation and Modes of
Tissue Repair-Current Views. Stem Cells 25 (11), 2896–2902. doi:10.1634/
stemcells.2007-0637

Qin, J., and Xu, Q. (2014). Functions and Application of Exosomes. Acta Pol.
Pharm. 71 (4), 537–543.

Ragusa, M., Barbagallo, C., Statello, L., Caltabiano, R., Russo, A., Puzzo, L., et al.
(2015). miRNA Profiling in Vitreous Humor, Vitreal Exosomes and Serum
from Uveal Melanoma Patients: Pathological and Diagnostic Implications.
Cancer Biol. Ther. 16 (9), 1387–1396. doi:10.1080/15384047.2015.1046021

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 6847128

Tiwari et al. Cornea and Exosomes

https://doi.org/10.1371/journal.pone.0171712
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1038/s41598-019-39882-z
https://doi.org/10.2217/nnm-2016-0102
https://doi.org/10.3389/fimmu.2020.01509
https://doi.org/10.1146/annurev-physiol-021115-104929
https://doi.org/10.1146/annurev-physiol-021115-104929
https://doi.org/10.21873/anticanres.14290
https://doi.org/10.21873/anticanres.14290
https://doi.org/10.1016/j.febslet.2015.04.036
https://doi.org/10.1016/j.febslet.2015.04.036
https://doi.org/10.1016/j.actbio.2018.01.011
https://doi.org/10.1016/j.semcdb.2017.08.022
https://doi.org/10.1016/j.semcdb.2017.08.022
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1371/journal.pbio.1001450
https://doi.org/10.1371/journal.pbio.1001450
https://doi.org/10.1021/pr400751k
https://doi.org/10.1016/j.biomaterials.2012.06.068
https://doi.org/10.1016/s1542-0124(12)70613-4
https://doi.org/10.1016/j.preteyeres.2017.04.004
https://doi.org/10.1167/iovs.15-18353
https://doi.org/10.1016/j.febslet.2004.06.082
https://doi.org/10.1016/j.febslet.2004.06.082
https://doi.org/10.1530/JOE-15-0201
https://doi.org/10.1038/s41598-018-33169-5
https://doi.org/10.1038/s41598-018-33169-5
https://doi.org/10.4252/wjsc.v6.i3.296
https://doi.org/10.1186/s13287-019-1372-0
https://doi.org/10.1063/1.5087122
https://doi.org/10.1186/scrt223
https://doi.org/10.1016/bs.pmbts.2015.05.002
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.2147/IJN.S277190
https://doi.org/10.2147/IJN.S277190
https://doi.org/10.1016/j.preteyeres.2015.07.002
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1634/stemcells.2005-0046
https://doi.org/10.1634/stemcells.2005-0046
https://doi.org/10.1016/j.biopha.2021.111753
https://doi.org/10.3389/fcell.2018.00018
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.1126/sciadv.aba2187
https://doi.org/10.1186/s13287-019-1445-0
https://doi.org/10.1016/j.exer.2017.10.006
https://doi.org/10.2217/epi-2020-0026
https://doi.org/10.1634/stemcells.2007-0637
https://doi.org/10.1634/stemcells.2007-0637
https://doi.org/10.1080/15384047.2015.1046021
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Record, M., Carayon, K., Poirot, M., and Silvente-Poirot, S. (2014). Exosomes as
New Vesicular Lipid Transporters Involved in Cell-Cell Communication and
Various Pathophysiologies. Biochim. Biophys. Acta (Bba) - Mol. Cel. Biol. Lipids
1841 (1), 108–120. doi:10.1016/j.bbalip.2013.10.004

Rezaie, J., Nejati, V., Khaksar, M., Oryan, A., Aghamohamadzadeh, N.,
Shariatzadeh, M. A., et al. (2018). Diabetic Sera Disrupted the normal
Exosome Signaling Pathway in Human Mesenchymal Stem Cells In Vitro.
Cell Tissue Res. 374 (3), 555–565. doi:10.1007/s00441-018-2895-x

Robbins, P. D., and Morelli, A. E. (2014). Regulation of Immune Responses by
Extracellular Vesicles. Nat. Rev. Immunol. 14 (3), 195–208. doi:10.1038/nri3622

Sabanayagam, C., and Cheng, C.-Y. (2017). Global Causes of Vision Loss in 2015:
Are We on Track to Achieve the Vision 2020 Target? Lancet Glob. Health 5
(12), e1164–e1165. doi:10.1016/S2214-109X(17)30412-6

Samaeekia, R., Rabiee, B., Putra, I., Shen, X., Park, Y. J., Hematti, P., et al. (2018).
Effect of Human Corneal Mesenchymal Stromal Cell-Derived Exosomes on
Corneal Epithelial Wound Healing. Invest. Ophthalmol. Vis. Sci. 59 (12),
5194–5200. doi:10.1167/iovs.18-24803

Sandhya, P., Kurien, B., Danda, D., and Scofield, R. (2017). Update on Pathogenesis
of Sjogren’s Syndrome. Cur. Rheumatol. Rev. 13 (1), 5–22. doi:10.2174/
1573397112666160714164149

Shang, Q., Chu, Y., Li, Y., Han, Y., Yu, D., Liu, R., et al. (2020). Adipose-derived
Mesenchymal Stromal Cells Promote Corneal Wound Healing by Accelerating
the Clearance of Neutrophils in Cornea. Cell Death Dis. 11 (8), 707. doi:10.1038/
s41419-020-02914-y

Shen, T., Zheng, Q.-Q., Shen, J., Li, Q.-S., Song, X.-H., Luo, H.-B., et al. (2018).
Effects of Adipose-Derived Mesenchymal Stem Cell Exosomes on Corneal
Stromal Fibroblast Viability and Extracellular Matrix Synthesis. Chin. Med.
J. (Engl) 131 (6), 704–712. doi:10.4103/0366-6999.226889

Stuffers, S., Sem Wegner, C., Stenmark, H., and Brech, A. (2009). Multivesicular
Endosome Biogenesis in the Absence of ESCRTs. Traffic 10 (7), 925–937.
doi:10.1111/j.1600-0854.2009.00920.x

Thery, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D.,
Andriantsitohaina, R., et al. (2018). Minimal Information for Studies of
Extracellular Vesicles 2018 (MISEV2018): a Position Statement of the
International Society for Extracellular Vesicles and Update of the
MISEV2014 Guidelines. J. Extracell Vesicles 7 (1), 1535750. doi:10.1080/
20013078.2018.153575010.1080/20013078.2018.1461450

Théry, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: Composition,
Biogenesis and Function. Nat. Rev. Immunol. 2 (8), 569–579. doi:10.1038/
nri855

van der Merwe, Y., and Steketee, M. B. (2017). Extracellular Vesicles: Biomarkers,
Therapeutics, and Vehicles in the Visual System. Curr. Ophthalmol. Rep. 5 (4),
276–282. doi:10.1007/s40135-017-0153-0

Villarroya-Beltri, C., Baixauli, F., Gutiérrez-Vázquez, C., Sánchez-Madrid, F., and
Mittelbrunn, M. (2014). Sorting it Out: Regulation of Exosome Loading. Semin.
Cancer Biol. 28, 3–13. doi:10.1016/j.semcancer.2014.04.009

Villarroya-Beltri, C., Gutiérrez-Vázquez, C., Sánchez-Cabo, F., Pérez-Hernández,
D., Vázquez, J., Martin-Cofreces, N., et al. (2013). Sumoylated hnRNPA2B1
Controls the Sorting of miRNAs into Exosomes through Binding to Specific
Motifs. Nat. Commun. 4, 2980. doi:10.1038/ncomms3980

Wei, H., Chen, Q., Lin, L., Sha, C., Li, T., Liu, Y., et al. (2021). Regulation of
Exosome Production and Cargo Sorting. Int. J. Biol. Sci. 17 (1), 163–177.
doi:10.7150/ijbs.53671

Yao, L., Li, Z.-r., Su, W.-r., Li, Y.-p., Lin, M.-l., Zhang, W.-x., et al. (2012). Role of
Mesenchymal Stem Cells on Cornea Wound Healing Induced by Acute Alkali
Burn. PLoS One 7 (2), e30842. doi:10.1371/journal.pone.0030842

Yoon, S., Kovalenko, A., Bogdanov, K., andWallach, D. (2017). MLKL, the Protein
that Mediates Necroptosis, Also Regulates Endosomal Trafficking and
Extracellular Vesicle Generation. Immunity 47 (1), 51–65. doi:10.1016/
j.immuni.2017.06.001

Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. (2019). Exosomes: Biogenesis, Biologic
Function and Clinical Potential. Cell Biosci. 9, 19. doi:10.1186/s13578-019-
0282-2

Zhu, H., Guariglia, S., Yu, R. Y. L., Li, W., Brancho, D., Peinado, H., et al. (2013).
Mutation of SIMPLE in Charcot-Marie-Tooth 1C Alters Production of
Exosomes. Mol. Bio. Cel. 24 (11), 1619–1637. doi:10.1091/mbc.E12-07-0544

Conflict of Interest: SS and TB were employed by Pandorum Technologies Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tiwari, Singh, Verma, Stephenson, Bhowmick and Sangwan. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 6847129

Tiwari et al. Cornea and Exosomes

https://doi.org/10.1016/j.bbalip.2013.10.004
https://doi.org/10.1007/s00441-018-2895-x
https://doi.org/10.1038/nri3622
https://doi.org/10.1016/S2214-109X(17)30412-6
https://doi.org/10.1167/iovs.18-24803
https://doi.org/10.2174/1573397112666160714164149
https://doi.org/10.2174/1573397112666160714164149
https://doi.org/10.1038/s41419-020-02914-y
https://doi.org/10.1038/s41419-020-02914-y
https://doi.org/10.4103/0366-6999.226889
https://doi.org/10.1111/j.1600-0854.2009.00920.x
https://doi.org/10.1080/20013078.2018.153575010.1080/20013078.2018.1461450
https://doi.org/10.1080/20013078.2018.153575010.1080/20013078.2018.1461450
https://doi.org/10.1038/nri855
https://doi.org/10.1038/nri855
https://doi.org/10.1007/s40135-017-0153-0
https://doi.org/10.1016/j.semcancer.2014.04.009
https://doi.org/10.1038/ncomms3980
https://doi.org/10.7150/ijbs.53671
https://doi.org/10.1371/journal.pone.0030842
https://doi.org/10.1016/j.immuni.2017.06.001
https://doi.org/10.1016/j.immuni.2017.06.001
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1091/mbc.E12-07-0544
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Mini Review: Current Trends and Understanding of Exosome Therapeutic Potential in Corneal Diseases
	Introduction
	Biogenesis, Release, and Uptake of Exosomes
	Exosomes in Ocular Surface Diseases
	Immune-Mediated Diseases
	Sjogren’s Syndrome
	Corneal Allograft Rejection and Regeneration
	Autoimmune Uveitis

	Wound Healing and Neovascularization
	Exosomes as Biomarkers for Eye Diseases

	Exosomes Modulation and Corneal Perspective
	Future Directions and Concluding Remarks
	Author Contributions
	References


