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Therapeutic Efficacy and Mechanisms of Mesenchymal
Stem Cells and Their Exosomes in the Treatment of Ocular
Graft-Versus-Host Disease

Chenxi Ye, MD (Candidate), Shuwan Liu, MD, and Jing Hong, MD

Purpose: To provide a comprehensive overview of the clinical
manifestations, pathophysiology, and current treatments of ocular
graft-versus-host disease (0GVHD), and to explore the therapeutic
potential of mesenchymal stem cells (MSCs) and their exosomes
(MSC-Exos) as novel treatments.

Methods: A literature review was conducted using major databases
(PubMed, Web of Science, Scopus) to identify studies published
between 2000 and 2024. The focus was on clinical trials, case series,
and experimental studies related to oGVHD. Data were synthesized
to summarize current knowledge.

Results: oGVHD affects 40% to 60% of Hematopoietic Stem Cell
Transplantation recipients, causing symptoms such as dryness,
irritation, and vision impairment. Current treatments often fail to
provide long-term relief and may cause significant side effects.
MSCs and MSC-Exos offer a promising alternative because of their
immunosuppressive and regenerative properties. Preclinical and
clinical studies have demonstrated their safety and efficacy in
improving oGVHD symptoms and promoting corneal health.

Conclusions: MSCs and MSC-Exos show promise in treating
oGVHD, with potential to improve symptoms and promote tissue
repair. Further research is needed to establish their long-term safety
and efficacy.
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Hematopoietic Stem Cell Transplantation (HSCT) is an
established treatment for blood malignant tumors and
other life-threatening blood and genetic diseases. Graft-
versus-host disease (GVHD) is the primary obstacle to
successful allogeneic HSCT. This condition arises because
of immune dysregulation and inflammation-driven tissue
damage. It leads to fibrosis and organ dysfunction, pre-
dominantly affecting the skin, gastrointestinal tract, oral
mucosa, and eyes.! Unfortunately, the current treatment of
GVHD affecting various organs lacks specificity and relies on
inducing global immunosuppression. This approach leads to
a high nonrecurrence mortality secondary to infection and
increases the risk of blood cancer recurrence.?

Ocular GVHD (oGVHD) affects 40% to 60% of
patients receiving HSCT,> which is characterized by
a T-cell-mediated immune response that leads to immune
cell infiltration and inflammation of ocular structures.
oGVHD typically invades the anterior segment of the eye,
comprising of the lacrimal gland (LG), cornea, conjunctiva,
meibomian gland, resulting in dry eye disease, keratitis,
conjunctivitis, and other manifestations. The most common
symptoms of oGVHD are dryness, ocular irritation, red eye,
intermittent blurred vision, photophobia and ocular pain.
Although the changes in oGVHD have the potential to cause
severe visual impairment and a significant decrease in
patients’ quality of life, the diagnosis and treatment of
oGVHD remain challenging because of the unclear patho-
genic mechanisms leading to ocular surface deterioration.*>

CLASSIFICATION OF GVHD

In the past, GVHD was usually divided into acute or
chronic according to the time of onset. However, it is found
that the signs of acute and chronic GVHD (aGVHD and
cGVHD) do not occur in the time phase limited by the
standard but can be identified through pathological and
clinical manifestations. Therefore, NIH revised the current
consensus in 2005, that is, taking clinical manifestations as
the main basis, rather than the time of post-transplantation
symptoms, determines whether the clinical syndrome of
GVHD is acute or chronic.® In 2014, NIH further improved
the consensus, resulting in more use of clinical features rather
than the temporal relationship to the time of transplantation to
distinguish between aGVHD and cGVHD.

Acute oGVHD is triggered by damage to the recipient’s
ocular tissues and is exacerbated by the activation of donor
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T cells. Characteristic features include conjunctival hyper-
emia, macular rash around the eyes, ocular discomfort, and in
severe cases, corneal involvement.

Characteristic features of cGVHD include new-onset
dry, “gritty” or painful eyes, cicatricial conjunctivitis, Kera-
toconjunctivitis Sicca (KCS), and confluent areas of punctate
keratopathy. Other features include photophobia, periorbital
hyperpigmentation, and blepharitis (lid erythema and oedema
and lid margin telangiectasia).” However, it should be noted
that these standards cannot be distinguished from dry eye
disease, and there is also a lack of objective indicators to
assess the severity of eye cGVHD, which may lead to the
untimely treatment of eye GVHD and ultimately affect the
life quality of the patients.®

CLINICAL FEATURES AND PATHOPHYSIOLOGY
aGVHD

In ocular aGVHD, the cornea and conjunctiva are the
main affected parts. A study by Peking University Third
Hospital shows that classical acute oGVHD patients had
variable levels of conjunctival involvement but few had
keratopathy. The typical symptoms were increased mucus
secretion (100%), red eye (90.5%), and lacrimation (52.4%).°
The severity of eye symptoms is closely related to the whole
body; thus, it is meaningful to focus on these details. If the
patient has pseudomembrane formation or corneal epithelial
injury, it indicates that GVHD has a relatively serious
systemic involvement and the survival rate is reduced.

Patients with acute o GVHD do not present with typical
symptoms other than red eyes and increased secretions.
Therefore, most of them are usually diagnosed with common
conjunctivitis and treated with antibiotics, which makes the
differential diagnosis difficult. In addition, most of these
patients are systemically unwell, so the number of patients
who can attend the ophthalmic clinic is very small. As
a result, most previous research on oGVHD has been limited
to chronic oGVHD, and there is a lack of data on acute
oGVHD. Even the latest NIH diagnostic standards lack
detailed diagnostic criteria for aGVHD.

From the perspective of the pathophysiology of
aGVHD, inflammation triggers the body’s inherent immunity
and adaptive immunity, such as damage-related molecular
pattern molecules released by damaged cells or extracellular
matrix, and pathogen-related molecular pattern molecules of
bacteria, viruses, and fungi. The main influencing factors of
aGVHD are donor CD4" and CD8* T cells, which cause
tissue damage through the expression and release of Factor
Associated Suicide Ligands (FasLs), cyclic B, proforin, and
cytokines [such as tumor necrosis factor a (TNF-a)]. CD4*
T-cell activation, differentiation, and survival require 3
signals: (1) the interaction between T-cell receptor and
antigen presentation cells (APC) expressing the host’s main
tissue compatibility complex and/or host small tissue com-
patibility antigens; (2) positive costimulation signals (includ-
ing CD28, inducible T-cell costimulator (ICOS), CD40L,
0X40, 4-1BB); and (3) cytokines, such as interleukin (IL)-2,
IL-7, IL-15, and polarization T-assistant 1 (Thl), Th2, and
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Th17 cytokines. The regulatory mechanism mainly includes
regulatory T cells (Treg; CD4* CD25" FoxP3™"), including
type 1 regulatory T cells (Tregl) secreting IL-10, medullary
inhibitory cells and tolerated dendritic cells.!?

The development of aGVHD can be thought of as
a three-phase “cytokine storm” response leading to systemic
disease, including (1) activation of APCs; (2) activation,
proliferation, differentiation, and migration of donor T cells;
and (3) targeted tissue destruction. The first stage of the
conditioning program results in host tissue damage and the
release of inflammatory cytokines. Inflammatory cytokines
cause the activation of host antigen presenting cells (APC).
T cells activate to form the core of the graft-versus-host
reaction. The interaction between host APCs and donor
T cells leads to the proliferation and differentiation of
activated T cells. The proliferation is amplified by the signals
expressed during phase 1.!! APCs activate stage 2 mature
donor cells, which differentiate into cytotoxic T lymphocytes
and natural killer (NK) cells in phase 3.

The way to induce models, such as irradiation, may also
induce the release of cytokines elsewhere. This process is
called “cytokine storm,” which is considered to be the starting
point of aGVHD.

Immune cell activation leads to complex biochemical
cascades, which induces the transcription of many proteins,
including cytokines and their receptors. Preventing the
activation and proliferation of T cells has always been the
focus of GVHD treatment and prevention methods, including
cyclosporine, tacrolimus, and monoclonal antibodies.!?

cGVHD

The symptoms of cGVHD are quite similar to other
ocular immune-mediated inflammatory diseases. Eye symp-
toms include dry eye, irritation, photophobia, itching, viscos-
ity, foreign body sensation, burning, light sensitivity, pain,
redness, increased fibrous eye secretion, blurred vision,
etc.”13 Moreover, complications, including uveitis, glau-
coma, posterior scleritis, and optic edema, may also occur.

The involvement of lacrimal glands is the cause of
oGVHD tear deficiency, and dry eye disease (DED) or KCS
is the most characteristic of 69% to 77% of oGVHD cases.'*
Stromal fibroblasts with T-cell infiltration centers around the
periductal area of the LG, causing inflammation and fibrosis
reactions, results in the destruction of the tubuloalveolar
secretory units. '3

The pathogenesis of cGVHD comprises of the process
mentioned in the process of aGVHD. In other words, aGVHD
is the precursor of ¢cGVHD. aGVHD is characterized by
a rapid and intense immune response, primarily driven by
donor T cells reacting against recipient antigens. This initial
inflammatory cascade can set the stage for the development of
cGVHD if not adequately controlled. The transition from
aGVHD to cGVHD involves persistent immune activation
and tissue damage, leading to fibrosis and long-term organ
dysfunction.

cGVHD is characterized by a more prolonged and
complex immune response. Persistent inflammation leads to
tissue fibrosis, particularly in the skin, gastrointestinal tract,
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and ocular tissues. The involvement of B cells and autoan-
tibody production is also a hallmark of cGVHD. The
cytokines produced by activated T cells, such as IFN-y and
IL-17, amplify the immune effect through the expression of
adhesion molecules on the conjunctival blood vessels, result-
ing in eye surface damage. Effect memory Th17 cells help to
maintain the chronic immune response and recurrence process
of dry eye disease.'® Fibrosis is a characteristic pathological
change further caused by inflammation. To better understand
the differences between acute and chronic ocular GVHD,
Table 1 provides a detailed comparison of their clinical
features, pathophysiology, and prognosis.

TREATMENT

Current Treatment

The three-pronged treatment method is recognized as
the standard treatment of oGVHD. The local use of artificial
tears is the first-line treatment. Then, foment, lid scrubs, and
maintenance of lid hygiene are used as second-line treatment.
Finally, the inhibition of inflammation is the third and most
important step. In the complex subgroups of dry eye patients
associated with cGVHD, effective treatment is limited.!©

At present, the clinical treatment methods and princi-
ples are mainly as follows:

1. The first choice is artificial tears and autologous serum:
lubricate the eye surface, promote wound healing, and
dilute the inflammatory factors;

2. Glucocorticoid eye drops: inhibit capillary dilation,
reduce exudation and oedema, inhibit leucocyte infil-
tration and phagocytosis;

3. Immunosuppressive eye drops: calcium phosphatase
inhibitors, including cyclosporin A and tacrolimus.
Cyclosporin A: inhibits T-cell production and lowers
the number of conjunctival immune cytokines; in-
creases the number of conjunctival goblet cells and
promotes epithelial cell renewal. Tacrolimus: lowers the
expression of IL-2 and lymphatic factors and inhibits
the immune response mediated by T cells.!3

Despite the systemic immune response in GVHD,
autologous serum remains a preferred treatment option for

oGVHD because of its autologous nature, which minimizes
the risk of immune reactions. Heterologous serum can be
considered as an alternative when autologous serum is not
available or feasible, but careful monitoring for immune
reactions is necessary.

It is worth noting that the therapeutic drugs currently
used cannot effectively inhibit persistent eye inflammation,
nor can they completely prevent the damage of immune cell—
driven epithelial cells in the eyes of patients with oGVHD.
The mature eye protection mechanism ensures that they are
quickly removed from the anterior surface of the cornea,
limiting the eye penetration and treatment effect of the
drugs,!” resulting in the biological utilization of immune-
regulating eye drops, which is usually very low.

Fortunately, emerging therapeutic approaches include
the use of mesenchymal stem cells (MSCs) and their
exosomes (MSC-Exos), which offer immunomodulatory and
regenerative properties. In addition, senolytic therapies,
which target senescent cells to reduce inflammation and
promote tissue repair, are showing promise in preclinical
studies and ongoing clinical trials. These innovative treat-
ments hold potential for more targeted and effective manage-
ment of oGVHD. Detailed discussions on MSCs and MSC-
Exos will follow in subsequent sections.

Therapeutic Potential of MSCs

Mesenchymal stem cells (MSCs) are characterized by
immunomodulatory functions that confer benefits in many
human diseases, which can regulate the tissue microenviron-
ment and promote postinjury repair.!8

MSCs exist in almost all postnatal tissues, from
which they can be isolated, propagated in vitro, and used
in cell-based degenerative and inflammatory disease treat-
ment. For clinical use, MSC most often comes from bone
marrow (BM), umbilical cord, amniotic fluid, and adipose
tissue.!® MSCs from different sources have many common
characteristics but also show many phenotype and func-
tional differences.

Owing to their exceptional differentiation potential
and immunosuppressive properties, MSCs are regarded as
a highly promising therapeutic option in regenerative
ophthalmology.

TABLE 1. Comparison of aGVHD and cGVHD

Feature aGVHD

c¢GVHD

Clinical
manifestations

Skin: Erythema, macular rash

Liver: Hepatitis, elevated liver enzymes

Ocular: Conjunctival involvement, rare keratopathy

Pathophysiology Activation of donor T cells by damaged recipient tissues
Cytokine storm with TNF-a, IL-18, and IFN-y tissue damage by
cytotoxic T cells and NK cells
Prognosis High mortality rate if severe

Often reversible with intensive immunosuppression

Gastrointestinal: Nausea, vomiting, diarrhea

Skin: Lichenoid eruptions, scleroderma-like changes
Gastrointestinal: Dysphagia, malabsorption
Liver: Cholestatic hepatitis
Ocular: Dry eye, keratoconjunctivitis sicca, cicatricial conjunctivitis
Chronic inflammation leading to tissue fibrosis

Immune dysregulation with Th1/Th17 dominance B-cell
involvement and autoantibody production

Variable, can lead to long-term disability
Irreversible tissue damage in advanced cases

It provides a detailed comparison of these 2 forms. This table outlines the differences in clinical manifestations, pathophysiological mechanisms, and prognosis, highlighting the

unique features and challenges associated with each type of oGVHD.

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.
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MECHANISM OF MSC TREATMENT OF GVHD

MSCs are self-renewable adult stem cells that can
differentiate into corneal epithelial cells under specific culture
conditions. In addition, MSCs secrete a variety of growth
factors that support the viability of injured cells and produce
immunomodulatory proteins that regulate the phenotype and
function of immune cells involved in the development and
progression of GVHD.?° These mechanisms are illustrated in
more detail in Figure 1. MSCs have immunomodulatory
properties that do not interfere with the host’s protective
immune response.

Regulating the Immune System

1. Reducing the infiltration of T cells

Subconjunctival injection of human MSCs (hMSCs)
can protect the cornea from the invasion of o GVHD T cells.
In addition, the CD3" T cells in the cornea of the opposite eye
are also greatly reduced. This bilateral effect can be mediated
by the corneal nerve,?! which is closely related to the immune
system. However, in the experiment, htMSCs were not found
in the cornea, so the effect was not directly produced by
MSC.

2. Inducing the expansion of Treg

Several reports have shown that MSCs play a powerful
immunoregulatory role by inducing the expansion of potent
regulatory T cells. These regulatory T cells include
CD4"CD25" T cells and CD8" T-cell subsets such as
CD8"CD28~ and CD8* IL-10*, which can inhibit lympho-
cyte responses and prevent activation and effector function of
self-reactive T cells.??-23

3. Secretion of cytokines

MSC has its own immune regulatory system through
a specific cytokine pattern, which can mediate immune
tolerance. TGF-, NO, Indoleamine 2,3-dioxygenase (IDO),

FIGURE 1. Functions of MSC in oGVHD. MSCs can
regulate the immune system via regulating Th1/Th2
homeostasis, reducing the infiltration of NK cells and
CTLs, and inducing the expansion of Tregs. Besides,
MSCs perform tissue repair function by differentiat-
ing into corneal cells and secreting cytokines to
repair corneal cells and promote corneal trans-
parency. CTL, cytotoxic T lymphocyte; Tregs, regu-
latory T cell.
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PGE2, and IL-10 are involved in inhibiting the proliferation
of NK cells.>-?*2> Research by Roddy et al also shows that
injecting MSCs improves corneal damage through the
secretion of antiinflammatory proteins such as TSG-6.2°

TNF-a is a potent inflammatory cytokine. The study
found an increase in TNF-a in mice after radiation, and
decreased compared with the control group after subconjunc-
tival injection of hMSCs.?2! TNF-a participates in the
regulation of the increase of white blood cell infiltration
through the upregulation of selectins and endomucin down-
regulation in endothelial cells. The reduction of TNF-a
expression in the eyes treated with hMSCs may be a mech-
anism to reduce T-cell infiltration.?!

The imbalance of Thl and Th2 cytokines has been
proven to contribute to the progress of cGVHD. MSCs can
play a regulatory role in Thl and Th2 cytokine median
immunity through control, although the mechanism of MSCs
regulating Th1/Th2 homeostasis in patients with cGVHD is
not clear.?7-28.29

Restoration and Regeneration of Tissues

1. Proliferation and differentiation potential of stem cells

Stem cell mobilization, migration, and colonization can
be induced by injury and inflammation. These circulating
MSCs migrate to the site of corneal injury and engraft to
promote wound healing.?® Tt has the potential to differentiate
into corneal epithelial cells and can selectively migrate to the
corneal matrix, differentiating in different directions under the
induction of surrounding tissues.>® Adipose-derived mesen-
chymal stem cells (AD-MSCs) can differentiate into kerati-
nocytes when exposed to keratinocyte differentiation
medium. It shows that stem cells extracted from autologous
fat have significant potential in corneal tissue engineering.>!

2. Ability to repair and regenerate

The effect of MSC secretion factors on the function of
corneal matrix cells was investigated in an experimental
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study. The results demonstrate that MSC-conditional medium
significantly enhances the functionality of corneal matrix cells
in vitro, promoting cell survival by inhibiting apoptosis
induction. In addition, the release of epidermal growth factor
(EGF) by MSCs may contribute to repairing the corneal
epithelium and inhibiting oGVHD-induced corneal keratini-
zation. The downregulation of Pax6 may be involved in tissue
repair through increased cell proliferation.?!

3. Migration of cells

Enhanced wound closure mediated by MSC-conditional
medium is achieved through enhanced cellular mobility,
highlighting the crucial role played by paracrine MSCs in
supporting cell survival, migration within damaged corneal
matrices, and extracellular matrix (ECM) remodeling.3?

4. Promoting corneal transparency

Some studies have evaluated MSCs’ ability to improve
inflammation and promote corneal transparency after eye
injury. Interestingly, MSCs have the ability to cause angio-
genesis in other tissues, but they play the opposite role in the
cornea that they can prevent angiogenesis.?>® The antiinflam-
matory and antiangiogenic effects of MSC may be mediated
in part through paracrine pathways involving soluble factors
such as IL-10, TGF-betal, IL-6, and TSP-1.34

MCSs heal superficial eye damage through several
different mechanisms, such as replacing damaged cells,
secreting growth factors, or secreting extracellular matrix
proteins. These cells and their derivatives can reduce damage
by inhibiting inflammation, stimulating cell vitality, inducing
proliferation, and regulating the immune system. MSCs are of
great value in the treatment of corneal epithelial lesions. Of
course, it should be noted that their ability to heal depends
entirely on the direction in which they are used and how they
are guided.

Efficacy Evaluation

Based on the above findings, the results of several
experiments and clinical studies have proved the ability of
MSC to repair and regenerate injured corneal epithelia,
meibomian glands, and lacrimal glands, indicating their
therapeutic potential in the treatment of oGVHD.

In animal experiments, the therapeutic potential and
effectiveness of AD-MSC in the treatment of limbal stem cell
deficiency were found using a rat model. MSCs cultured on
fibrin gel and transplanted to the corneal surface of experi-
mental animals can repair the injured corneal epithelium.35-3¢
Perhaps because of the difficulty in model construction, there
are fewer animal experiments to treat oGVHD with MSCs.
An experimental result of GVHD mouse model showed that
the keratosis of the corneal epithelium was reduced?!' days
after the subconjunctival injection of MSCs, but there was no
significant difference in tear secretion. GVHD mouse model
did not find CD3" cells in the eyes after MSC treatment, and
the expression of Pax6 in the cornea decreased. The treatment
of mice with hMSCs by subconjunctival injection is effective
in reducing corneal inflammation and squamous metaplasia in
oGVHD.?!

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.

Allogeneic BM-derived mesenchymal stem cell trans-
plantation to the ocular surface has been proved safe and
effective. An experiment involving 22 patients with limbal
stem cell deficiency receiving ocular mesenchymal stem cell
transplantation showed that 57.1% dry eye improved.’’
Michael et al.® injected allogeneic AD-MSCs into the
lacrimal glands of 5 patients with aqueous-deficient dry eye,
results showed that tear secretion of the patients increased and
the wear of the tear film decreased.

Weng et al.?® conducted a clinical trial of MSC
treatment of oGVHD, with the participation of 22 patients
with cGVHD. Among them, 12 of them improved their
symptoms after treatment, and their ocular surface disease
index (OSDI) score, Schirmer experiment, and dry eye score
all improved than before. With the improvement of dry eye
symptoms, the proportion of CD8*CD28~ increased, and
there was no significant difference in the ratio of
CD4*CD25~. IL-2 and IFN-vy increased, and IL-4 and IL-
10 decreased.*° There was no significant change in the rest of
the patients.

Availability

MSC-based therapies have been extensively studied in
clinical trials for various conditions, including oGVHD.
Many of these trials have demonstrated promising results in
safety and efficacy. However, the widespread clinical use of
MSC:s is still limited because of regulatory requirements and
the need for further validation.!-?

Regulatory agencies such as the FDA and European
medicins agency (EMA) have approved some MSC-based
products for specific indications (eg, GVHD in other organ
systems). However, for ophthalmic use, especially in
oGVHD, approval is still pending in many regions.?%4!

Some MSC-based therapies are commercially available
in certain countries, particularly for conditions like severe
refractory GVHD. However, their use in ophthalmology is
still restricted to clinical trials or specialized centers.”

For commercially available MSC-based therapies, the
cost can be significant. For example, some MSC-based
treatments for GVHD can cost upward of $50,000 per course
of treatment.!!

The Emerging MSC-Exo Treatment

In recent years, many studies have suggested that the
immune interstitial function of MSC mainly comes from the
exocrine effect of MSC as the carrier. Exosomes, referred to
as MSC-Exos, with a diameter of 30 to 150 nm, is a tiny
membrane-binding vesicle secreted by MSCs. It is also
known as extracellular vesicles (EVs), which are released
into the extracellular environment after germination from the
plasma membrane, where it produces biological effects in the
form of paracrine and endocrine.?*

MSC-Exos are rich in bioactive molecules [messenger
RNA, microRNA (miRNA), cytokines, chemokines, immune
regulatory factors] from MSC, which regulate the phenotype,
function, and orientation of immune cells, as shown in
Figure 2. The miRNA in MSC-Exos has been proven to be
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integrated into specific receptor cells and play a pivotal role in
intercellular communication,?? thus continuously regulating
the function of cells. MSC-derived EVs express several
adhesion molecules (CD29, CD44 and CD73), enabling them
to enter injured and inflamed tissues. The membrane of MSC-
EV is rich in cholesterol, sphingolipid, ceramide, and lipid
raft protein; thus, it can cross the biological barrier, fuse the
membrane with the target cells, and transport MSC-EV
through the body. After reaching the target cells, MSC-EV
may trigger signal transmission through receptor—ligand
interaction or be internalized by fusion to transmit its
contents. The immunosuppressive effect caused by MSC-
EVs is similar to that observed after MSCs transplantation.?>
Therefore, these vesicles can transport genetic information,
proteins, and other MSC-derived bioactive materials from
their mother cells to receptor cells, thus promoting cell—cell
communication and affecting multiple biological functions.

Compared with MSCs, the outstanding advantages of
MSC-Exos are its nano-sized and lipid envelopes that make
them easy to transport and function and do not produce
immune rejection. As a cell-free product, MSC-Exos over-
come all security problems related to the long-term survival
of transplanted MSC. At the same time, the composition of
MSC-Exos can be regulated by in vitro pretreatment of
MSCs, which can produce disease-specific, MSC-based
immunosuppression products, which can be used as a new
direction for cell-free treatment of autoimmune and inflam-
matory diseases.>*#2

MSC exosomes have a variety of therapeutic properties,
including stimulating cell migration and extracellular matrix
synthesis, antiapoptosis, immunoregulation and antiinflam-
matory effects, and stimulating collagen deposition. MSC-
Exos can inhibit harmful immune responses in the eyes and
support the regeneration of damaged cornea, conjunctiva,
eyelid glands, and lacrimal glands. In the field of regenerative
medicine, MSC exosomes are regarded as a promising
therapeutic tool and are currently being evaluated in a number
of clinical studies.*3

It should be noted that the research on MSC exosomes
is still in the process of deepening and improvement, and
further research and exploration are needed to better under-

miR-204

miR-10a/b-5p

stand its biological characteristics and application potential.
Furthermore, although the experimental results clearly show
the therapeutic potential of MSC-EVs, there is still a lot of
clinical trial work to be done before MSC-EVs can be used as
a universal human therapy for the treatment of inflammatory
diseases.®?

MECHANISM OF MSC-EXO TREATMENT
OF GVHD

The exosomes secreted by MSC are identified as the
main executors to regulate the immune response, and their
cell-free advantages help them become promising alternatives
to MSC treatment.**

Core Regulatory Role of miRNA

1. Inhibiting cell apoptosis and enhancing cell vitality

MSC-Exos from all tissue sources are rich in miRNA
from MSC sources. These microRNAs can bind to RNA-
induced silencing complexes, thus inhibiting gene expression
in target cells. MSC-Exo-sourced miR-10a-5p and miR-10b-
5p can prevent the apoptosis of injured epithelial cells; miR-
191-5p promotes the cellular vitality of limbal stem cells.*>4>
Wang et al.*® proved that AT-MSC-Exos improve the vitality
of injured epithelial cells by inhibiting Caspase-1—driven
apoptosis.

2. Regulating and controlling the immune system

miR-204 is required for antixerophthalmic effect of
MSC-Exos. miR-204 reprograms M1 macrophages toward
M2 by targeting IL-6. The evidence linked exosomal miR-
204 to IL-6/IL-6R/Stat3 signaling.*” MSC-derived miR146a
lowers the level of interferon-y (IFN-vy) in Thl lymphocytes
to prevent harmful immune responses.*®

The miR-125b MSC-Exo affects the secretion of anti-
bodies in the plasma cells of patients with DED with Sjogren
syndrome by regulating the expression of the progesterone
receptor domain zinc finger protein 1 (PRDMI1) gene.*®

ADAM-9. ADAM-10

protein
NGF. BDNF

MMP-2. MMP-9

FIGURE 2. Structure and contents
of MSC-exos. MSC-Exos are tiny
membrane-binding vesicles secreted
by MSCs with a diameter of 30 to
150 nm. MSC-Exos are rich in bio-
active molecules (messenger RNA,
miRNA, cytokines, chemokines,
immune regulatory factors) from
MSC, which regulate the pheno-
type, function, and orientation of
immune cells.

miR-125b
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Therefore, MSC-Exos significantly reduce the percentage of
CD19°CD20~CD27*CD38" plasma cells that are active and
produce antibodies in the peripheral blood monocytes of these
patients and reduces the antibody-dependent damage of
lacrimal glands.*®

Immune Reactions

1. MSC-Exos reprogram ocular surface M1 macrophages
into M2 phenotype

The functions of activated macrophages are diverse and
plastic because of their heterogeneity and phenotypic
changes. M1 cells can produce inflammatory cytokines, such
as IL-1B, TNF-q, IL-6, etc., thus inducing inflammation and
tissue destruction. In contrast, M2 macrophages highly
express CD206 and Argl, producing antiinflammatory cyto-
kines, thus relieving inflammation and promoting wound
healing. Macrophages are considered “double-edged swords”
because of their phenotypic characteristics. Therefore, the
total inhibition of macrophages cannot effectively improve
tissue regeneration and repair. On the contrary, regulating the
polarization of macrophages from M1 to M2 has become the
current treatment idea for inflammatory diseases.>® The
suppression of M1 macrophages sheds new light on the
MSC-Exo therapeutic action.

2. Reducing inflammation

Wang et al conducted researches and proved that MSC-
Exos—mediated immunosuppression is the main reason for the
weakening of DED in BAC+MSC-Exo (BAC: Benzalkonium
Chloride) treatment mice. In addition, AT-MSC-Exos inhibit
the activation of the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammatory bodies and inhibits the
expression of IL-13 and IL-18 in LG infiltrating macro-
phages,*¢ thus significantly reducing eye inflammation and
weakening DED in experimental mice.

Eye drops from amniotic fluid—derived MSC exosomes
(AF-MSC-Exo0) contain IL-1Ra, insoluble tumor necrosis
factor receptor (STNFRI, sTNFRII), growth-regulated onco-
gene gamma (GRO-y), fatty acid-binding protein 1 and
platelet factor 4, which can inhibit IL-13 and TNF-a-driven
inflammation, while preventing the production of inflamma-
tory Thl and Thl7 cells, supporting tear stability, and
reducing eye epithelial damage in patients with inflammatory
eye disease.

Repair and Regeneration

AF-MSC-Exos are a rich source of proteins that
modulate neurodevelopment and lymphocyte activation [A
disintegrin and a metalloprotease (ADAM)-9, ADAM-10],
the repair and regeneration of injured tissues (MMP-2 and 9),
and are enriched in proteins that regulate oxidative stress
(peroxiredoxin —1,-2,-4,-6). It contains neurotrophent (NGF,
brain-derived growth factor), which can provide nutritional
support for injured neurons, promote axon regeneration, and
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play a pivotal role in the retina regeneration of patients’ eyes
in oGVHD.*

Efficacy Evaluation

Topical MSC-Exo therapy suppresses human refractory
GVHD-associated dry eye disease. MSC-Exos mediate ocular
surface repair and relief of corneal inflammation.#446.31

A clinical trial by Harrell et al*? studied the effective-
ness of human umbilical cord exosomes in the treatment of
refractory GVHD-related dry eyes. A total of 28 eyes of 14
patients with refractory GVHD-related dry eye disease did not
respond to external steroids, artificial tears, or even autolo-
gous serum. The results showed that after the treatment of
MSC-Exo eye drops, the corneal epithelial injury was
significantly improved, the secretion of tears increased, the
dry eye symptoms including tingling, burns, nodules, or
redness were relieved, and the quality of life was improved.
No significant effects on intraocular pressure have been
observed, and no MSC-Exo-related complications have been
reported in these patients. These observations show that
MSC-Exo eye drops are a safe, noninvasive, and efficient
cell-free treatment for patients with severe dry eye disease
related to GVHD.*® The results of the other clinical trial
showed that 131 patients with DED were observed: Local
drops of human AF-MSC-Exo source eye drops can effec-
tively relieve the symptoms of pain, dryness, roughness,
itching, pain, irritation, burning, watering, and eye fatigue.>!

Researches Wang et al*> show that eye drops from AF-
MSC-Exo improve the vitality of injured corneal epithelial cells
and relieve the symptoms caused by corneal damage. AF-MSC-
Exos could also promote the regeneration of damaged meibo-
mian glands and have a positive effect on their repair, as
demonstrated in a benzalkonium chloride—induced mouse dry
eye model. Furthermore, Xing et al,*® investigating the effects of
labial gland MSC-derived exosomes (LG-MSC-Exos) on pa-
tients with Sjogren syndrome, a condition similar to GVHD-
related dry eye, also obtained positive trial results.

Studies by Harrell et al*?, Zhou et al*®, Wang et al*®,
and Xing et al*® collectively demonstrate significant improve-
ments in corneal health, tear secretion, and overall symptoms,
with no major adverse effects reported. Currently, clinical
trials are underway, and it is anticipated that an increasing
number of studies will demonstrate that MSC-Exo treatment
is a safe, noninvasive, and effective cell-free treatment for
patients with severe dry eye related to GVHD.

Availability

The use of MSC-Exos is relatively newer and is still
primarily in the research and early clinical trial stages.
Although preclinical studies and some early-phase clinical
trials have shown potential benefits, broader clinical applica-
tion is still under development. Regulatory approval for
MSC-Exos is even more limited. If MSC-Exos become
commercially available, the costs are expected to be high
because of the complex manufacturing processes and regula-
tory requirements.>?
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DISCUSSION

The exosomes are natural components of the human
body. They are recognized as safe, nontoxic, and low
immunogenic. They have become the ideal carrier and goods
for drug delivery. On the one hand, the phospholipid bilayer
structure allows it to pass through the cell membrane. On the
other hand, they are safe and effective.

At present, most patients with dry eye disease use
artificial tears to relieve symptoms, but they cannot relieve
them for a long time. Some of them have a certain curative
effect after using steroids or nonsteroidal antiinflammatory
eye drops, but they gradually show drug resistance. More-
over, long-term use of steroids will increase the risk of side
effects. By contrast, MSC-Exo maintains the curative effect
by inhibiting inflammation and maintaining eye homeostasis,
avoiding many problems of traditional treatments. Although
brief eye irritation was reported shortly after the patient’s
medication was reported during the trial, no related systemic
complications were reported.*’

Although seeing hope, the application of Exos also face
plentiful challenges. First of all, it is important to note that the
content and, therefore, therapeutic potential of MSC-Exos is
dependent on the tissue origin of their parental cells, namely
MSCs. In view of the heterogeneity of cells, choosing the
right source of stem cells is the first priority for stem cell
treatment. From the current comprehensive perspective, in
MSC, AD-MSCs are better choices for the treatment of
corneal patients: (1) The potential for using corneal stem cells
in the treatment of corneal conditions is severely constrained.
(2) Obtaining BM MSCs necessitates an invasive surgical
procedure. (3) The utilization of embryonic stem cells is
subject to ethical considerations. In conclusion, the applica-
tion prospect of AD-MSC obtained by minimally invasive
methods is more promising than that of other sources.>?

Second, stem cell treatment is still irregular. The main
problem is cell heterogeneity, and stem cells of different
origins lead to different results. Different dosage, separation,
and culture methods will also lead to different results. For
example, BM-MSCs secrete 1L-6, IL-7, IL-8, and other
cytokines have low levels. Conversely, they can secrete more
TGFB1, vascular endothelial growth factor, etc., showing
stronger antiinflammatory properties, especially under hyp-
oxia conditions, and can also secrete angiogenesis and
antiapoptosis factors.?> Besides, point often overlooked is
that the physiological characteristics of individuals are also
one of the factors affecting the curative effect. One example is
that the proliferation and differentiation of MSCs in obese
individuals are significantly impaired.>3

Last but not least, given the immunomodulatory
characteristics of MSC-Exos, long-term use of MSC-Exos
may increase the risk of side effects similar to steroids or
immunosuppressive drugs, such as infection, glaucoma, or
cataracts. The long-term efficacy and safety of MSC-Exo eye
drops are also important and need to be evaluated in further
investigation.>3

A study*® shows that the dose of MSCs and the number
of treatments were determined based on the individual
response of each patient to the treatment with MSCs. No
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significant correlation was found between the total dose and
the improvement in dry eye symptoms, indicating that the
improvement in dry eye symptoms was not accompanied by
an increase in the dose of MSCs. Further tracking studies are
required to identify the optimal dose and the number of
treatments necessary to demonstrate a clinical improvement.

On the other hand, the availability and cost of MSC and
MSC-Exo treatments for human use, particularly in ophthal-
mology, are still evolving. Although MSC-based therapies are
more advanced in clinical development and regulatory
approval, their use remains limited and expensive. MSC-
Exos, although promising, are still in the research and early
clinical trial stages, with significant costs associated with their
development and potential future commercialization.

By and large, it is necessary to make reasonable choices
based on specific situations in clinical practice. With the
emergence of more comprehensive and specific properties of
stem cells and exosomes, we can try to combine the
physiological and pathological characteristics of patients,
formulate personalized treatment plans, and standardize the
implementation of treatment methods in the future. Mean-
while, early diagnosis and intervention are indispensable for
improving the prognosis of diseases. Hence, an interdisci-
plinary, multimodel and separate treatment plan is required
for effective patient management.

CONCLUSION

oGVHD is a common disease after allo-HSCT. The
damage to the patient’s eyes is devastating, which seriously
reduces the quality of life. However, because of the complex
pathological mechanism and multiple clinical manifestations
of ocular GVHD, there is still not enough satisfactory and
effective prevention and treatment. MSCs are regarded as
a potentially novel therapeutic agent in ophthalmology
because of their extensive differentiation potential and
immunosuppressive characteristics. EVs, or exosomes,
derived from MSCs (MSC-Exos) are a type of cell-free
therapeutic agent that contain a range of growth factors and
immunoregulatory proteins derived from the MSCs them-
selves. As cell-free agents, MSC-Exos address all safety
concerns related to the transplantation of their parental cells,
including the risk of unwanted differentiation and the
exacerbation of intraocular inflammation. Furthermore, ex-
periments have successfully demonstrated its safety and
effectiveness, bringing hope to patients with oGVHD. In
the future, more research will be needed to explore the
effectiveness and safety of MSC-Exo. It is hoped that MSC-
Exo treatment will be improved and put into clinical use as
soon as possible.
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