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ABSTRACT

Purpose: Dry eye disease (DED), a multifactorial disease of the lacrimal system, manifests itself in
patients with various symptoms such as itching, inflammation, discomfort and visual impairment. In
its most severe forms, it results in the breakdown of the vital tissues of lacrimal functional unit and
carries the risk of vision loss. Despite the frequency of occurrence of the disease, there are no
effective curative treatment options available to date. Treatment using stem cells and its secreted
factors could be a promising approach in the regeneration of damaged tissues of ocular surface.
The treatment using secreted factors as well as extracellular vesicles has been demonstrated
beneficial effects in various ocular surface diseases. This review provides insights on the usage of
stem cell derived exosomes as a promising therapy against LG dysfunction induced ADDE for ocular
surface repair.

Methods: In order to gain an overview of the existing research in this field, literature search was
carried out using the PubMed, Medline, Scopus and Web of Science databases. This review is based
on 164 publications until June 2024 and the literature search was carried out using the key words
“exosomes’; “lacrimal gland regeneration’, “exosomes in lacrimal dysfunction”.

Results: The literature and studies till date suggest that exosomes and other secreted factors from
stem cells have demonstrated beneficial effects on damaged ocular tissues in various ocular surface
diseases. Exosomal cargo plays a crucial role in regenerating tissues by promoting homeostasis in
the lacrimal system, which is often compromised in severe cases of dry eye disease. Exosome
therapy shows promise as a regenerative therapy, potentially addressing the lack of effective
curative treatments available for patients with dry eye disease.

Conclusion: Stem cell-derived exosomes represent a promising, innovative approach as a new
treatment option for ADDE. By targeting lacrimal gland dysfunction and enhancing ocular surface
repair, exosome therapy offers potential for significant advances in dry eye disease management.
Future research is needed to refine the application of this therapy, optimize delivery methods, and
fully understand its long-term efficacy in restoring ocular health.
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The lacrimal functional unit

The Dry Eye Disease (DED), also known as keratoconjuncti-
vitis sicca, and its effects on the ocular integrity and vision
affects millions of people worldwide and is one of the most
prevalent eye conditions.! Currently, there are different fac-
tors contributing to DED, which are a loss of homeostasis,
hyperosmolarity and instability of the tear film, damage/dys-
function of the corneal nerves, defects in the integrity and
function of the corneal epithelium, an inflammation of the
ocular surface. The loss of tear film homeostasis is based on
dysfunction of the lacrimal functional unit (LFU).>* The LFU
is a complex balanced system essential for maintaining the
health, integrity, and functionality of the eye. The LFU com-
prises of various structures, including the lacrimal glands
(LG), ocular surface (cornea, conjunctiva), meibomian as well
as accessory glands, the eye lids and the sensory and motor

nerves. This system serves critical functions in ensuring opti-
cal clarity, protection against pathogens, and facilitating visual
acuity by the production, distribution, and drainage of the
tear film.** Dysfunction within this unit mainly affects the
tear film homeostasis and can lead to DED, which is a mul-
tifactorial disease characterized by symptoms like itching,
burning, inflammation, and vision disturbances.® In addition
to the impact of DED on patients quality of life, the disease
also has a significant socio-economic impact, mainly through
the overall cost to healthcare systems worldwide.”

Dry eye disease

The prevalence of DED varies between 5-50%, depending
on diagnostic criteria, ethnicity and gender. The overall
worldwide prevalence was estimated at approximately 12%.®

CONTACT Sonja Mertsch @ Sonja.Mertsch@uni-oldenburg.de e Laboratory of Experimental Ophthalmology, Department of Ophthalmology, Pius-Hospital, Carl

von Ossietzky University Oldenburg, Germany
© 2024 Taylor & Francis Group, LLC


http://orcid.org/0000-0003-3958-5635
http://orcid.org/0000-0001-8803-9150
mailto:Sonja.Mertsch@uni-oldenburg.de
https://doi.org/10.1080/02713683.2024.2424265
http://www.tandfonline.com

2 J.JAFFETET AL.

The prevalence of DED in the Asian population is signifi-
cantly higher compared to Caucasian population, which is
presumable not only based on different genetic backgrounds
of the populations, but also on different climatic and envi-
ronmental conditions.! Additionally, based on the hormonal
effect on ocular surface, the lacrimal and the meibomian
gland, women have a higher risk to develop DED than men.
This is observed predominantly during pregnancy and
menopause due to hormonal disbalance, which is shown in
the significantly higher 10-year age-adjusted incidence of
women (25%) compared to men (17.3%).° Furthermore, the
prevalence of DED increases linearly with age.!

The DED is a multifactorial disease with a high number
of different causes, including environmental factors, systemic
diseases, ocular diseases as well as iatrogenic causes like var-
ious medications and surgeries. To date, several systemic
medications are known to cause DED, especially immune
checkpoint inhibitors used in cancer therapy as well as other
novel chemotherapeutic agents.!! Other known topical med-
ications are glaucoma eye drops as well as some benzalko-
nium chloride (BAC) containing eye drops.!>!* Several skin
diseases around or on the eye lids, for example rosacea or
eczema can be a cause for DED as well as ocular aller-
gies.'*1> Neurogenic dry eye can be caused due to damages
of the corneal nerves due to refractive surgery, damages of
the trigeminal ganglia, viral infections (e.g. herpes virus)
leading to reduced corneal sensation, reduced blink rate as
well as epithelial damage and tear film instability.'® Other
causes of DED can be conjunctival scarring due to chemical
and/or thermal burns, leading to lack of mucin due to the
loss of goblet cells, and the immune inflammatory reaction
caused by the keratoconjunctival epithelial damage, both
resulting in an imbalance of the tear film.!” Systemic disease,
for example autoimmune disorders like Sjogrens Syndrome,
Lupus or rheumatoid arthritis can lead to DED, as well as
Graft-versus-host disease (GVHD).>18-20

DED is widely classified into two main categories: the
evaporative Dry Eye Disease (EDE), and the aqueous defi-
ciency Dry Eye Disease (ADDE), however, numerous patients
have a mixed form of these categories.?

In the following chapters the contributions of each layer
of the tear film, underlying causes, and current treatment
options for DED are discussed in detail with emphasis
on ADDE:

Mucin layer of the tear film and the goblet cells

The innermost layer of the tear film mainly consists of
membrane adherent/associated mucins (MAMs) and secreted
mucins, which are secreted by the goblet cells of the con-
junctiva. This layer interacts directly with the corneal epithe-
lial cells and is a defence barrier of the ocular surface.?’ On
one hand, this hydrogel-like layer is responsible for remov-
ing dust, bacteria and other environmental factors. On the
other hand, this layer also acts as one of the sources of
nutrients for corneal epithelial cells. Additionally, mucins are
responsible for reduction of surface tension of the tear film
and helps distribute it evenly on the ocular surface?!
MUCS5AC and MUC19 are the two main mucins secreted by

the goblet cells. The meibomian and lacrimal gland also
produce mucins, mainly MUC1, MUC5AC, MUC5B, MUC?7,
and MUCI19.2># Even though the mucin layer plays an
important role in DED, there is no subtype of DED where
only this layer is affected. The loss of goblet cells is a com-
mon feature of both forms of DED and the decrease in gob-
let cell density is directly proportional to the severity of the
disease. It was also shown that the loss of goblet cells is
accompanied by a decrease in the MUC5A, MUCI1, MUC2,
MUC4 and MUCI16 expression.** Changes in the expres-
sion levels of certain MAMs can lead to a disruption in the
glycocalyx and therefore to direct damages in the conjuncti-
val and corneal cells. There are also studies showing a
decrease expression of MUC5AC and MUCI9 in patients
with Sjogrens syndrome.?>?” Taken together, both subtypes
of DED enter a vicious circle of an inflammatory reaction
triggered by the changes in homeostasis of the tear film.
This inflammation can lead to a reduced expression of gly-
cocalyx mucins, resulting in damages of the ocular surface
epithelial cells and goblet cells, which in turn leads to a
reduced expression of gel-forming mucins and a further
damage of the epithelial cells. This can lead to irregularities
in tear film distribution, causing dry spots on the cornea,
subsequently leading to epithelial cell damage and therefore
contributing to the vicious circle when left untreated.?$

Lipid layer of the tear film and the meibomian glands

Embedded within the tarsal plates of the eyelids, the meibomian
glands are essential for maintaining the integrity of the tear film
by producing lipid layer of the tear film. These sebaceous glands
secrete the meibum, which is composed of polar and nonpolar
lipids, including phospholipids, wax esters and cholesterol, and
form the outermost layer of the tear film.?® This lipid layer is
approximately 40-100nm thick and serves as an evaporative
barrier and maintains the tear film stability.® It also serves to
reduce surface tension of the tear film to enable its evenly dis-
tribution over the ocular surface. Deficiencies or alterations in
lipid composition can lead to evaporative dry eye disease, the
most common form of DED.*' The meibomian gland dysfunc-
tion (MGD), which is characterized by a reduction in meibum
secretion or a change in its composition, is the leading cause for
the development of the EDE.*?-** MGD is further described
with terminal duct obstruction with or without quantitative as
well as qualitative changes in the lipid secretion.?® The preva-
lence of EDE/MGD based on clinical signs ranges from 38-68%
in people over the age of 40.! One cause of MGD is the pro-
gressive keratinization of meibomian gland orifices and the loss
of progenitor cells, leading to an atrophy of the glands over
time and therefore to an alteration in the composition of the
meibum.** These changes in the tear fluid composition can
lead to an increase in tear evaporation, hyperosmolarity as well
as inflammatory reactions and finally can result in ocular sur-
face damages***” The primary treatment aim for EDE is to
improve the flow of meibum, together with restoring the func-
tion of the meibomian glands leading to a normal lipid layer.
The EDE is classified into three different stages depending on
secretion quality, severity of symptoms and corneal staining.>*%
Current treatment options for EDE include different



interventions such as eyelid hygiene, warming eye compresses,
eyelid massage, ocular lubricants, and the use of topical as well
as systemic antibiotics or corticosteroids. Even though these
approaches have shown to be an effective symptomatic treat-
ment option, they cannot cure the disease completely, especially
in advanced forms of the EDE* Clinical treatments include the
use of thermal pulsation, intense pulsed light, manual expres-
sion and eyelid exfoliation treatment (microblepharoexfoliation
(BlephEx)).>*40 These clinical treatment options address the lig-
uefaction of meibum, preventing tear evaporation and treating
inflammation with antibiotics and/or corticosteroids, but they
do not address the underlying cause of the disease. Despite the
high number of different treatment options available, there is no
curative treatment for EDE available so far.?!

Aqueous layer of the tear film and the lacrimal gland

The middle aqueous layer forms the largest part of the tear
film and is produced mainly by the lacrimal glands, located
in the anterior, superotemporal orbit within the Fossa glandu-
lae lacrimalis. A part of the aqueous secretions is from the
accessory glands (glands of Krause and Wolfring) in the
stroma of the conjunctival fornix as well as in the orbital bor-
der of the tarsal plate. This aqueous layer contains different
electrolytes, water and various proteins, such as lactoferrin,
lysozyme and immunoglobulins. These proteins contribute to
the innate immune defence of the ocular surface, as for
instance lysozyme hydrolyze the outer membrane of
Gram-positive bacteria, and lactoferrin interfere with viral
and bacterial growth by binding iron.*"*? Furthermore, this
layer is crucial for lubrication and nourishment of the ocular
surface. This aqueous layer of the tear film is mainly pro-
duced by the acinar cells of the LG, which represents approx-
imately 80% of the total cell number in the LG. The tear fluid
is further processed by the ductal cells, which account for
10-12% of the total cell number.** Besides the acinar and duct
cells, the lacrimal gland further consists of myoepithelial cells,
and different stromal cells, for example fibroblasts, which
secrete the extracellular matrix, and mast cells, which produce
histamines and also matrix proteins and thereby providing
structural and metabolic support to the tissue structure.
Furthermore, Nestin-positive mesenchymal stromal/stem cells
have also been identified in the lacrimal gland, which play an
important role in the tissue regeneration of the gland.*-*

Aqueous Deficient Dry Eye, a subgroup of the DED can
be developed due to multiple factors like damage of the LG
tissue (caused by autoimmune dacryoadenitis, such as
Sjogren’s syndrome or GvHD), tumour entities in the sur-
rounding tissue, lacrimal gland duct obstruction, a dysfunc-
tional reflex block, age-related atrophy and fibrosis, or based
on systemic drugs (the so called non-Sjogren dry eye),
etc.>* The ADDE occurs for approximate 1/3 of all the
DED cases and results in a more severe symptoms in the
patients than the more common form EDE.!!850-53

Current treatment options for ADDE, depending on the
stage of the disease, mainly include artificial tears, nonsteroi-
dal or corticosteroidal anti-inflammatory agents, immuno-
suppressive drugs, and punctual occlusion. These are only
symptomatic treatment options and do not address the
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underlying cause of the disease.? In case of severe forms of
the ADDE, these treatment options are often not sufficient
to ensure a stabilization of the ocular surface homeostasis
and therefore are not able to mitigate the symptoms. Hence,
no curative treatment for the ADDE is available till today.

As one of the main causes of ADDE is damage to func-
tional LG tissue, a promising approach for curative treat-
ment is to enhance the regenerative capacity of the remaining
tissue in situ. This includes restoring the tissués function
and restoring the tear film’s quantity and quality. To address
the regenerative capacity of the remaining tissue, there are
two main lines of research: first, the use of various drugs/
proteins/enzymes to enhance the activity of the remaining
LG cells; and second, the implantation of stem cells capable
of (a) recruiting cells, (b) enhancing the activity and growth
of the remaining cells by secreting growth factors, and (c)
interfering with the inflammatory response in the tissue.

Several studies showed an increase in mesenchymal stem
cells (MSC) during lacrimal gland regeneration, pointing
towards an important role of these cells in maintaining tissue
homeostasis.*>*>* Thus, it seems a promising approach to use
these cells to enhance tissue regeneration in the damaged LG.
Additionally, MSCs are highly immunomodulatory as they
promote the polarization of monocytes/macrophages toward
an anti-inflammatory and immune-regulatory phenotype, and
directly inhibit the differentiation into dendritic cells.’>*
MSCs are nonhematopoietic, multipotent stem cells, which
have the ability to differentiate into a variety of different cell
types, such as adipocytes, osteocytes, chondrocytes and many
more, depending on the conditions.”’-* Whilst MSCs were
first isolated from bone marrow, they can also be obtained
from various other adult and fetal tissues, such as adipose
tissue (AT), cord blood (CB), and the lacrimal gland.0:61
Despite their potential for immunomodulation, they have
important functions in tissue repairing. Once an injury occurs
in a tissue, MSCs migrate to the site of the injury and then
differentiate into the appropriate cell types and participate to
the tissue repair. Furthermore, they also secrete a number of
different factors, for example vascular endothelial growth fac-
tor (VEGF) and fibroblast growth factor 2 (FGF-2), as well as
exosomes, contributing to the tissue repair.

Preliminary studies in different animal models mimicking
ADDE, not only showed an increase in Nestin-positive MSCs
after inducing inflammation in the gland,* but also showed
a significant increase in the tissue regeneration after trans-
planting LG derived MSCs into the damaged organ.>46062
The use of MSCs in clinical regenerative medicine has also
increased noticeably in the last decade, based on their low
immunogenicity, as well as their promising tissue regenera-
tive capacity and immunomodulation behavior. Currently,
there are 11613 clinical MSC studies listed in the US National
Library of Medicine by the NIH, including 42 studies using
different kind of MSCs in ophthalmologic research, mainly
regarding ocular surface reconstruction. MSCs are adminis-
tered for regenerative treatments in diseases like myocardial
infarction,® and muscular dystrophy.** They are also applied
to reduce immune responses in diseases such as GvHD,
arthritis and diabetes.®>% Currently, 177 completed clinical
trials have shown that the use of autologous as well as
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allogenic MSCs is effective, well tolerated and safe, which
makes them promising candidates for lacrimal gland
regeneration.®’

Nevertheless, the use of cells for regenerative medicine
harbors some risks, such as the potential for oncological com-
plications. Additionally, the therapeutic effects of the MSCs
are known to be based on their paracrine effects, rather than
an engraftment of the transplanted cells into the damaged tis-
sue. An alternative approach which offers similar benefits
without the concerns associated with the transplantation of
living cells is the use of exosomes or extracellular vesicles.*®

Overview of exosomes, its origin and mode of
action

Exosomes are nano-sized, single membrane-bound secretory
vesicles of endosomal origin with an approximate diameter
range of 30-200nm.® Cells secrete vesicles of distinct sizes,
the larger ones with mostly the same cellular composition are
termed as microvesicles whereas the smaller ones with the
specific cellular proteins, lipids, glycoconjugates and nucleic
acids enriched within the cargo are termed as exosomes.
Distinct vesicles secreted by the cells are denoted by an
umbrella term “Extracellular vesicles (EVs)” and are classified
based on their origin and function. The EVs secreted from
the internal compartments of the cell and released out
through the multivesicular bodies are termed as “exosomes’,
whereas the EVs secreted from the cell surface are known as
“microvesicles or ectosomes”’® Microvesicles are larger than
exosomes, have a size range of ~100-1000nm and are formed
by direct budding from the plasma membrane. Largest type
of EVs are apoptotic bodies that has a size range of 1-5um,
generated during apoptosis by the disassembling cellular
organelles.”? Apoptotic bodies are secreted by the apoptotic
cells whereas the exosomes are secreted by the actively divid-
ing cells.”! Exosomes are derived by the fusion of the inter-
mediate endocytic compartment, multivesicular body with the
plasma membrane. The intraluminal vesicles within the MVBs
are released into the extracellular milieu and these are termed
as exosomes.”” They are well known for their role in intercel-
lular communication, transfer of macromolecules as well as
signals to the target cell and thus reprogram the recipient
cells by regulation of cellular and physiological processes.”
Exosome biogenesis begins from the late endosomes, the
inward budding of the endosomal membranes leads to the
formation of a structure known as multivesicular body
(MVB). MVBs are approximately 250-1000nm large endo-
somal organelles characterized by numerous spherical or
ellipsoidal vesicles enclosed within a single outer mem-
brane.”* The internal vesicles within the MVBs are termed
as intraluminal vesicles (ILVs) and they are predominantly
uniform in size, about 60-70nm in diameter.”* The MVBs
or the matured endosomes can have three different fates;
they can either fuse with lysosomes for degradation, or can
deliver their contents for the development of lysosome
related specialized organelles, else they can fuse with the
plasma membrane of the cell to release the ILVs as “exo-
somes””®> One among the other factors that determine the

fate of MVBs is the localization of cholesterol with the pro-
tein, perfringolysin. The MVBs enriched with cholesterol are
determined for exosome secretion whereas the ones with
poor cholesterol composition are targeted for lysosomal deg-
radation.” In addition, the presence of lysobisphosphatidic
acid is unique to epidermal growth factor containing MVBs
that are destined for lysosomal degradation.”®

The development of ILVs can occur through activation of
the endosomal sorting complex required for transport
(ESCRT) machinery or through an ESCRT-independent
pathway. The ESCRT protein complexes are the major con-
tenders for the mechanism that drives MVB vesicle forma-
tion. ESCRT pathway recruits a set of cytosolic protein
complexes ESCRT 0 to III, that coordinates the MVB bio-
genesis, vesicle formation and the protein cargo sorting.””’®
The ESCRT 0 is involved in the initiation of the process by
recognizing ubiquitinated cargo for the exosomes via its
ubiquitin-binding subunits. The recruitment of ESCRT I and
II complexes cause the cargo clustering through its
ubiquitin-binding domains and leads to invagination of the
membrane. The ESCRT II subunit activates the assembly of
ESCRT III complex to promote vesicle maturation and neck
constriction that can eventually lead to the vesicle scission.
The last step in ILV biogenesis requires the activity of the
ATPase Vps4 complex which dissociates ESCRT III and
helps in recycling of the ESCRT machinery.”

The ESCRT-independent mechanism is predominantly
observed in melanosomes and is mostly driven by lipids and
the tetraspanins. One of the ESCRT independent pathways is
through the action of lipids in cell membrane remodelling
and in formation of exosomes. Various lipids such as neutral
sphingomyelinase (nSMase), phospholipase D2 (PLD2), dia-
cylglycerol kinase a (DGKa) are involved in the maturation
of MVBs and the release of exosomes.””"% However, another
ESCRT-independent mechanism is through the effect of tet-
raspanin proteins. Tetraspanins are a protein superfamily
capable of organizing the tetraspanin enriched microdomains
(TEMs) by forming clusters and interacting with multiple
cytosolic and transmembrane signalling proteins.** One of
the melanocyte specific glyco-protein Pmell7 interacts with
CD63 to form a specialized domain containing
pre-melanosomal membranes to enter ILVs. The action of
the lipids and the Pmell7 promotes the domains to invagi-
nate and bud from the membrane, leading to the formation
of ILVs.®* Final step in the exosome biogenesis is its release
from the parent cell by various mechanisms like membrane
fission, ATP-dependant contraction of actin and myosin fil-
aments, and can also be released as response to stress-like
stimuli.®>% The exosome secretion could also be modulated
by diverse proteins like SNAP, SNARE and Rabs. Rab pro-
teins are key regulators of exosomal transport whereas Rab5
and Rab7 are specifically involved in delivering the cargo
components to the early endosomes.?” Activation of the pro-
tein ARF6 promotes the vesicle budding from the cell plasma
membrane and its release into the environment.®® However,
the exosomes interact with the recipient cell via the cell sur-
face receptors and the cargo contents can be internalized
through three distinct mechanisms (Figure 1); (i) fusion of
the exosomes with the plasma membrane of the recipient
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Figure 1. Exosome biogenesis and its secretion: Schematic diagram represents the formation of an exosome beginning from the invagination of donor cell plasma
membrane to form endocytic vesicle, which later develops into early endosome and a multivesicular body (MVB). MVB comprises of multiple Intraluminal vesicles
within them, which will be released into the extracellular environment as exosomes. The released exosomes enter the target cell via mechanisms like direct plasma

membrane fusion, receptor-ligand mediated as well as the endocytosis.

cell, (ii) the transfer of signals via receptor-ligand interac-
tion and (iii) the recipient cell uptake exosomes by various
forms of endocytosis like micropinocytosis, phagocytosis,
clathrin-mediated endocytosis and raft-mediated endocyto-
§is.3%% Once the exosome cargo contents are internalized by
the recipient cell, it can activate distinct cellular activities,
physiological responses and regulation of gene expression.?’

The major reason behind the popularity of cell-free ther-
apy is the evidence that the therapeutic effect of the
cell-based therapies is due to the biologically active mole-
cules secreted as part of the intercellular signaling. The cel-
lular secretions like the extracellular vesicles (EVs) and the
conditioned media are the commonly used products for
cell-free therapy.”! Exosomes are considered a potential ther-
apeutic candidate due to their very low immunogenicity,
presence of a stable lipid bilayer that protects the cargo from
digestive enzymes and the native immune cells, the ability to
cross the blood-brain barrier and the targeted cargo delivery
at the site of interest.”>> The exosomes enclose substances
like proteins, lipids, DNA, mRNA, miRNA, and the long
non-coding RNAs within their cargo and transport them to
the recipient cells.”! Exosomes have been found to be pres-
ent in various tissues and in almost all body fluids in
humans, denoting their significance in cell-cell communica-
tion and maintenance of tissue homeostasis.®** Even though
exosomes have been isolated from various cell types, tissues
and even the body fluids, the detailed information regarding
the source of these exosomes are lacking. The exosome from
body fluids like tear, blood, urine, etc., could be a pool of
vesicles secreted from varied cell types in the body. However,
the cargo packed within these vesicles exhibits potential
therapeutic effects in various disease conditions.

Exosomes from distinct sources, its cargo and its
function

Exosomes are part of the cellular secretion from the tissues
including the cells the of immune system and hence present

abundantly in various body fluids like plasma, amniotic
fluid, tears, breast milk, malignant ascites, cerebrospinal
fluid, urine, saliva, lymph, etc.”® Exosomes holds diverse
constituents within their cargo such as metabolites, cytosolic
and cell surface proteins, amino acids, DNA, RNA, and lip-
ids that can reveal the cellular composition from where it
originated.”s The basic proteome composition of the exo-
somes include endosome associated proteins (GTPase, Rab,
Annexins), proteins involved in MVB biogenesis (TSG101
and Alix), membrane proteins (tetraspanins), etc.”” Apart
from the variety of proteins, the exosomal membranes are
enriched with saturated or monounsaturated fatty acids like
cholesterol, hexosylceramides, sphingomyelin etc. Exosomes
have components that are beneficial to the cellular function,
however they are also known to remove the excess toxic
by-products of the cells in order to maintain the cellular
homeostasis.”® The exosome contents mediate the intercellu-
lar and intracellular communication by their autocrine, para-
crine and endocrine functions.”®

Exosomes have been used as a promising drug delivery
or gene delivery system due to the presence of miRNA and
the mRNA within the cargo.” ! The exosomal contents
and the quantity were found to be mostly different in the
healthy and diseased cells, and therefore could be a potential
source in identifying exosome-based biomarkers of the dis-
ease.!921% Exosomes derived from the breast cancer cells
were shown to be capable of instigating the normal epithelial
cells to develop tumors by inducing tumorigenesis through a
Dicer-dependant pathway.!® Similarly, the TLR3 pathway
activation by the primary tumor-derived exosomal RNAs
induced the metastatic niche formation and tumor forma-
tion in parent lung epithelial cells.!® Evidences from various
studies show that the exosomes from the tumor microenvi-
ronment predominantly favors the modulation of cancer cell
metabolism and proliferation of tumor cells.!®® Additionally,
the primary tumor-derived exosomes possess anti-tumor
immunity that modulates the immune system by mediating
the crosstalk between the immune cells and the tumor
cells.!”? Exosomes from the cardiomyocytes were shown to
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have beneficial role in improving myocardial function, pro-
moting the cell proliferation and inhibiting apoptosis,
through the effect of miR-146a.!”” Previous studies have
found that the exosomes have more miRNA content com-
pared to other small RNAs, and this could be because of a
specialized sorting mechanism in cells that packs specific
miRNAs within them exosomes.!%

The functional heterogeneity of the exosomes depends on
the exosomal cargo and the surface receptors within the
exosomes. Depending on the cell from where it originated,
exosomes may induce cell survival, promote immune modu-
lation or may cause cell apoptosis.”® Understanding the exo-
some specific cargo contents by analysing sorted exosome
populations would help in better identification of biomarkers
or therapeutics compared to the crude samples that contrib-
ute constituents from the entire cell.!'”

Exosomes in the treatment of various diseases

Exosomes from various sources have been used in distinct
clinical applications like cell-free therapeutics, biomarker dis-
covery, carriers for drug delivery and in the development of
cancer vaccine.''® With regard to the therapeutic potential of
exosomes, they represent stem cells in its clinical and thera-
peutic benefits due to the secreted factors.!!! The findings
from many studies have shown that the conditioned medium
or the components of MSCs mediate various biological func-
tions like tissue repair, immune modulation, wound healing,
etc.!'? The paracrine secretions from the MSCs that com-
prises of the secreted vesicles as well as the trophic factors
are attributable to the beneficial effects of MSCs.!!?
Preconditioning of the MSCs using certain factors like
inflammatory cytokines or hypoxia helps adjusting the cellu-
lar secretions and hence the exosomal cargo and its func-
tion.!™ Various studies have proved the therapeutic effects of
exosomes in the treatment of diverse diseases spanning from
regenerative medicine to cancers. Exosomes from MSCs
were shown to preferably target the abnormal tumor tissues
and the inflammatory sites within the body.!"> MSCs from
human umbilical cord Wharton’s jelly were shown to have
beneficial role in accelerating the wound healing and tissue
regeneration.!’® MSC derived exosomes have been used in
GvHD patients in a phase I clinical trial and they observed
improvement in the clinical symptoms of GvHD after the
exosome treatment.!'”” MSC-derived exosomes can promote
the immunomodulation and the properties of the host cells
from where it derived.!!® Apart from MSCs, the exosomes
from CD4*CD25  Tregs could prolong the kidney allograft
survival in vivo and provide evidence for its immunosup-
pressive nature.!’® The immune regulation and the molecular
transfer function of exosomes makes them a promising can-
didate for cancer immunotherapy. They could be used as
targeted drug carriers for activation of anti-cancer immune
response, or can be used as cancer vaccines as they have
tumor antigens like MHC L' The exosomes secreted by the
amniotic fluid stem cells were found to be beneficial in
delivering anti-apoptotic miR-10a to the ovarian granulosa
cells and preventing the damage during chemotherapy.'?!

One of the first phase I clinical trials using exosomes high-
lights the safety of exosome administration in 15 patients
with stage III/IV melanoma. Exosome therapy did not cause
any major toxicity or any delayed hypersensitivity reactions
in the administered patients.'?> The exosomes from both
MSCs and epithelial cells did not exhibit any signs of toxic-
ity in mice after repeated doses of injection.!?*!?* Overall,
the exosomes derived from mesenchymal stem cells promote
reduced inflammation and liver damage,'® alleviate hepatic
fibrosis,'* promote wound healing,'?!® improve cardiac
function and neoangiogenesis,'?? reduce renal fibrosis,* etc.
Although the exosomes have significant therapeutic poten-
tial, the exosome concentration required for the clinical
application to achieve a good therapeutic significance is
comparatively higher to the actual yield. The standardization
of a high yield exosome isolation protocol or bioengineering
the desired exosomal cargo is a better alternative.

Synthetic exosomes or exosome mimics are one of the
emerging therapeutic tools for drug delivery because loading
of the specific therapeutic component within the exosomes
would be beneficial. The main advantage of modifying the
exosomal cargo is that it enhances the therapeutic effects as
well as the targeting capability of the exosomes. In addition,
large-scale production of exosomes required for both research
as well as clinical applications can be achieved through
bio-engineering of exosomes. Two known mechanisms of
generating engineered exosomes are either loading the exog-
enous cargo directly to the exosomes by methods like elec-
troporation, sonication, etc or loading the cells with the
specific exogenous cargo so that the cells secrete exosomes
containing these specific cargoes.!*! Various studies have
shown that the bio-mimetic exosomes are similar to the nat-
ural exosomes in terms of size distribution, morphology,
immunocompatibility, stability and their function.!®*-13
Engineered exosome mimetic nanovesicles with chemothera-
peutic drug doxorubicin facilitated reduction of tumor
growth with no systemic side effects in a mice model.!*?
CD4+ T-cell membranes have been coated on to a polymeric
core to generate exosome mimics termed as T-cell mem-
brane coated nanoparticles (TNPs). TNPs were effective
against HIV infection in the peripheral mononuclear blood
cells and the human-monocyte-derived macrophages as they
could selectively bind to the HIV envelope glycoprotein,
gp120.1> Exosome mimetic nanovesicles were generated
from the cells by a series of cell extrusions through nano
filters and could achieve efficient loading of the siRNA.
Thus, the recipient cells could up take these siRNA loaded
nanovesicles and attenuate the target gene expression.'*

GMP manufacturing of exosomes is a pre-requisite for its
usage in clinical trials. Literature shows data for five existing
cell populations, that is, bone marrow-derived MSCs, human
cardiac progenitor cells, monocyte-derived DCs, adipose
tissue-derived stem cells, and HEK293 cells which are stan-
dardized for exosome production with GMP compliance.!*’
Nevertheless, a total of 173 clinical trials using exosomes
have been registered among the global researchers in various
disease pathologies. However, 37 out of the 173 clinical trials
have been completed and have shown the positive effects of
exosome-based treatment in several diseases.
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Table 1. Overview of studies using EVs/exosomes in treatment of Ocular surface diseases.

Disease Source Characterization Models tested Efficacy PMID
Corneal epithelial Corneal Mesenchymal TEM, DLS, EXOCET in vitro wound healing and mice  Accelerate epithelial wound healing 30372747
wound Stromal Cell-derived assay, Western Blot corneal wound healing compared to control
Exosomes
Corneal wound Corneal epithelial TEM, DLS, Western Blot in vitro effect in corneal Improved corneal wound healing and 28165027
cell-derived exosomes fibroblasts and ex vivo aorta neovascularization
ring assay
Dry eye in ¢cGVHD Umbilical MSCs derived ~ NA in vivo effect in mice and ongoing Restoration of ocular surface 35020440
patients Exosomes clinical trial in ¢cGVHD patients homeostasis and reduction in
inflammation
Corneal fibrosis Corneal stromal stem TEM, Flow cytometry in vitro (HEK cells) and in vivo Block corneal scarring and initiate 31290598
cells derived EVs (Mice model of corneal wound) corneal regeneration in mice model
Corneal Stromal Adipose-derived NTA, Western Blot in vitro (Corneal stromal Improved corneal fibroblast viability and 29521294
Fibroblast Mesenchymal Stem fibroblasts) ECM remodelling
function Cell Exosomes
Corneal Corneal fibroblast Western Blot in vitro (vascular endothelial cells) Transport MMP14 to the endothelial 25015352

angiogenesis derived exosomes

TEM, Western Blot,
Stimulated emission
depletion microscopy

Corneal Scar Corneal epithelial cell

derived EVs

in vitro (human corneal
fibroblasts)

cells and promote corneal
angiogenesis
increase in myofibroblast differentiation 32357574

Exosomes in ocular surface diseases and its
outcome

Exosomes being a newer approach, the number of studies
using exosomes for ocular surface diseases are lesser com-
pared to other areas of the disease (Table 1). However, the
findings from the existing studies prove that exosome ther-
apy could be a promising approach in future. Administration
of the MSC-derived exosomes as eye drops in patients with
GVHD associated dry eye disease demonstrated reduced
inflammation, improved tear secretion and epithelial recov-
ery. The miR-204 within the MSC-exosomes were identified
as the potential therapeutic target in GVHD-associated dry
eye in mice.® Exosomes isolated from human and mouse
corneal epithelial cells promoted modulation of the kerato-
cytes and bone marrow-derived progenitor cell functions in
the cornea. Additionally, the results demonstrated the pres-
ence of proteins specific to wound healing and neovascular-
ization in the mouse corneal epithelium-derived exosomes.!*
Human corneal stromal MSC-exosomes were found to be
readily up taken by the corneal epithelial cells upon admin-
istration and promote cell proliferation, migration and
thereby accelerating the corneal epithelial wound healing in
vitro.'¥® In addition, limbal stromal cell (LSC) derived exo-
somes were shown to have major role in maintaining the
cell-cell communication between the LSCs and the limbal
epithelial stem cells (LESC) and influence a key factor
involved in the migration and proliferation of the LESC
both in vitro and ex vivo.'"*! Similarly, the delivery of miRNA
by exosomes from corneal stromal stem cells reduced the
expression of fibrotic genes (Col3al and Acta2), attenuated
the neutrophil infiltration and maintained the corneal tissue
integrity in murine corneal wound models.'*? Exosomes
exhibit great potential in corneal and conjunctival wound
healing, epithelial cell proliferation, response to inflamma-
tion and maintenance of the normal tissue morphology.
Exosomes from the stem cells exhibit greater immunoregu-
latory potential as compared to the stem cells as such.'*?
Synthetic short collagen-like peptides induce stable corneal
and nerve regeneration in a mini-porcine model by stimu-
lating the endogenous host cells to secrete EVs that produce

matrix components.'** This further backs the idea that the
exosomes are crucial mediators in maintaining tissue homeo-
stasis and are being used in several disease systems as
cell-free therapeutics. However, the data from the registry of
clinical trials (clinicaltrials.gov; keywords - Ocular diseases,
Dry eye, Exosome) shows the existence of only two regis-
tered clinical trials in the treatment of ocular diseases using
exosomes till date and they are still in their early phases.

Exosomes in glandular disorders

Sjogren’s syndrome is an autoimmune disorder that affects
the exocrine glands of the body, particularly lacrimal glands
and the salivary glands. Providing treatments to regenerate
both the salivary as well as lacrimal glands is inevitable in
preventing the Sjogren’s disease progression.'*® Exosomes
from the murine olfactory ecto-MSCs (OE-MSCs-Exos)
demonstrated significant attenuation of the disease progres-
sion and functional restoration of myeloid-derived suppres-
sor cells (MDSCs) in the mice with experimental Sjogren’s
syndrome (SS). OE-MSCs-Exos upregulated the arginase,
ROS and NO levels and thereby enhanced the immunosup-
pressive function of the MDSCs. In addition, the suppressive
effect of OE-MSC-Exos in SS progression were also proved
by the reduction of Thl and Th17 cell responses after the
adoptive transfer of OE-MSC-Exo-treated MDSCs.'*¢ The
EVs from induced pluripotent stem cells (iPSCs) derived
MSCs inhibits the interaction between salivary gland epithe-
lial cells and the immune cells, preventing the progression of
SS in an in vitro co culture system. Similar experiments in
a NOD mice model revealed that iPSC-MSC-EVs could
inhibit the lymphocytic infiltration and the production of
auto-antibodies in sub mandibular glands. These effects
could possibly be achieved by preventing the activation of
APCs and Tth cells in the sub mandibular glands by the
downregulation of ICOSL and CD40 and the significant
upregulation of IL10.'” Similarly, labial salivary gland MSCs
and the exosomes derived from these cells were shown to
have effect in ameliorating the inflammatory cell infiltration
and improving the salivary gland function in a Sjogrens
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Figure 2. Exosomes from stem cells provide a platform for lacrimal gland and ocular surface repair: Exosomes can be isolated from the supernatant of the stem
cell culture using ultracentrifugation and they undergo advanced characterization and quantification by electronical microscopy as well as nanoparticle tracking
analysis. The characterized exosomes could be explored for its therapeutic role in LG damage as well as the ocular surface repair.

syndrome mice model. Labial salivary gland MSC treatment
reduced the expression of inflammatory cytokines, IFN-y,
TNF-a, IL-6, and IL-17 and modulated the Treg cells and
Th17 cells in order to suppress the autoimmune responses.
Similarly, the treatment using both the MSCs and its exo-
somes were helpful in significant reduction of the rate of
apoptosis in the salivary gland cells."¥® MSCs and its exo-
somes have shown its potential in the restoration of salivary
gland function in order to maintain the tissue homeostasis.
However, the effect of MSC-exosomes in the functional res-
toration or regeneration of LGs are not much studied and
may have a potential in curing aqueous deficient dry eye
caused due to LG dysfunction.

The existing strategies for LG regeneration include usage
of adult precursor cells or MSCs within the LGs, using cul-
tured LG epithelial cells, differentiation of human induced
pluripotent stem cells and embryonic stem cells into LG
cells, development of transplantable organoids or spheroids,
using stem cell secretome and its components, etc.!*!>
Studies has proven that LG has significant regenerative
potential, and this could be due to the inherent stem or pro-
genitor cells within the mature human lacrimal glands.*3!>!
Lacrimal gland derived mesenchymal stem cell transplanta-
tion or administration of its secretome is also shown to
induce LG regeneration in mice models of LG dysfunc-
tion.>*%? Therapeutic administration of stem cell derived
exosomes could be a promising approach in the LG dysfunc-
tion as it may promote regeneration of the damaged LG tis-
sue (Figure 2). There are no studies till date exploring the
possibility of using exosomes as a treatment option for LG
dysfunction induced aqueous deficient dry eye disease.

Comparing the benefits of exosomes and secretome
treatment

Secretome is a broad term used for the secreted bioactive
molecules like soluble proteins, nucleic acids, lipids and the
extracellular vesicles from the donor cells. The secretome
comprises of two differentiated components; the primary
component that involves the secreted soluble factors and the
other part comprises of the EVs.1>? The soluble factors in the
secretome are proven to have anti-inflammatory agents,
growth factors, cytokines, and various enzymes that promote
cell proliferation and immunomodulation.’® These paracrine
factors present in secretome are well packed inside the extra-
cellular vesicles are known as exosomes or microvesicles.'>*
Similar to secretome, the EV fraction also has a rich cargo
within that includes various mRNAs, miRNA, soluble pro-
teins, lipids, etc that has potential roles in cell differentiation,
proliferation, immunoregulation and regeneration.'”'>” The
usage of secretome derivatives like conditioned medium and
the EVs are considered to be beneficial as they are cell-free
preparations and they could be produced readily without any
storage concerns.”® However, the isolated secretome and the
exosomes exhibit batch variability based on the cell source,
the pre-conditioning strategies, the growth conditions, and the
donor variations etc.!> Evidences from various studies proved
that the secretome from stem cells can induce regeneration of
injured or damaged tissues as effectively as the stem cells.!
The secretome comprises of paracrine factors that mediates
cell-cell communication in order to promote proliferation and
differentiation of the surrounding cells. Secretome is a pool of
components that has immunomodulatory, antifibrotic,



antiapoptotic, anti-inflammatory, and the proliferative proper-
ties.!%0-162 However, EVs or exosomes are considered to be a
concentrate of the secretome as they incorporate specific
secretome components within their exosomal cargo enabling
efficient remote communication and targeting. Similar to the
secretome, exosomes can impart their therapeutic effect just
by releasing its contents into the environment, even without
undergoing internalization into the target cells.!® Studies
prove that the bioactive component in both secretome and
exosomes are secreted stem cell products, which can be iden-
tified by the various proteomic approaches.

The conditioned medium from bone marrow derived MSCs
contained better therapeutic factors compared to fibroblast
conditioned medium and were effective in enhancing the
wound healing in a mice model of excisional wound healing.
BM-MSC conditioned medium effectively regulated the migra-
tion and proliferation of the keratinocytes and the endothelial
cells.!** Similarly, the treatment using human embryonic mes-
enchymal stem cell-derived conditioned medium reduced the
progression of chronic kidney disease (CKD) in the established
rat model of CKD. The conditioned media administration has
significantly increased the glomerular filtration rate and effec-
tive the renal plasma flow leading to better renal function in
the rat models.'®® The administration of MSCs and MSC
extracts (MSCE) were proven to be successful in protecting
the secretory function of both the lacrimal and salivary glands
in a NOD mice model of SS. These treatment strategies
demonstrated upregulation of distinct genes responsible for
proliferation, tissue regeneration, and tear/saliva secretion and
downregulated genes responsible for apoptosis.'®® With respect
to LG regeneration, the secretome from mice LG-derived
MSCs were shown to have beneficial effect in the cell viability
of ethanol-damaged LG epithelial cells in vitro. The STAT1
protein found within the LG MSC secretome was upregulated
under inflammatory conditions and have been shown to
improve the cell viability of the LG epithelial cells.®* Likewise,
identification of the active proteins, RNAs and factors respon-
sible for the therapeutic role of the secretome as well exo-
somes could be beneficial for better treatment of various
disease conditions. While acknowledging the positive roles of
secretome and exosomes, it is crucial to recognize that their
therapeutic impact predominantly stems from specific thera-
peutic factors present within them. Therefore, it is essential to
identify these components and understand the mechanisms
through which they exert their effects on damaged target cells.

In summary, research from diverse sources highlights the
therapeutic promise of both the secretome and exosomes in
treating various diseases. Both the secretome and exosomes
play pivotal roles in showcasing the functions of stem cells
and their mechanisms in diseased conditions. The secretome
encompasses a wide array of factors, while exosomes are iso-
lated components extracted from the overall secretome.
Currently, there is a lack of comparative studies assessing the
effectiveness of the secretome versus exosomes, making it
inconclusive to determine which exhibits superior therapeu-
tic efficiency. Identification and differentiation of EV with
exosomes also need to be further validated carefully with
international consent before it can be taken further for
translational applications.
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Conclusion and future challenges

Exosomes from different biological sources play various
roles in different physiological and pathological processes
in the human body. Based on function, exosomes especially
derived from immune cells may be developed into nano-
medicines or vaccines for patients with tumors. Currently,
there is no treatment for the aqueous deficient dry eye dis-
ease, caused due to LG dysfunction. Therefore, using
exosome-based therapies to aid LG repair or regeneration
would benefit many patients who are now receiving symp-
tomatic care in the clinics. Further studies on the exosome
cargo sorting mechanisms would provide more insights on
the molecular pathways and its role in LG regeneration and
repair. Understanding the pathways would help decipher
the specific therapeutic component in the exosomal cargo.
Usage of this specific components for therapies would be
more beneficial as it represents a potential tool for enriched
therapeutics rather than the crude cargo. Currently,
exosome-based therapies are still in its infancy as they are
in their early phase clinical trial and there are no specific
international guidelines for the production and clinical
transplantation of the exosomes. Hence, it is a pre-requisite
to define specific guidelines and safety standards prior to
the usage of exosomes in the treatment of patients with dry
eye disease.
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