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Abstract: The corneal functions (transparency, refractivity and mechanical strength) deteriorate in
many corneal diseases but can be restored after corneal transplantation (penetrating and lamellar
keratoplasties). However, the global shortage of transplantable donor corneas remains significant
and patients are subject to life-long risk of immune response and graft rejection. Various studies have
shown the differentiation of multipotent mesenchymal stem cells (MSCs) into various corneal cell
types. With the unique properties of immunomodulation, anti-angiogenesis and anti-inflammation,
they offer the advantages in corneal reconstruction. These effects are widely mediated by MSC
differentiation and paracrine signaling via exosomes. Besides the cell-free nature of exosomes
in circumventing the problems of cell-fate control and tumorigenesis, the vesicle content can be
genetically modified for optimal therapeutic affinity. The pharmacology and toxicology, xeno-free
processing with sustained delivery, scale-up production in compliant to Good Manufacturing Practice
regulations, and cost-effectiveness are the current foci of research. Routes of administration via
injection, topical and/or engineered bioscaffolds are also explored for its applicability in treating
corneal diseases.

Keywords: mesenchymal stem cells; exosomes; inflammation; angiogenesis; immunomodulation;
corneal regeneration

1. Introduction

The human adult cornea is about 550 µm thick, comprising of five layers. The outermost layer is
the corneal epithelium, followed by the Bowman’s membrane, corneal stroma, Descemet’s membrane
and the innermost corneal endothelium (Figure 1) [1]. The cornea serves three functions: (1) as a
mechanical and chemical barrier protecting inner ocular tissue, (2) as a transparent medium to allow
light transmission and (3) light refraction (it provides about 70% of the eye’s refractive power) [2].
Light passes through the cornea and reaches the retina for transduction into neural impulses. Hence
the clarity of cornea enables uninterrupted passage of light to the retina.
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life. Corneal diseases are a leading cause of visual loss, affecting more than 10 million people. This can 
be caused by several clinical conditions, including traumatic injury, chemical burns (acid and alkali 
injury), infections, iatrogenic causes, i.e., limbal stem cell deficiency, age-related degeneration, and 
corneal dystrophies (Figure 1). All of these conditions can cause defective changes to the cellular and 
structural components of the cornea [4]. The formation of corneal scars, haze and opacities, as well as 
corneal edema compromises corneal functions, causing visual deterioration. However, the majority of 
corneal blindness is preventable, if treated in a timely way. Many patients in under-developed and 
developing countries have poor access to healthcare and these diseases are often left untreated. The 
current treatment option of corneal blindness is corneal transplantation, to replace the damaged 
cornea with a healthy donor cornea (Figure 1). Despite the significant advances in corneal surgery over 
the past decade, there are issues related to the availability of donor tissue, limited allograft survival, 
long-term use of immunosuppressants and the need for surgical expertise [5,6]. Many patients do not 
have access to corneal transplantation due to high surgical and rehabilitation costs. These represent 
significant financial and logistic burdens, particularly in view of our aging population. It has been 
estimated that the direct annual health cost due to corneal blindness is more than US$11,000 per 
person in 2010 in developed countries (data from Canadian Blood Service 2010 Cost Benefit Analysis: 
Corneal Transplantation; https://blood.ca/sites/default/files/otdt-indx-final-c2a.pdf). Unfortunately, no 
cost estimate can be made for the developing countries, but the socio-economic burden is expected to 
be higher.  

 
Figure 1. Overview of human cornea and its pathological opacification. Transparent cornea is 
composed of corneal epithelium, Bowman’s membrane, corneal stroma, Descemet’s membrane and 
corneal endothelium. Corneal pathologies (e.g., infection, ulcer, injuries) lead to corneal opacification, 
which is conventionally treated by surgical removal and donor corneal transplantation (penetrating 
and lamellar keratoplasties). 

Figure 1. Overview of human cornea and its pathological opacification. Transparent cornea is
composed of corneal epithelium, Bowman’s membrane, corneal stroma, Descemet’s membrane and
corneal endothelium. Corneal pathologies (e.g., infection, ulcer, injuries) lead to corneal opacification,
which is conventionally treated by surgical removal and donor corneal transplantation (penetrating
and lamellar keratoplasties).

Loss of vision is a global burden. The number of visually impaired people of all ages is estimated
to be 285 million worldwide, with 39 million blind (Global Data on Visual Impairment 2010, World
Health Organization) [3]. These patients lose their independence and usually have a poor quality of
life. Corneal diseases are a leading cause of visual loss, affecting more than 10 million people. This
can be caused by several clinical conditions, including traumatic injury, chemical burns (acid and
alkali injury), infections, iatrogenic causes, i.e., limbal stem cell deficiency, age-related degeneration,
and corneal dystrophies (Figure 1). All of these conditions can cause defective changes to the cellular
and structural components of the cornea [4]. The formation of corneal scars, haze and opacities, as well
as corneal edema compromises corneal functions, causing visual deterioration. However, the majority
of corneal blindness is preventable, if treated in a timely way. Many patients in under-developed
and developing countries have poor access to healthcare and these diseases are often left untreated.
The current treatment option of corneal blindness is corneal transplantation, to replace the damaged
cornea with a healthy donor cornea (Figure 1). Despite the significant advances in corneal surgery over
the past decade, there are issues related to the availability of donor tissue, limited allograft survival,
long-term use of immunosuppressants and the need for surgical expertise [5,6]. Many patients do not
have access to corneal transplantation due to high surgical and rehabilitation costs. These represent
significant financial and logistic burdens, particularly in view of our aging population. It has been
estimated that the direct annual health cost due to corneal blindness is more than US$11,000 per person
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in 2010 in developed countries (data from Canadian Blood Service 2010 Cost Benefit Analysis: Corneal
Transplantation; https://blood.ca/sites/default/files/otdt-indx-final-c2a.pdf). Unfortunately, no cost
estimate can be made for the developing countries, but the socio-economic burden is expected to
be higher.

Corneal transplantation is the most frequent type of transplantation worldwide and about
180,000 corneal transplants are performed annually [7]. Although the total number of donated eye
globes/corneas has been increasing in recent years (there was a rise of 5.2% in 2013 compared to 2012,
Eye Bank Association of America), the demand always outstrips the availability of transplantable
donor tissue [6]. The global population is expected to rise by 113% in 2030 (and 122% by 2050) and
life expectancy will increase at 0.07% annual rate (data from Department of Economic and Social
Affairs, UN; https://www.who.int/blindness/data_maps/VIFACTSHEETGLODAT2010full.pdf). As the
population lives longer, the demand for corneal transplants will undoubtedly increase, particularly
if there is no disruptive treatment technology. This problem will be further exacerbated by the
increased global prevalence of diabetes and systemic diseases, which can contribute to increased graft
rejection and failure. Hence, alternative solutions, such as regenerative cell-based therapy, should be
explored [8].

The cornea is an ideal organ for regenerative cell therapy, due to its immune-privilege and
avascular nature [9]. The transplanted cells are not as likely to be rejected as in other tissues or organs.
Mesenchymal stem cells (MSCs) with regenerative and differentiation capabilities have received much
attention among ophthalmologists and visual scientists as an alternative modality in the management
of corneal diseases. The paracrine effect of MSCs, mediated by exosomes, has also been suggested for
their therapeutic effect. The cell-free nature of exosomes has gained particular interest with respect to
its safety.

2. Mesenchymal Stem Cells (MSCs)

MSCs are a population of proliferative and multipotent stem cells present in various tissues
throughout development. Human fetal MSCs have been found in different fetal tissues, including
first-trimester blood and bone marrow [10], or from extraembryonic tissues (placenta, umbilical cord
and amniotic fluid) [11]. In adult tissues, MSCs have been isolated from bone marrow, peripheral
blood, adipose tissue, dermis, synovium, periosteum, cartilage, skeletal muscle, fallopian tubes,
menstrual blood, gingiva and dental tissue, as well as in the eye (such as corneal stroma and trabecular
meshwork) [8,12,13]. In general, fetal MSCs contain more primitive phenotypes than those from adult
tissues, such as longer and more active telomeres and greater propagation capacity [14]. However, they
often require vigorous ex vivo expansion in order to achieve sufficient numbers for therapeutic use and
this can lead to replicative senescence and functional decline [15]. Hence, in vitro protocols have been
developed to derive MSCs from human pluripotent stem cells, including embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) [16,17]. A summary of MSC sources is shown in Figure 2.
According to the criteria proposed by The International Society for Cellular Therapy (ISCT), MSCs can
be enriched via their plastic adherence, cell surface expression of CD73 (5’-nucleotidase), CD90 (Thy1)
and CD105 (endoglin); and negative detection of CD34, CD45, HLA-DR, CD14 and CD11b (integrin αM
chain) expression [18]. MSCs also exhibit differentiation potential into various types of mesenchymal
lineages, such as osteoblasts, adipocytes and chondrocytes, both in vitro under defined conditions and
in vivo [19]. They possess the ability to proliferate and migrate to the injury sites, and promote wound
healing by secreting anti-inflammatory and growth factors [20]. They also interact with innate and
acquired immune cells and modulate immune response via paracrine action [21,22].

https://blood.ca/sites/default/files/otdt-indx-final-c2a.pdf
https://www.who.int/blindness/data_maps/VIFACTSHEETGLODAT2010full.pdf
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Figure 2. Major MSC sources in human tissues. MSCs can be harvested from (1) fetal / neonatal 
birth-associated tissues, including placenta (amnion, chorion, decidua), umbilical cord and cord blood; 
(2) adult tissues, including the rich source of bone marrow, peripheral blood, adipose tissue and 
limited source from hair follicle, dental tissue, skeletal muscle, etc.; and (3) in vitro conversion from 
pluripotent cells. 

However, differences have been identified among MSCs from various tissues. In terms of 
phenotypic markers, bone marrow and adipose MSCs were found to express CD13, 73, 90, 105 and 
STRO-1, but had different expression of CD34, 49d, 54 and 106 [23,24]. Besides the different tissue 
origin, the phenotypic variation could also be attributed to the different isolation methods and 
propagation media and conditions. MSCs obtained from birth-related tissues, including placenta, 
amnion, umbilical cord and cord blood have greater proliferative and engraftment capacity as well as 
differentiation potential than MSCs from adult tissues, such as bone marrow [25,26]. Within the 
umbilical cord tissue, MSCs isolated from whole umbilical cord, from Wharton’s jelly or from cord 
blood revealed different proteomic profiles, and the umbilical cord MSCs displayed better 
differentiation for musculoskeletal tissue engineering [27,28]. In addition, MSCs from umbilical cord 
exhibited higher proliferation capacity than from bone marrow [29]. Adult adipose MSCs also 
displayed variations with regards to different origins [30]. MSC from subcutaneous fat tissue 
proliferated faster than those from the omental region [31]. Early senescence of bone marrow MSCs 
was also detected while adipose MSCs displayed the associated signs at later passages [32].   

3. MSC Mobilization, Migration and Homing in Corneal Changes 

Stem cell mobilization, migration and colonization can be induced by injury and inflammation 
[20,33]. Upon corneal injury, such as trauma and infection, the endogenous bone marrow MSCs are 
triggered by specific chemo-attractants to mobilize into the peripheral blood. These circulating MSCs 
migrate to the injury site in the cornea and engraft to promote wound healing [34]. Ye et al. reported 
the migration and engraftment of intravenously administered bone marrow MSCs in the injured 
corneal tissue of a murine alkali-burn model [35]. Among chemokines, SDF-1 and substance P have 
been shown to regulate MSC mobilization and recruitment to the cornea [34]. Moreover, selectin and 

Figure 2. Major MSC sources in human tissues. MSCs can be harvested from (1) fetal/neonatal
birth-associated tissues, including placenta (amnion, chorion, decidua), umbilical cord and cord blood;
(2) adult tissues, including the rich source of bone marrow, peripheral blood, adipose tissue and
limited source from hair follicle, dental tissue, skeletal muscle, etc.; and (3) in vitro conversion from
pluripotent cells.

However, differences have been identified among MSCs from various tissues. In terms of
phenotypic markers, bone marrow and adipose MSCs were found to express CD13, 73, 90, 105 and
STRO-1, but had different expression of CD34, 49d, 54 and 106 [23,24]. Besides the different tissue origin,
the phenotypic variation could also be attributed to the different isolation methods and propagation
media and conditions. MSCs obtained from birth-related tissues, including placenta, amnion, umbilical
cord and cord blood have greater proliferative and engraftment capacity as well as differentiation
potential than MSCs from adult tissues, such as bone marrow [25,26]. Within the umbilical cord tissue,
MSCs isolated from whole umbilical cord, from Wharton’s jelly or from cord blood revealed different
proteomic profiles, and the umbilical cord MSCs displayed better differentiation for musculoskeletal
tissue engineering [27,28]. In addition, MSCs from umbilical cord exhibited higher proliferation
capacity than from bone marrow [29]. Adult adipose MSCs also displayed variations with regards
to different origins [30]. MSC from subcutaneous fat tissue proliferated faster than those from the
omental region [31]. Early senescence of bone marrow MSCs was also detected while adipose MSCs
displayed the associated signs at later passages [32].

3. MSC Mobilization, Migration and Homing in Corneal Changes

Stem cell mobilization, migration and colonization can be induced by injury and
inflammation [20,33]. Upon corneal injury, such as trauma and infection, the endogenous bone
marrow MSCs are triggered by specific chemo-attractants to mobilize into the peripheral blood.
These circulating MSCs migrate to the injury site in the cornea and engraft to promote wound
healing [34]. Ye et al. reported the migration and engraftment of intravenously administered bone
marrow MSCs in the injured corneal tissue of a murine alkali-burn model [35]. Among chemokines,
SDF-1 and substance P have been shown to regulate MSC mobilization and recruitment to the cornea [34].
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Moreover, selectin and integrin-mediated leukocyte-like cell adhesion, transmigration and passive
entrapment, are potent mechanisms through which MSCs home to tissues [36]. However, the efficiency
of MSC homing and engraftment is generally low, owing to the first-pass retention in the lung, liver,
kidneys and spleen after systemic administration [33,37]. Much effort has been made to improve
MSC migration to target ocular tissues. Administering MSCs through sub-conjunctival injection
and co-transplantation on amnion have been shown to improve the local concentrations of MSCs in
injured corneal tissue [38–41]. This potentiates the MSC effect and reduces the application dosage.
However, MSC migration and homing seem not necessary for the treatment to take effect. Roddy et al.
demonstrated that systemically administered MSCs released TSG-6 (tumor necrosis factor-stimulated
gene/protein 6) to reduce corneal inflammatory damage without MSC engraftment [42]. Similarly,
the distal effects of MSC have been shown to decrease post-myocardial infarction inflammation and
improve cardiac function, through TSG-6 secretion from MSCs embolized in the lung after intravenous
delivery [43].

4. MSCs in Corneal Regeneration

The therapeutic effect of MSCs in regenerative corneal therapy can be attributed to the direct cell
replacement [36] and also by secreting soluble factors to regulate tissue wound repair, inflammation,
angiogenesis and immune response [21,44] (Figure 3, Table 1).
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(MSC-Exo) is gaining importance. The cultivated healthy cells can be delivered to patients either by 
direct cell injection or by seeding them on carrier scaffolds followed by transplantation to restore 
corneal functions. 

Figure 3. Different approaches of corneal regenerative medicine. Various clinical conditions, including
infections, inflammation, traumatic and chemical injuries, age-related degenerations, genetic disorders
and corneal dystrophies, can compromise corneal functions by depleting and/or damaging different
corneal cells, leading to visual deterioration. Corneal regenerative therapy by primary cell cultivation,
transdifferentiation of non-ocular cell sources, and through mesenchymal stem cell-derived exosomes
(MSC-Exo) is gaining importance. The cultivated healthy cells can be delivered to patients either by
direct cell injection or by seeding them on carrier scaffolds followed by transplantation to restore
corneal functions.
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4.1. Corneal Epithelial Regeneration

The corneal epithelium covers the outermost part of the cornea and consists of 5–7 layers of
stratified squamous non-keratinized cells. A healthy epithelium is maintained by a population of
epithelial stem cells harbored in the limbal palisades of Vogt [45,46]. A breach in the integrity of
the corneal epithelium (caused by physical abrasion/trauma, infection, limbal stem cell deficiency,
etc.) causes persistent epithelial defects, corneal ulcer inflammation, neovascularization and opacities,
leading to corneal blindness [45].

MSCs have been shown to possess the capacity to transdifferentiate into epithelial cells and lineage
derived from the neuroectoderm (including astrocytes and neurons) [21]. Mesenchymal-epithelial
transition (MET), as well as its counterpart epithelial-mesenchymal transition, play essential roles in
tissue re-modelling, organogenesis and tissue repair in human and animal models [47–49]. Various
mechanical and environmental cues can initiate and propagate MET, from which the mesenchymal
cells acquire epithelial properties, including apical-basal polarity, expression of epithelial genes
(E-cadherin—a MET hallmark gene—and cytokeratins) and the formation of adherens and tight
junctions [47]. In vitro, rabbit bone marrow MSCs co-cultured with rabbit limbal stem cells and/or
conditioned media, attained epithelial-like polygonal and cobblestone morphology, and the resultant
cells expressed corneal epithelium-specific cytokeratin 3 (CK3) [50]. Rat bone marrow MSCs in
co-culture with rat corneal stromal cells resulted in trans-differentiation into epithelial-like cells with
CK12 expression [38]. Moreover, human adipose MSCs grown in conditioned media of corneal epithelial
cell culture showed up-regulated CK3 and CK12 expression, and the cells appeared epithelial-like [51].
However, in vivo studies of MET are mostly inconclusive. Transplantation of human bone marrow
MSCs tissue-engineered on human amnion onto chemically injured rat corneas did not show any
CK3-expressing human cells [52]. The application of rabbit bone marrow MSCs, mixed in fibrin gel
to rabbit corneal surface injured by alkali-burn, showed epithelial healing and CK3 expression [50].
However, this result was controversial, since both the transplanted cells and the recipient tissues were
of rabbit origin, and no cell labelling was included in the experiment.

The use of small molecule chemicals has gained much attention recently to initiate and alter the
cellular changes between mesenchymal and epithelial phenotypes, and to regulate cell fate as well
as to facilitate target gene reprogramming [53,54]. We reported a MET protocol antagonizing GSK3
(glycogen synthase kinase 3) and TGFβ (transforming growth factor β) pathways (using a combination
of valproic acid, A-83-01, CHIR99021, RepSox, tranylcypromine and all-trans retinoic acid) to generate
corneal epithelial progenitors (MET-Epi) from human adipose MSCs [55]. These small molecules
are cell permeable, non-immunogenic, dose-modifiable, cost-effective and easy to be standardized.
These adipose MSC-derived epithelial progenitors expressed E-cadherin, occludin and cytokeratins
with the suppression of N-cadherin, indicating MET progression. In vivo transplantation of these
progenitors engineered on fibrin gel to rat corneal surface after alkali injury (mimicking total limbal
stem cell deficiency) improved corneal transparency and surface stability with the formation of a
multilayered epithelium over the injured corneal surface and elevated expression of human EpCAM
(epithelial cell adhesion molecule), CK3 and 12 (manuscript in preparation). The sham group consisted
of adipose-derived MSCs engineered on a fibrin gel, did not show human CK3/12 expression and had
less reduction of corneal haze. Hence, MSCs could be an alternative tissue-engineered cell source for
treating corneal epithelial defects and reconstructing the ocular surface.

Cultivated limbal epithelial transplantation (CLET), on a carrier, such as amniotic membrane
or fibrin gel, is a surgical alternative for corneal epithelial failure, due to extensive limbal stem
cell deficiency [56,57]. This new procedure using ex vivo propagation of autologous or allogeneic
epithelial stem cells from a small limbal biopsy has a theoretical advantage over conventional limbal
transplantation in stabilizing the ocular surface [58]. The possibility of MSC therapy to achieve similar
therapeutic outcomes as CLET has been demonstrated recently. Calonge et al. compared allogeneic
bone marrow MSC transplantation with allogeneic CLET and found that both were safe and restored
corneal epithelia from LSCD over a one-year post-treatment follow-up [59]. Central corneal epithelial
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healing was observed in 71.4% of cases after MSC transplants (n = 17) and in 66.7% of cases after
CLET (n = 11). This encouraging result has demonstrated MSC therapy as a potential treatment for
corneal epithelial injury. However, further studies are needed to support the clinical efficacy, safety
and long-term stability of this treatment.

4.2. Corneal Stromal Regeneration

The corneal stroma is the thickest corneal layer (~90% of corneal thickness) and is composed
of specialized extracellular matrix (ECM) components and collagen fibrils, organized in the form of
flattened lamellae running orthogonally to each other. Corneal stromal keratocytes (CSKs) located
between the collagenous lamellae are generally quiescent [60]. The regulated spacing and packaging
of collagen fibrils in the corneal stroma, along with the peculiar composition of keratan sulfate
proteoglycans (keratocan, lumican, mimecan and decorin), stromal crystallins (aldehyde dehydrogenase
1A1 and 3A1, and transketolase) and ECM proteins (such as collagen I and V), play essential roles in
maintaining corneal transparency, biomechanics, and integrity [60]. Corneal insults (trauma/disease)
cause the death of CSK at the injured site, resulting in reduced proteoglycan synthesis, increased
glycation of collagen molecules as well as the breakdown of collagen fibrils. The surviving CSKs near
the injury site are activated to become repair-type stromal fibroblasts to aid stromal wound healing.
Some fibroblasts even transform into highly contractile myofibroblasts under the synergistic effect of
serum and cytokines (such as TGFβ and platelet-derived growth factor, PDGF), eventually generating
corneal haze/opacities and scar formation. The presence of dense opacities and persisting scars can
interfere with the passage of light, resulting in visual impairment and even blindness.

There have been reports on the differentiation of bone marrow and umbilical cord lining MSCs
into keratocyte-like cells and these papers have shown the potential of MSCs in restoring corneal
stromal clarity [61–63]. Lumican knockout (Lum-/-) mouse model can mimic congenital corneal diseases,
involving stromal opacities, secondary to the distorted arrangement of collagen fibrils [64]. Intrastromal
injection of human umbilical cord lining MSCs has been shown to rescue defective collagen phenotype
and restored corneal thickness and transparency with the transplanted cells assuming CSK phenotype
(expression of keratan sulfate-keratocan and lumican) [61]. In addition, the injected cells suppressed
inflammatory reaction, as evidenced by minimal leukocyte and macrophage infiltration, and this could
promote cell survival with reduced risk of rejection. Likewise, human MSCs from bone marrow, adipose
tissue and limbal stroma showed elevated CSK gene expression at both RNA and protein levels when
cultured in keratocyte differentiation condition (supplementation of TGFβ3, bFGF and ascorbic acid),
respectively [63,65–67]. The transplantation of rabbit adipose MSCs grown on polylactic-co-glycolic
acid bioscaffold repaired the mechanically induced corneal stromal defects, without triggering corneal
neovascularization and induced the expression of ALDH1A1 and keratocan [68].

Corneal stromal stem cells (CSSCs) from limbal stroma display similar properties as MSC with
positive expression of Pax6 and MSC markers CD73 and CD90 [69,70]. They have been shown to
possess the capability to regenerate transparent stromal tissue, suppress corneal inflammation and
reduce scarring by mediating neutrophil infiltration after wounding [69,71,72]. CSSCs can differentiate
into CSKs, with the deposition of native stroma-like ECM, when cultured in serum-free condition
supplemented with bFGF and TGFβ3, indicating their capacity for stromal regeneration [71,73].
Intrastromal injection of human CSSCs to corneas of lumican-null mouse restored the collagen fibril
defects and stromal thickness, leading to a recovery of corneal transparency [69]. Currently, a clinical
trial with transplanting cultivated allogenic limbal stromal stem cells, as a treatment for patients with
unilateral superficial corneal scars, secondary to bacterial/fungal keratitis or trauma is ongoing in L.V.
Prasad Eye Institute, India (National Clinical Trial NCT #03295292). Since cryopreserved CSSCs remain
viable and retain various marker expression (including CD73, CD90, CD105, STRO1, and CD166) and
potency of differentiation, they serve as an alternative tool for stromal cell replacement in treating
corneal opacities [72,74].
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Dental MSCs have also received much attention in regenerative medicine due to their easy
accessibility, high plasticity and minimal ethical issues [75,76]. Among the known dental stem cells,
periodontal ligament stem cells (PDLSCs) and dental pulp stem cells (DPSCs) originate from the cranial
neural crest and share similar developmental pathway as CSKs [77,78]. Intrastromal transplantation
of human DPSCs to mouse corneal stroma adopted CSK phenotype by expressing collagen I and
keratocan, and maintained corneal transparency and stromal volume [79]. PDLSCs, on the other hand,
express markers of MSC, embryonic and neural stem cells, and they exhibit multilineage potential
in differentiating to adipocytes, chondrocytes, osteoblasts and neurons [78,80–82]. Our recent study
has shown a robust two-step protocol involving spheroid formation and induction by growth factors
and cytokines in a stromal niche, to differentiate human PDLSCs towards CSK-like cells with the
expression of a broad spectrum of CSK markers [83]. Further work using animal models will delineate
the functionality of these cells and assess their translational potential for stromal diseases.

In a pilot clinical trial, stromal cell therapy using autologous adipose MSC was reported in
treating patients with advanced keratoconus [84]. This study evaluated a six-month safety outcome
of autologous adipose MSC injection with minimal intraoperative or postoperative complications.
The manifest refraction and topographic keratometry remained stable and the keratoconic eyes had
improved visual function, central corneal thickness and corneal clarity, along with new stromal collagen
production (patchy hyper-reflective areas seen on corneal optical coherence tomography). Another
clinical trial implanting autologous adipose MSCs with or without sheets of decellularized donor
corneal stromal lamina to 11 patients with advanced keratoconus had shown a full recovery of corneal
transparency within three months post-surgery [85]. Both studies thus have demonstrated that stromal
enhancement by MSC therapy could be effective for the treatment of advanced keratoconic eyes.
Further work with larger sample size and longer follow-up will confirm these results.

4.3. Corneal Endothelial Reconstruction

The corneal endothelium consists of a monolayer of hexagonal cells covering the posterior corneal
surface [86]. Mature corneal endothelial cells are metabolically active, with continuous ATPase pump
activity for the fluid-coupled active transport of ions from the corneal stroma to the aqueous humor.
This regulates the stromal hydration level and prevents edema, maintaining corneal deturgescence,
necessary for normal vision [87]. These cells are non-mitotic and have limited regenerative capacity,
due to the expression of negative cell cycle regulators (such as CIP, INK and p53 protein families), cell
contact inhibition and the presence of mitogenic inhibitors (such as TGFβ) in aqueous humor [88].
Hence the progressive loss through aging and traumatic loss from diseases and injury lead to corneal
endothelial dysfunction and stromal edema, resulting in visual loss. Corneal transplantation is the
main treatment strategy; however, cell injection therapy has been reported recently [89]. These options
require fresh human corneas and, with a worldwide shortage of donors, there is a need to find a new
functional corneal endothelial cell source for future clinical application.

MSCs could serve as a potential source to generate corneal endothelial cells for the treatment of
corneal endothelial diseases, like Fuchs’ endothelial dystrophy and aphakic/pseudophakic bullous
keratopathy. However, the research so far sparingly supports the endothelial differentiation potential
of MSCs [90]. Recently, the differentiation of human umbilical cord lining MSCs into corneal
endothelial-like cells through specific GSK3β inhibition was reported [91]. Subsequent transplantation
to rabbit eyes with bullous keratopathy restored the corneal transparency and thickness, and
the new endothelium expressed functional endothelial marker, Na+K+ATPase. Since there are
limited data, more extensive studies are necessary to demonstrate the potential of MSC in corneal
endothelial regeneration.
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Table 1. An overview of studies reporting MSC differentiation to corneal cell types. Abbreviations: MSC, mesenchymal stem cells; CK3, cytokeratin3; CK12,
cytokeratin12; Kera, keratocan; Lum, lumican; MET, mesenchymal-epithelial transition; GSK3, glycogen synthase kinase 3; TGFβ, transforming growth factor beta; KS,
keratan sulfate; ALDH, aldehyde dehydrogenase; TSG-6, tumor necrosis factor-α stimulated gene/protein 6.

Corneal Tissues MSC Source In Vitro Study and Outcomes In Vivo Study and Outcomes References

Corneal epithelium

Rabbit bone marrow Co-culture with rabbit limbal stem cells, or in conditioned media induced
CK3 expression.

Transplantation in fibrin gel to rabbit corneal epithelial defect caused by alkali
injury reformed corneal epithelium with CK3 expression. [50]

Rat bone marrow Co-culture with rat corneal stromal cells resulted in CK12 expression.
Transplantation on amnion to rat corneal epithelial deficiency model after

alkali injury showed differentiation to epithelial-like cells with
CK12 expression.

[38]

Human bone marrow -
Transplantation on amnion to rat epithelial defect model after alkali injury

inhibited corneal inflammation and angiogenesis; however, CK3 was
not detected.

[52]

Human adipose Culture in corneal epithelium conditioned media induced CK3 and CK12 expression. - [51]

Human adipose MET by GSK3 and TGFβ inhibition downregulated mesenchymal genes and
up-regulated epithelial genes (E-cadherin, cytokeratins and occludin).

Transplantation of MET cells on fibrin gel to rat total limbal stem cell
deficiency model showed expression of human CK3, 12 and E-cadherin on rat

corneal surface (unpublished).
[55]

Mouse bone marrow -
Intrastromal injection to Kera knockout murine model expressed human Kera

and cells assumed keratocyte phenotype without immune or
inflammatory response.

[62]

Corneal stroma

Rabbit adipose -
Application on a polylactic-co-glycolic acid scaffold to mechanically induced

rabbit stromal defect induced differentiation to Kera and ALDH3A1
expressing cells.

[68]

Human bone marrow Culture in keratocyte conditioned medium to express keratocyte markers (ALDH1A1,
Lum and Kera). - [63]

Human adipose Culture in reduced serum condition with insulin and ascorbate induced the expression
of stromal matrix components (Kera, KS, ALDH3A1). - [66]

Human dental pulp Culture in keratocyte differentiation medium induced Kera and KS
proteoglycan expression.

Intrastromal injection to mouse corneal stroma did not affect corneal
transparency and absence of immune rejection, with production of stromal

ECM components (human type-1 collagen and Kera).
[79]

Human periodontal ligament
Induction by growth factors in stromal environment generated CSK-like cells.

Intrastromal injection to porcine corneas followed by organ culture showed human
CD34, ALDH3A1, Kera and Lum expression.

- [83]

Human corneal stromal
stem cells

Pellet culture in serum-free condition induced Kera, KS and ALDH3A1 expression.
Induction culture in keratocyte differentiation medium resulted in ALDH3A1 and

Kera expression.

Intrastromal injection to Lum knockout murine corneas re-expressed human
Kera and Lum, and corneal transparency was improved.

Transplantation of cells in fibrin gel to murine debridement wound resulted in
wound healing and transparent corneas with human Kera expression.

Topical application of human cells in fibrinogen to murine corneal epithelium
debridement model suppressed inflammation and fibrosis through TSG-6

dependent mechanism.

[65,67,69]

Corneal endothelium Human umbilical cord Differentiation in medium containing GSK3β inhibitors induced the expression of
Na+K+ATPase.

Cell injection to rabbit bullous keratopathy model improved corneal thickness
and transparency with Na+K+ATPase expression. [91]
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5. MSCs in Corneal Inflammation and Angiogenesis

MSCs are known to possess potent anti-inflammatory and angiogenic-regulatory properties
that allow them to have therapeutic potential for corneal diseases. Topical and/or sub-conjunctival
administration of bone marrow MSCs has reduced corneal inflammation and angiogenesis after chemical
injuries in murine models [35,38,52]. The treatment suppressed the infiltration of inflammatory cells and
CD68+ macrophages into corneas, downregulated pro-inflammatory cytokines, including interleukin-2
(IL-2), IL-17, monocyte chemoattractant protein-1 (MCP-1), interferon γ (IFNγ), macrophage
inflammatory protein-1α (MIP-1α) and matrix metallopeptidase 2 (MMP2), and pro-angiogenic
factors, including vascular endothelial growth factor (VEGF) and bFGF. In addition, MSC treatment
up-regulated the anti-inflammatory molecules (IL-6, IL-10, TGFβ1 and TSG-6) and anti-angiogenic
mediators (thrombospondin-1 TSP-1 and pentraxin-3) [35,38,42,52]. Therefore, there is a modification
of the pro-inflammatory milieu of the injured corneas, and restoration of the environment for corneal
epithelial regeneration, which promotes ocular surface wound healing [40].

Angiogenesis is regulated by a myriad of pro-angiogenic (like VEGF, bFGF) and anti-angiogenic
factors (including TSP-1, pigment epithelium-derived factor PEDF). Depending on tissue
microenvironment, MSCs exert pro- and anti-angiogenic functions. They release angiogenic mediators
in a tumorous or ischemic niche leading to the formation of granulation matrix for endothelial cell
growth and migration [40,92]. However, MSCs can also upregulate TSP-1 to inhibit angiogenesis by
disrupting CD47 and VEGF receptor-2 signaling, and suppressing VEGF–Akt–eNOS pathway [93,94].
In addition, the expression of TSP-1 promotes endothelial cell apoptosis and downregulates MMP2,
which is a potent inflammatory chemokine with pro-angiogenic activity [95].

Recently, corneal stromal stem cells (CSSCs), from limbal stroma, have been shown to possess
modulatory activities for corneal inflammation and scarring [96]. When applied to an acute corneal
wound model in mice, they inhibited neutrophil infiltration and downregulated the expression of
fibrotic markers, such as tenascin-C, α-smooth muscle actin and SPARC (secreted protein acidic and
rich in cysteine), via TSG-6 pathway [72]. Similarly, corneal mesenchymal stromal cells (CMSCs),
which are also identified in the limbal stroma, exhibited anti-angiogenic action via PEDF and sFLT-1
(soluble fms-like tyrosine kinase-1) expression and suppressed macrophage infiltration in murine
corneas [97]. Intravenous CMSC administration inhibited suture-induced corneal neovascularization,
through downregulating VEGF-C, VEGF-D, Tek, mannose receptor C type-1 and 2 inside the stromal
matrix, causing delayed recruitment of pro-angiogenic monocytes/macrophages [98].

6. MSCs in Corneal Transplantation

Several reports have illustrated the roles of MSC in promoting graft survival [95,99,100]. MSCs,
with potent immunomodulatory properties, suppress the maturation and activation of antigen
presenting cells (APCs) and dendritic cells, as well as cytotoxicity of natural killer cells [101]. They
also induce IL10 secretion from immature APCs, and the conversion into T-cell inhibitors [100,102].
The reduced mature APC population has an additional effect on MSC treatment by enhancing the
immune tolerance to allografts [99,100,103]. MSCs also inhibit the proliferation and cytokine secretion of
T-cells and maturation of B cells [104]. Together with modulating the regulatory T-cell (Treg) generation,
they maintain the graft tolerance and survival of allografts [105,106]. This was demonstrated when
MSCs were systemically infused prior to transplantations to prolong the graft survival in mouse
models [99,100]. In addition, MSCs possess cell surface glycocalyx, rich in anti-inflammatory molecules,
like TSG-6, versican, pentraxin-3 and heavy chain-modified hyaluronan matrix, which modulate the
host inflammatory responses [106,107].

7. Challenges of MSC Therapy

In the 1980s, most early phase clinical trials of MSC therapy have shown the ease to manufacture
MSCs from different accessible tissue sources of normal volunteers and to apply these cells for clinical
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usage. Since then, unregulated industry of stem cell clinics developed, growing from a few businesses
in 2008 to nearly 600 in 2016 across the US [108]. Some clinics operated without the US FDA oversight
on a technicality and provided misleading information on medical board review and safety precaution.
In a recent case report, three patients self-paid the procedures of adipose MSC therapy for age-related
macular degeneration in a stem cell clinic, however the consent and procedures were not under the
context of any approved clinical trial [109]. After injection, they presented severe visual loss with ocular
hypertension, hemorrhagic retinopathy, vitreous hemorrhage, combined traction and rhegmatogenous
retinal detachment, or lens dislocation. At one-year post-injection, the retina of one patient became
markedly atrophic and had no light perception while the other two recognized only hand motion.
These consecutive cases have aroused concerns about the performance of procedures in clinics that
charge patients for services and lack clinical and preclinical data to support their practices. Hence, the
need of regulatory oversight of these clinics and education of patients is of great importance to protect
patients amid the advancing stem cell research and innovation [110,111].

After more than two decades of clinical research using MSCs, the major question remains whether
MSCs can fulfill the promises of therapeutic efficacy and life-long safety foreshadowed by preclinical
animal studies. Most knowledge of MSC mechanisms of action and safety data are based on preclinical
work in animal systems and in vitro studies of human MSCs with reports predominantly providing
unambiguous data of the positive effect of MSCs. However, whether MSC effects on animal outcomes
are readily translated to equivalency in human clinical trials is debatable. Galipeau et al. have proposed
that such dissonance could be due to the discrepancies of immune compatibility, dosing, adaptability
and potency of human versus animal MSCs (review in Reference [112]).

The use of varied MSC protocols has also been increasingly concerned over the insufficient
reproducibility of experimental findings [113]. Details of different procedures and parameters,
including the status of tissues for MSC isolation, sorting, ex vivo expansion, purification, phenotyping,
administration of cell products as well as follow-up examinations and tests, need to be fully documented
in order to translate the therapeutic potential into a reproducible clinical efficacy and outcomes [114,115].

Another concern is the inherent tendency of MSC to transform into cells of different lineages
during ex vivo expansion. Henceforth, it is crucial to control and document the entire MSC expansion
procedure to ensure the reproducibility of the process [114]. It is also imperative to establish protocols
to monitor the quality of the expanded cells prior to use in therapy, by performing extensive functional
characterization, in addition to determining their yield, purity, viability and differentiation [116]. A set
of robust potency assays has to be developed for measuring the aforementioned peculiar characteristics
of MSCs since this will guarantee the reproducibility of the manufacturing process and improve the
predictability of the clinical efficacy of MSC.

8. MSC Potency for Translational Use

To maximize the efficacy of MSCs, a good prediction of their therapeutic abilities will help
the identification of the best-qualified cells to be used. The Centre for Biologics Evaluation and
Research of US Food and Drug Administration has formulated regulatory policies on safety, purity
and potency of cell therapy products (https://www.fda.gov/vaccines-blood-biologics/cellular-gene-
therapy-products), however, there has not been any consensus to assess and standardize the potency
assessments. Most research groups and clinics measure cell counts, cell viability, colony forming
units and differentiation capacity together with immunophenotyping using tissue-specific markers to
estimate MSC potency [117,118]. These assays provide information on the presence of healthy MSCs, but
not the functional efficacy. Further complementary and reproducible assays tailor-made for a specific
application are in need to assess the quality of cells and determine which cultures are the best for the
treatment purpose. These include the potential performance of cells to exhibit long-term engraftment,
and the ability to generate extracellular ground substances in preclinical models (such as spongy
granulation tissue in cutaneous wound repair; collagen and keratan sulfate proteoglycans in corneal
repair; vascularized granulation tissue in myocardial infarction treatment) [19,62,119,120]. In addition,

https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products
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MSC secretome in response to the local microenvironment has been actively explored in different
biological and clinical contexts (including modulating immune system, inhibiting cell death and fibrosis,
stimulating vascularization, promoting tissue remodeling and recruiting resident cells) [121,122].
The biochemical and molecular analyses using MSC-conditioned media or purified MSC-derived
extracellular vesicles will distinguish unique signature of cytokines and soluble factors (including
proteins and microRNAs), underscoring the functional identification and therapeutic potential of
MSCs [123]. Together with the expression array for genes in responder cells, this will capture the
effector pathways significant to MSC application. Chinnadural et al. analyzed the secretome changes
and transcriptome matrix response of MSCs to peripheral blood mononuclear cells and interferon-γ,
and they identified cytokine changes in relation to T-cell regulation [124]. Hence, interrogating the
secretome and transcriptomic dynamic response of MSCs to defined microenvironmental or chemical
cues could serve to reveal the fitness and potency of MSC products for translational applications.

9. Paracrine Action of MSCs

The therapeutic effect of MSCs in regenerative medicine can be attributed by secreting soluble
factors, that regulate tissue wound repair, inflammation, angiogenesis and immune response [21,44].
After intravenous delivery to the body, most MSCs are accumulated within the filtering organs,
such as lung, liver and spleen. Nevertheless, many studies have shown that MSCs can regulate tissue
repair, even though only a small fraction of engraftment at the site of tissue injury [36]. In one study,
subconjunctival MSC injection to alkali-injured corneas promoted corneal wound healing, despite the
MSCs remaining in the subconjunctival space [40]. Topical administration of MSCs or conditioned
MSC media to a murine corneal epithelial wounding mode, attenuated corneal inflammation, reduced
neovascularization and promoted wound healing [125]. With the retention of most MSCs in the
corneal stroma rather than epithelium, this indicated that MSCs acted through a paracrine mechanism,
rather than direct cell replacement. The soluble factors released from MSCs are mediated through the
extracellular vesicles or exosomes [8,44,126–130] (Figure 4).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 14 of 29 
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Exosomes are extracellular vesicles that are produced in the endosomal compartment of most
eukaryotic cells [131]. Multivesicular bodies fuse with cell surface plasma membrane and release the
intraluminal vesicles (exosomes) to the extracellular region. Exosomes are present in most biological
tissues and fluids (including blood, urine, cerebrospinal fluid and sweat) [132,133]. In cell culture,
exosomes are released into the conditioned media by cultured cells [134]. Various methods have been
established to isolate exosomes, including differential centrifugation, density gradient centrifugation,
filtration, size exclusion chromatography, polymer-based precipitation, immunological separation and
sieving [135]. The sizes of exosomes are restricted by the multivesicular bodies in the parental cells
and are generally considered in nanometer range (30 to several hundred nm in diameter). Within lipid
bilayered membrane, the luminal content of exosomes contains proteins, lipids and nucleic acids (DNA,
mRNA, miRNAs, long noncoding RNAs). However, the exact composition and content of the exosomal
cargo released by different cell types are hard to establish, due to differences in the cellular conditions.
Cell homeostasis is the major factor controlling the exosome cargo and content, hence the exosomes
isolated from different cell types will display characteristics reflecting the cellular origin [136,137].
The mechanisms of sorting exosomal cargo molecules are poorly understood. Ubiquitination is
one of the sorting signals for protein entry into exosomes [138,139]. Ubiquitinated proteins are
recognized by receptors, such as ESCRT (Endosomal Sorting Complex Required for Transport)
subunits that are involved in the binding and directing cargo towards intracellular endosomal vesicles.
Usually, these vesicles contain proteins that regulate its biogenesis, e.g., ESCRT components like
tetraspanins (CD63, CD81, CD9) and TSG10, as well as proteins involved in their secretion (like
RAB27A, RAB11, ARF6) [140]. From ExoCarta (a web-based resource of exosome bioinformatics;
http://exocarta.ludwig.edu.au), the top 10 proteins are heat shock protein 8 (HSPA8), CD63, β-actin
(ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), enolase 1α, cytosolic heat shock
protein 90α, CD9, CD81, tyrosine 3-monooxygenase/ tryptophan 5-monooxygenase activation protein,
zeta polypeptide (YWHAZ), muscle pyruvate kinase (PKM2) [141,142]. Several functional groups are
enriched in exosomes, such as tetraspanins (CD9, CD63, CD81), heat shock proteins (HSC70, HSC90),
membrane transporters (GTPase) and lipid-bound proteins. Tetraspanins (CD9, CD63, CD81) are
common exosomal markers, which are involved in the production of exosomes. Besides the usage as
isolation and enrichment markers, these proteins have been reported in the diagnostics of tumors and
infectious diseases. An example is CD63+ exosomes, which are significantly enriched in patients with
melanoma and other cancers [143]. Exosomal CD81 has been found to be elevated in the serum of
patients with chronic hepatitis C [144]. The exosomal mRNAs, lncRNAs and miRNAs usually reflect
the physiological conditions of the parental cells. Exosomal miR-21 and miR-1246 are enriched in the
secretion of esophageal cancer cells with metastasis [145,146]. Exosomal miR-9, 107, 124, 128, 134 and
137 in the biological fluid have been associated with Alzheimer’s disease [147]. The exosomes are
uptaken by cells through several mechanisms, including (1) ligand–receptor binding with cleavage by
extracellular proteases and subsequent release of exosomal contents; (2) direct fusion to the plasma
membrane and release of the exosomal cargo into the cytoplasm, and (3) receptor-mediated endocytosis,
as well as (4) phagocytosis [148–150].

10. MSC-derived Exosomes (MSC-Exo)

MSC-Exo encapsulate and transfer biomolecules that modify cell and tissue metabolism,
including differentiation, inflammation, angiogenesis, immunosuppression, neurogenesis and
synaptogenesis [44,151–153]. The cargo proteins also act as specific cell type markers and can
regulate recipient cell recruitment, proliferation and differentiation. In vitro, exosomes from
human adipose MSCs suppressed the proliferation of macrophages, dendritic cells and natural
killer cells, as well as downregulated IFNγ release from effector T-cells [126]. MSC-Exo can be
an exciting next-generation approach for treating various pathological conditions. A number
of preclinical studies had demonstrated the feasibility and efficacy of MSC-Exo therapy using
animal models. Bone marrow MSC-Exo promoted angiogenesis in an infarcted rat myocardium
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model by stimulating endothelial cell proliferation and suppressed inflammation through inhibiting
CD3-stimulated T-cells [122]. The expression of IL10, TGFβ1 and human leukocyte antigen-G in bone
marrow-MSC-Exo had anti-inflammatory and immunomodulatory activities against the refractory
graft-versus-host disease [127]. Likewise, induced pluripotent stem cell-derived MSC-Exo attenuated
limbal ischemia in mice by supporting angiogenesis through upregulation of angiogenesis-related VEGF
and angiogenin [154]. The application of umbilical cord-MSC-Exo recovered cisplatin-induced acute
kidney injury in rats by inhibiting p38 mitogen-activated protein kinase pathway [155]. Additionally,
the same exosome type alleviated carbon-tetrachloride-induced hepatic fibrosis in a mouse model by
downregulating Smad2, TGFβ1, collagen I and III [156]. Moreover, bone marrow MSC-Exo salvaged
the cognitive impairment in mice after traumatic brain injury by decreasing IL1β levels [157]. It has also
been reported that this exosome type restored alveolar-fluid clearance, and improved the hemodynamic
parameters of human lungs that were rejected for transplantation [158].

11. Application of MSC-Exo on Ocular Tissues

Several studies have evaluated the effect of MSC-Exo on ocular tissues. The periocular injection of
human umbilical cord MSC-Exo to a rat experimental autoimmune uveitis (EAU) model decreased
the infiltration and migration of leukocytes, macrophages and natural killer cells by downregulating
MCP1/CCL21 and MYD88-dependent pathways [159]. These cells expressing Gr-1, CD68, CD161,
CD4, IFNγ and IL17, and restored retinal function. Yu et al. also reported that intravitreal injection
of exosomes from umbilical or adipose MSC cultures modified the pro-inflammatory milieu in
laser-induced retinal injury, by inhibiting MCP1, ICAM-1 (intercellular adhesion molecule-1) and
TNFα, hence improving visual function [160]. In a study by Zhang et al., intravitreal injection of
human umbilical cord MSC-Exo improved hyperglycemia-induced retinal inflammation in diabetic
rats, by transferring miR-126, which suppressed HMGB1 (high-mobility group box 1) signaling [161].
In another rat model of blue-light induced retinal damage, intravitreal umbilical cord MSC-Exo injection
showed a dose-dependent suppression of choroidal neovascularization by downregulating VEGFA
and inhibiting NFκB pathway, possibly through miR-16 transfer [162,163]. In addition, intravitreal
injection of bone marrow MSC-Exo to a rat optic nerve crush model stimulated retinal ganglion cell
growth through argonaute-2 signaling, which stabilized miR-16 activity from RNase digestion [164,165].
Since intravenous MSC administration caused similar restoration of retinal functions in EAU and
laser-induced retinal injury models [166,167], it is conceivable that the therapeutic effects could be
mediated through MSC-Exo action. In a recent clinical trial of five patients with refractory macular
holes, the intravitreal injection of human umbilical cord MSC-Exo promoted anatomical and functional
recovery; however, one patient experienced an inflammatory reaction [168].

12. MSC-Exo Application on Corneal Tissues

Corneal wounds caused by chemical or thermal burns, traumatic injury, and/or immune
and hereditary disorders are associated with inflammation, neovascularization, ulceration and
scarring. Improper or delayed treatment may lead to blindness. Over the last decade, MSC therapy
has been proposed as a possible treatment strategy for anti-inflammation, anti-angiogenesis and
immunomodulatory activities. The paracrine action of MSCs has been shown to facilitate tissue
wound repair and suppress inflammation and angiogenesis in several tissue models. This cell-free
strategy may also exert a significant impact in promoting corneal wound repair, which involves the
participation of different factors that modulate inflammation, angiogenesis and tissue regeneration.
A few studies have demonstrated the therapeutic functions of soluble factors present in MSC-Exo
on corneal wound models in vitro and in vivo. Rabbit corneal stromal cells, when cultured in the
presence of rabbit adipose MSC-Exo, showed greater proliferation with less apoptosis, along with the
deposition of new ECM proteins (including collagen) [169]. In a murine superficial stromal wound
model, topical CSSC-derived exosomes suppressed corneal inflammation and corneal scarring by
inhibiting neutrophil infiltration through TSG-6 dependent pathway and downregulated fibrotic
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markers, including tenascin-C, ACTA2, Col3A1 and SPARC [72]. Moreover, murine corneal epithelial
wound healing was promoted by exosomes from human corneal mesenchymal stromal cells [170].
Umbilical cord MSC-Exo carrying β-glucuronidase reduced the accumulated glycosaminoglycans of a
mouse mucopolysaccharidosis model, thereby reducing corneal haze [41]. These data have highlighted
the potential of the therapeutic use of MSC-Exo in ocular surface diseases and congenital corneal
metabolic disorders.

13. The Cargo of MSC-Exo and Potential Mechanisms for Therapeutic Effects

Several proteomic studies have shown that MSC-Exo contain several hundreds to thousands of
proteins, depending on the parental MSC type [171,172]. The cell-type-associated abundance and
composition of exosomal proteins have been demonstrated. Neprilysin, aβ-amyloid-degrading enzyme,
was expressed at four-fold higher levels in adipose MSC-Exo than in bone marrow MSC-Exo [173].
The application of exosomes from umbilical cord MSCs and bone marrow MSCs promoted U87MG
glioblastoma cell apoptosis, while adipose MSC-Exo supported cell growth [174]. Hence, exosomes from
different MSC types are not equivalent, and their activity must be fully identified before considering
their therapeutic applications. Indeed, much is still unknown with regard to which components of the
exosomal cargo are responsible for the various observed therapeutic effects.

More recently, the importance of miRNAs in MSC-Exo have been described. The exosomal cargo
contains a variety of miRNAs, which regulate various events related to angiogenic, inflammatory and
neurogenic processes [152,175]. The miRNA profiling work has suggested that several miRNAs in
exosomes could serve as a tool to qualify cultured human corneal endothelial cells for cell injection
therapy [176]. Reduced miRNA content in exosomes has been described by the knockdown of Alix
protein in CSSCs, without any changes in the levels of cellular miRNAs. When these exosomes
with reduced miRNAs were topically applied to a murine superficial stromal wound model, they
failed to suppress stromal scarring and inflammation, while clear corneas were observed with control
exosomes without Alix knockdown [72]; Funderburgh et al. Association for Research in Vision
and Ophthalmology (ARVO) 2019 Annual Meeting]. These results support the hypothesis that
exosomal-related functions could be mediated through miRNAs. Whether any particular individual or
groups of miRNAs are engaged in specific tissue functions need to be explored. A previous study has
also shown that MSC-Exo carrying miR-16 downregulated VEGF and suppressed angiogenesis in a
breast cancer model [162]. Recently, Fafian-Labora et al. reported the age-related reduced expression
of miR-21-5p in bone marrow MSC-Exo (significantly higher in pre-pubertal group than in adults)
and this could be associated to age-dependent differences in MSC immune profile through Toll-like
receptor 4-mediated signaling [177].

14. Storage of Exosomes

There is currently no established protocol for the storage of exosomes. It is imperative to consider
the effects of freeze-thaw, storage temperature and buffer on the stability of exosomes in terms of the
lipid membrane integrity and therapeutic properties. There has been a mixed outcome regarding the
stability of exosomes in sub-zero storage. One study has shown that −20 ◦C freeze-thaw cycles in
PBS did not affect the size of MSC-Exo or impair the exosomal membrane integrity, but there was a
significant reduction in vesicle size after two days of storage at 37 ◦C and after three days at 4 ◦C [178].
Webber et al. further added that the exosomes, frozen at −20 ◦C for as long as six months, did not
alter the biochemical activity [179]. A study on neutrophil-derived exosomes, however, showed a
reduction in vesicle size at −20 ◦C storage, but not at −80 ◦C for four weeks [180]. The addition
of protease inhibitors before freezing of urinary exosomes at −20 ◦C did not prevent the loss of
exosomal biochemical activity, while freezing at −80 ◦C resulted in near complete recovery of activity
even after seven months of storage [181]. In a more recent study, Bosch et al. demonstrated that
the addition of 25mM of trehalose could further improve the exosomal membrane and biochemical
function stability [182]. These studies have demonstrated that exosomes can be stored long-term at an
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extremely low temperature with high recovery without compromising the bioactivity. The possibility
to lyophilize exosomes in the presence of trehalose to allow storage stability of the vesicles at room
temperature provides ease of handling and transport [183]. As a whole, unlike stem cells, which are
sensitive to the storage conditions and can exhibit impaired therapeutic properties as a result of
freeze-thaw cycles, improper storage temperature and absence of cryopreservative, exosomes are
substantially more amenable to storage and transport, a key consideration from a translational point of
view [184].

15. Sustained Delivery of Exosomes

The intended biological effects of exosomes can only be produced as a result of the vesicle uptake
by target cells via an endocytosis pathway [185]; therefore, the ability to deliver exosomes locally
in a sustained release manner is crucial to maximizing their therapeutic application. Studies have
shown that direct intravenous, intraperitoneal or subcutaneous injection of exosomes, resulted in rapid
clearance from the blood circulation and accumulation in the liver, spleen, lung and gastrointestinal
tract [146,186]. Regardless of the delivery route and cell source, the majority of systemically injected
exosomes are rapidly taken up by macrophages in the reticuloendothelial system and ejected from the
body [187]. Although the fate of exosomes following a subconjunctival injection or a topical application
in the anterior portion of the eye has not been explored, we can assume that similar rapid clearance of
these nanovesicles would also occur. Topical use of drugs on the ocular surface has always resulted
in low drug bioavailability due to the presence of epithelial barrier and rapid tear turnover [188].
To compensate for this, it is often necessary to increase the dosage of drug, which requires further
optimization. Alternatively, epithelial debridement to improve drug penetration could be carried out,
but this increases the susceptibility of the ocular surface to external microbes.

Another problem that further advocates the need for a sustained delivery system of exosomes is the
difficulty in producing the vesicles not only on a large scale but also in high purity and consistent quality.
The yield of exosome is typically less than 1 µg of exosomal protein from 1 mL of culture medium,
whereas the application dose of exosomes is 10–100 µg of protein [189]. In humans, the effective dose
could be in an order of magnitude or more to compensate for the rapid clearance of exosomes from the
body. A delivery vehicle, like a hydrogel implant, could be used to load exosomes and prolong the
intended therapeutic effect over time (Figure 5). The implant will prevent the encapsulated exosomes
from being cleared too rapidly, and also enable the possibility to administer a more localized and
concentrated dosage by inserting the implant in the proximity of target sites.
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neovascularization. The biodegradable hydrogel, placed on the bare stroma, provides first-line
protection for the encapsulated exosomes from proteolytic degradation and allows sustained release of
the exosomes as it gradually degrades over a period of time.

Research into encapsulating exosomes in a delivery vehicle is still in its infancy; hence, we have
reviewed materials used to encapsulate exosomes that are derived not only from the MSC culture but
also from blood plasma. The same methods or materials to encapsulate exosomes could be applicable
regardless of the cell source. Qin et al. was the first to describe the idea of encapsulating exosomes
in a hydrogel [190]. They used HyStem®-HP hydrogel, which is a thiol-crosslinked composite
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containing hyaluronic acid, heparin and gelatin, to load bone marrow MSC-Exo to promote bone
regeneration. In addition, sodium alginate hydrogel loaded with exosomes isolated from platelet-rich
plasma showed a sustained release of exosomes, resulting in a more efficient skin wound healing
in the diabetic rat model, compared to the direct application of exosomes on the wound [191]. In a
separate study of rat diabetic skin wound model, chitosan hydrogel loaded with exosomes derived
from miR-125-3p-overexpressing synovial MSCs improved the healing response [192]. Patching of
exosome-loaded hydrogel over the skin wound revealed faster healing rate, compared to untreated and
sham-treated with hydrogel only. For application on the cornea, a biodegradable film/hydrogel loaded
with exosomes can be used as a patch over the bare stroma. These biomaterials can be tuned to degrade
as the epithelial cells heal over the bare stroma so as not to impede vision for a prolonged period.
If intact corneal epithelium has to be preserved from the onset of treatment, the exosomes-loaded
film/hydrogel can be implanted intrastromally.

16. Perspective

In different pre-clinical experiments, together with completed and ongoing clinical trials,
MSC therapy has emerged as a promising strategy for treating various corneal disorders via tissue repair
and soluble factor communications. The risk of tumorigenesis and rejection is relatively low due to the
immune-privilege properties of the corneas. However, cell-free therapy using MSC-Exo might constitute
an alternative in view from regulatory authorities. Studies using non-ocular models have indicated
that exosomes act as an important mediator of cellular information exchange. The cellular uptake of
exosome cargoes containing proteins and miRNAs reduces inflammation, regulates angiogenesis and
immune-modulation, rescues wound repair, and improves functional recovery. Autologous serum
eye drops have been used in the treatment of severe dry eyes, persistent epithelial defects, chemical
injuries, and neurotrophic keratopathy [193]. The usefulness of the next-generation biological eye
drops that contain MSC-Exo in enhancing corneal repair, and ameliorating corneal inflammation
and neovascularization will be instrumental in corneal disease management. MSC therapy could be
offered to patients to replace the damaged/diseased corneal cells/tissues, whereas topical MSC-Exo
may be applied as an adjunctive therapy for corneal inflammation and/or neovascularization. Besides,
the cell-free “off-the-shelf” MSC-Exo eye drops may translate into relatively safer products due to the
low risk of toxicity and immunological rejection. Furthermore, MSC therapy can be coupled with
topical MSC-Exo to potentiate the biological effects of MSC.

Being cell-free nanoparticles, MSC-Exo circumvent the problems associated with the transfer
of mutated or damaged DNA, immunological rejection, and avoid the first-pass effect (lodging in
capillaries of lungs, liver, kidneys) that is associated with systemic MSC application. Additionally,
MSC-Exo serve a potential to be used as biological carriers for therapeutic agents. In vitro and in vivo
studies have shown that exosomes secreted by GATA4-overexpressing MSC act as a repository of
anti-apoptotic microRNAs for cardioprotection in rats [194]. Although MSCs can act as depots for the
release of various factors in an extended period, they are prone to change or damage under adverse
conditions. This is different for exosomes, of which the cell-free property avoids any chance of cell
transformation, and this ensures the consistency of soluble factor types and abundance applied to the
target tissues. This offers regulatory advantages over MSCs in clinical use [195]. The major drawback
of exosomes is the rapid clearance from the body [196]. It is proposed that macrophages of the
mononuclear phagocytic system play an important role in the clearance of intravenously administered
exosomes from circulation via the recognition by scavenger receptor [196,197]. In a recent study,
PKH26-labelled exosomes obtained from murine melanoma cells were readily taken up by hepatic and
splenic macrophages, and endothelial cells of lungs. On the contrary, the clearance of exosomes was
delayed in macrophage-depleted mice, thus highlighting the importance of macrophage-mediated
exosome uptake [197]. In addition, other factors could influence the in vivo clearance of exosomes,
such as exosome membrane proteins (integrins, tetraspanins, etc.), size and content of exosomes,
and their surface electric charge [196,197]. Hence, exogenous MSC-Exo delivery will likely require
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a higher circulatory ‘dose’ for an extended period as compared to cellular MSC therapy or require
encapsulation in a biodegradable scaffold, which allows sustained local delivery of exosomes.

Furthermore, establishing standardized/reproducible Good Manufacturing Practice (GMP) and
potency assays, determining the effective therapeutic dosing and frequency, evolving pertinent storage
practices, and studying the effects of lyophilization, dry storage, freezing and thawing during delivery
as well as the potency of exosomes, are essential tasks before clinical trials. It remains to be seen if
higher dosage levels of circulating MSC-Exo pose any risk of toxicity in the body. In addition, it is still
elusive as to which factors secreted by MSC-Exo are responsible for which particular therapeutic effect,
as there is a paucity of literature studying the complete proteomics and genomics of MSC-Exo that are
derived from different sources [171,198].

17. Conclusions

MSCs are multipotent cells, easy to expand in vitro, and have the potential to be differentiated into
corneal cell types. They can play important therapeutic roles in corneal reconstruction and restoration of
corneal functions through their immunomodulatory, anti-angiogenic and anti-inflammatory properties.
MSC-Exo mediate the paracrine action of MSCs and its application in the biomedical field is appealing
due to the potential in avoiding the problems of tumorigenesis and cell-fate control.

Acknowledgments: We thank Singapore Eye Research Institute-Lee Foundation Pilot Grant LF0618-06 and
Singapore National Research Foundation under its Translational and Clinical Research (TCR) program
(NMRC/TCR/008-SERI/2013) for the funding support.

Conflicts of Interest: All authors declared no conflicts of interest.

References

1. DelMonte, D.W.; Kim, T. Anatomy and physiology of the cornea. J. Cataract. Refract. Surg. 2011, 37, 588–598.
[CrossRef] [PubMed]

2. Fuest, M.; Yam, G.H.; Peh, G.S.; Mehta, J.S. Advances in corneal cell therapy. Regen. Med. 2016, 11, 601–615.
[CrossRef] [PubMed]

3. Flaxman, S.R.; Bourne, R.R.A.; Resnikoff, S.; Ackland, P.; Braithwaite, T.; Cicinelli, M.V.; Das, A.; Jonas, J.B.;
Keeffe, J.; Kempen, J.H.; et al. Vision loss expert group of the global burden of disease. Global
causes of blindness and distance vision impairment 1990–2020: A systematic review and meta-analysis.
Lancet Glob. Health 2017, 5, e1221–e1234. [CrossRef]

4. Meek, K.M.; Knupp, C. Corneal structure and transparency. Prog. Retin. Eye Res. 2015, 49, 1–16. [CrossRef]
[PubMed]

5. Tan, D.T.; Dart, J.K.; Holland, E.J.; Kinoshita, S. Corneal transplantation. Lancet 2012, 379, 1749–1761.
[CrossRef]

6. Gain, P.; Jullienne, R.; He, Z.; Aldossary, M.; Acquart, S.; Cognasse, F.; Thuret, G. Global survey of corneal
transplantation and eye banking. JAMA Ophthalmol. 2016, 134, 167–173. [CrossRef]

7. Fouladi, N.; Parker, M.; Kennedy, V.; Binley, K.; McCloskey, L.; Loader, J.; Kelleher, M.; Mitrophanous, K.A.;
Stout, J.T.; Ellis, S. Safety and efficacy of OXB-202, a genetically engineered tissue therapy for the prevention
of rejection in high-risk corneal transplant patients. Hum. Gene Ther. 2018, 29, 687–698. [CrossRef] [PubMed]

8. Trounson, A.; McDonald, C. Stem cell therapies in clinical trials: Progress and challenges. Cell Stem Cell 2015,
17, 11–22. [CrossRef]

9. Taylor, A.W. Ocular immune privilege and transplantation. Front. Immunol. 2016, 7, 37. [CrossRef]
10. Brady, K.; Dickinson, S.C.; Guillot, P.V.; Polak, J.; Blom, A.W.; Kafienah, W.; Hollander, A.P. Human fetal and

adult bone marrow-derived mesenchymal stem cells use different signaling pathways for the initiation of
chondrogenesis. Stem Cells Dev. 2014, 23, 541–554. [CrossRef]

11. In ‘t Anker, P.S.; Scherjon, S.A.; Kleijburg-van der Keur, C.; de Groot-Swings, G.M.; Claas, F.H.; Fibbe, W.E.;
Kanhai, H.H. Isolation of mesenchymal stem cells of fetal or maternal origin from human placenta. Stem Cells
2004, 22, 1338–1345. [CrossRef] [PubMed]

12. Branch, M.J.; Hashmani, K.; Dhillon, P.; Jones, D.R.; Dua, H.S.; Hopkinson, A. Mesenchymal stem cells in the
human corneal limbal stroma. Investig. Ophthalmol. Vis. Sci. 2012, 53, 5109–5116. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jcrs.2010.12.037
http://www.ncbi.nlm.nih.gov/pubmed/21333881
http://dx.doi.org/10.2217/rme-2016-0054
http://www.ncbi.nlm.nih.gov/pubmed/27498943
http://dx.doi.org/10.1016/S2214-109X(17)30393-5
http://dx.doi.org/10.1016/j.preteyeres.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26145225
http://dx.doi.org/10.1016/S0140-6736(12)60437-1
http://dx.doi.org/10.1001/jamaophthalmol.2015.4776
http://dx.doi.org/10.1089/hum.2017.184
http://www.ncbi.nlm.nih.gov/pubmed/29361840
http://dx.doi.org/10.1016/j.stem.2015.06.007
http://dx.doi.org/10.3389/fimmu.2016.00037
http://dx.doi.org/10.1089/scd.2013.0301
http://dx.doi.org/10.1634/stemcells.2004-0058
http://www.ncbi.nlm.nih.gov/pubmed/15579651
http://dx.doi.org/10.1167/iovs.11-8673
http://www.ncbi.nlm.nih.gov/pubmed/22736610


Int. J. Mol. Sci. 2019, 20, 2853 19 of 28

13. Mendicino, M.; Bailey, A.M.; Wonnacott, K.; Puri, R.K.; Bauer, S.R. MSC-based product characterization for
clinical trials: An FDA perspective. Cell Stem Cell 2014, 14, 141–145. [CrossRef] [PubMed]

14. Guillot, P.V.; Gotherstrom, C.; Kurata, H.; Fisk, N.M. Human first-trimester fetal MSC express pluripotency
markers and grow faster and have longer telomeres than adult MSC. Stem Cells 2007, 25, 646–654. [CrossRef]
[PubMed]

15. Ho, P.J.; Yen, M.L.; Tang, B.C.; Chen, C.T.; Yen, B.L. H2O2 accumulation mediates differentiation
capacity alteration, but not proliferative decline, in senescent human fetal mesenchymal stem cells.
Antioxid. Redox Signal. 2013, 18, 1895–1905. [CrossRef] [PubMed]

16. Lian, Q.; Zhang, Y.; Zhang, J.; Zhang, H.K.; Wu, X.; Zhang, Y.; Lam, F.F.; Kang, S.; Xia, J.C.; Lai, W.H.; et al.
Functional mesenchymal stem cells derived from human induced pluripotent stem cells attenuate limb
ischemia in mice. Circulation 2010, 121, 1113–1123. [CrossRef] [PubMed]

17. Yen, M.L.; Hou, C.H.; Peng, K.Y.; Tseng, P.C.; Jiang, S.S.; Chen, Y.C.; Kuo, M.L. Efficient derivation and
concise gene expression profiling of human embryonic stem cell-derived mesenchymal progenitors (EMPs).
Cell Transplantat. 2011, 20, 1529–1545. [CrossRef] [PubMed]

18. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef]

19. Deskins, D.L.; Bastakoty, D.; Saraswati, S.; Shinar, A.; Young, P.P. Human mesenchymal stromal cells:
Identifying assays to predict potency for therapeutic selection. Stem Cells Transl. Med. 2013, 2, 151–158.
[CrossRef]

20. Kang, S.K.; Shin, I.S.; Ko, M.S.; Jo, J.Y.; Ra, J.C. Journey of mesenchymal stem cells for homing: Strategies to
enhance efficacy and safety of stem cell therapy. Stem Cells Int. 2012, 2012, 342968. [CrossRef]

21. Phinney, D.G.; Prockop, D.J. Concise review: Mesenchymal stem/multipotent stromal cells: The state of
transdifferentiation and modes of tissue repair—Current views. Stem Cells 2007, 25, 2896–2902. [CrossRef]
[PubMed]

22. Wang, M.; Yuan, Q.; Xie, L. Mesenchymal stem cell-based immunomodulation: Properties and clinical
application. Stem Cells Int. 2018, 2018, 3057624. [CrossRef] [PubMed]

23. Zuk, P.A.; Zhu, M.; Ashjian, P.; De Ugarte, D.A.; Mizuno, H.; Alfonso, Z.C.; Fraser, J.K.; Benhaim, P.;
Hedrick, M.H. Human adipose tissue is a source of multipotent stem cells. Mol. Biol. Cell 2002, 13, 4279–4295.
[CrossRef] [PubMed]

24. De Ugarte, D.A.; Alfonso, Z.; Zuk, P.A.; Elbarbary, A.; Zhu, M.; Ashjian, P.; Benhaim, P.; Hedrick, M.H.;
Fraser, J.K. Differential expression of stem cell mobilization-associated molecules on multi-lineage cells from
adipose tissue and bone marrow. Immunol. Lett. 2003, 89, 267–270. [CrossRef]

25. Barlow, S.; Brooke, G.; Chatterjee, K.; Price, G.; Pelekanos, R.; Rossetti, T.; Doody, M.; Venter, D.; Pain, S.;
Gilshenan, K.; et al. Comparison of human placenta- and bone marrow-derived multipotent mesenchymal
stem cells. Stem Cells Dev. 2008, 17, 1095–1107. [CrossRef] [PubMed]

26. Brooke, G.; Tong, H.; Levesque, J.P.; Atkinson, K. Molecular trafficking mechanisms of multipotent
mesenchymal stem cells derived from human bone marrow and placenta. Stem Cells Dev. 2008, 17, 929–940.
[CrossRef] [PubMed]

27. Angelucci, S.; Marchisio, M.; Di Giuseppe, F.; Pierdomenico, L.; Sulpizio, M.; Eleuterio, E.; Lanuti, P.;
Sabatino, G.; Miscia, S.; Di Ilio, C. Proteome analysis of human Wharton’s jelly cells during in vitro expansion.
Proteome Sci. 2010, 8, 18. [CrossRef] [PubMed]

28. Wang, L.; Ott, L.; Seshareddy, K.; Weiss, M.L.; Detamore, M.S. Musculoskeletal tissue engineering with
human umbilical cord mesenchymal stromal cells. Regen. Med. 2011, 6, 95–109. [CrossRef] [PubMed]

29. Lu, L.L.; Liu, Y.J.; Yang, S.G.; Zhao, Q.J.; Wang, X.; Gong, W.; Han, Z.B.; Xu, Z.S.; Lu, Y.X.; Liu, D.; et al. Isolation
and characterization of human umbilical cord mesenchymal stem cells with hematopoiesis-supportive
function and other potentials. Haematologica 2006, 91, 1017–1026. [PubMed]

30. Schipper, B.M.; Marra, K.G.; Zhang, W.; Donnenberg, A.D.; Rubin, J.P. Regional anatomic and age effects on
cell function of human adipose-derived stem cells. Ann. Plast. Surg. 2008, 60, 538–544. [CrossRef]

31. Van Harmelen, V.; Rohrig, K.; Hauner, H. Comparison of proliferation and differentiation capacity of
human adipocyte precursor cells from the omental and subcutaneous adipose tissue depot of obese subjects.
Metabolism 2004, 53, 632–637. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.stem.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24506881
http://dx.doi.org/10.1634/stemcells.2006-0208
http://www.ncbi.nlm.nih.gov/pubmed/17124009
http://dx.doi.org/10.1089/ars.2012.4692
http://www.ncbi.nlm.nih.gov/pubmed/23088254
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.898312
http://www.ncbi.nlm.nih.gov/pubmed/20176987
http://dx.doi.org/10.3727/096368910X564067
http://www.ncbi.nlm.nih.gov/pubmed/21396155
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.5966/sctm.2012-0099
http://dx.doi.org/10.1155/2012/342968
http://dx.doi.org/10.1634/stemcells.2007-0637
http://www.ncbi.nlm.nih.gov/pubmed/17901396
http://dx.doi.org/10.1155/2018/3057624
http://www.ncbi.nlm.nih.gov/pubmed/30013600
http://dx.doi.org/10.1091/mbc.e02-02-0105
http://www.ncbi.nlm.nih.gov/pubmed/12475952
http://dx.doi.org/10.1016/S0165-2478(03)00108-1
http://dx.doi.org/10.1089/scd.2007.0154
http://www.ncbi.nlm.nih.gov/pubmed/19006451
http://dx.doi.org/10.1089/scd.2007.0156
http://www.ncbi.nlm.nih.gov/pubmed/18564033
http://dx.doi.org/10.1186/1477-5956-8-18
http://www.ncbi.nlm.nih.gov/pubmed/20346146
http://dx.doi.org/10.2217/rme.10.98
http://www.ncbi.nlm.nih.gov/pubmed/21175290
http://www.ncbi.nlm.nih.gov/pubmed/16870554
http://dx.doi.org/10.1097/SAP.0b013e3181723bbe
http://dx.doi.org/10.1016/j.metabol.2003.11.012
http://www.ncbi.nlm.nih.gov/pubmed/15131769


Int. J. Mol. Sci. 2019, 20, 2853 20 of 28

32. Kern, S.; Eichler, H.; Stoeve, J.; Kluter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from
bone marrow, umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294–1301. [CrossRef] [PubMed]

33. Eggenhofer, E.; Luk, F.; Dahlke, M.H.; Hoogduijn, M.J. The life and fate of mesenchymal stem cells.
Front. Immunol. 2014, 5, 148. [CrossRef] [PubMed]

34. Lan, Y.; Kodati, S.; Lee, H.S.; Omoto, M.; Jin, Y.; Chauhan, S.K. Kinetics and function of mesenchymal stem
cells in corneal injury. Investig. Ophthalmol. Vis. Sci. 2012, 53, 3638–3644. [CrossRef] [PubMed]

35. Ye, J.; Yao, K.; Kim, J.C. Mesenchymal stem cell transplantation in a rabbit corneal alkali burn model:
Engraftment and involvement in wound healing. Eye 2006, 20, 482–490. [CrossRef] [PubMed]

36. Karp, J.M.; Leng Teo, G.S. Mesenchymal stem cell homing: The devil is in the details. Cell Stem Cell 2009, 4,
206–216. [CrossRef] [PubMed]

37. De Becker, A.; Riet, I.V. Homing and migration of mesenchymal stromal cells: How to improve the efficacy
of cell therapy? World J. Stem Cells 2016, 8, 73–87. [CrossRef] [PubMed]

38. Jiang, T.S.; Cai, L.; Ji, W.Y.; Hui, Y.N.; Wang, Y.S.; Hu, D.; Zhu, J. Reconstruction of the corneal epithelium
with induced marrow mesenchymal stem cells in rats. Mol. Vis. 2010, 16, 1304–1316. [PubMed]

39. Reinshagen, H.; Auw-Haedrich, C.; Sorg, R.V.; Boehringer, D.; Eberwein, P.; Schwartzkopff, J.; Sundmacher, R.;
Reinhard, T. Corneal surface reconstruction using adult mesenchymal stem cells in experimental limbal stem
cell deficiency in rabbits. Acta Ophthalmol. 2011, 89, 741–748. [CrossRef]

40. Yao, L.; Li, Z.R.; Su, W.R.; Li, Y.P.; Lin, M.L.; Zhang, W.X.; Liu, Y.; Wan, Q.; Liang, D. Role of mesenchymal
stem cells on cornea wound healing induced by acute alkali burn. PLoS ONE 2012, 7, e30842. [CrossRef]
[PubMed]

41. Coulson-Thomas, V.J.; Caterson, B.; Kao, W.W. Transplantation of human umbilical mesenchymal stem cells
cures the corneal defects of mucopolysaccharidosis VII mice. Stem Cells 2013, 31, 2116–2126. [CrossRef]
[PubMed]

42. Roddy, G.W.; Oh, J.Y.; Lee, R.H.; Bartosh, T.J.; Ylostalo, J.; Coble, K.; Rosa, R.H., Jr.; Prockop, D.J. Action at a
distance: Systemically administered adult stem/progenitor cells (MSCs) reduce inflammatory damage to the
cornea without engraftment and primarily by secretion of TNF-alpha stimulated gene/protein 6. Stem Cells
2011, 29, 1572–1579. [CrossRef] [PubMed]

43. Lee, R.H.; Pulin, A.A.; Seo, M.J.; Kota, D.J.; Ylostalo, J.; Larson, B.L.; Semprun-Prieto, L.; Delafontaine, P.;
Prockop, D.J. Intravenous hMSCs improve myocardial infarction in mice because cells embolized in lung are
activated to secrete the anti-inflammatory protein TSG-6. Cell Stem Cell 2009, 5, 54–63. [CrossRef] [PubMed]

44. Burrello, J.; Monticone, S.; Gai, C.; Gomez, Y.; Kholia, S.; Camussi, G. Stem Cell-Derived Extracellular Vesicles
and Immune-Modulation. Front. Cell Dev. Biol. 2016, 4, 83. [CrossRef] [PubMed]

45. Dua, H.S.; Shanmuganathan, V.A.; Powell-Richards, A.O.; Tighe, P.J.; Joseph, A. Limbal epithelial crypts:
A novel anatomical structure and a putative limbal stem cell niche. Br. J. Ophthalmol. 2005, 89, 529–532.
[CrossRef] [PubMed]

46. Dziasko, M.A.; Armer, H.E.; Levis, H.J.; Shortt, A.J.; Tuft, S.; Daniels, J.T. Localisation of epithelial cells
capable of holoclone formation in vitro and direct interaction with stromal cells in the native human limbal
crypt. PLoS ONE 2014, 9, e94283. [CrossRef] [PubMed]

47. Kim, H.Y.; Jackson, T.R.; Davidson, L.A. On the role of mechanics in driving mesenchymal-to-epithelial
transitions. Semin. Cell Dev. Biol. 2017, 67, 113–122. [CrossRef] [PubMed]

48. Shao, J.Z.; Qi, Y.; Du, S.S.; Du, W.W.; Zhang, F.Y. In vitro inhibition of proliferation, migration and
epithelial-mesenchymal transition of human lens epithelial cells by fasudil. Int. J. Ophthalmol. 2018, 11,
1253–1257. [PubMed]

49. Sivagurunathan, S.; Raman, R.; Chidambaram, S. PIWI-like protein, HIWI2: A novel player in proliferative
diabetic retinopathy. Exp. Eye Res. 2018, 177, 191–196. [CrossRef] [PubMed]

50. Gu, S.; Xing, C.; Han, J.; Tso, M.O.; Hong, J. Differentiation of rabbit bone marrow mesenchymal stem cells
into corneal epithelial cells in vivo and ex vivo. Mol. Vis. 2009, 15, 99–107.

51. Nieto-Miguel, T.; Galindo, S.; Reinoso, R.; Corell, A.; Martino, M.; Perez-Simon, J.A.; Calonge, M. In vitro
simulation of corneal epithelium microenvironment induces a corneal epithelial-like cell phenotype from
human adipose tissue mesenchymal stem cells. Curr. Eye Res. 2013, 38, 933–944. [CrossRef] [PubMed]

52. Ma, Y.; Xu, Y.; Xiao, Z.; Yang, W.; Zhang, C.; Song, E.; Du, Y.; Li, L. Reconstruction of chemically burned
rat corneal surface by bone marrow-derived human mesenchymal stem cells. Stem Cells 2006, 24, 315–321.
[CrossRef] [PubMed]

http://dx.doi.org/10.1634/stemcells.2005-0342
http://www.ncbi.nlm.nih.gov/pubmed/16410387
http://dx.doi.org/10.3389/fimmu.2014.00148
http://www.ncbi.nlm.nih.gov/pubmed/24904568
http://dx.doi.org/10.1167/iovs.11-9311
http://www.ncbi.nlm.nih.gov/pubmed/22562508
http://dx.doi.org/10.1038/sj.eye.6701913
http://www.ncbi.nlm.nih.gov/pubmed/15895027
http://dx.doi.org/10.1016/j.stem.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19265660
http://dx.doi.org/10.4252/wjsc.v8.i3.73
http://www.ncbi.nlm.nih.gov/pubmed/27022438
http://www.ncbi.nlm.nih.gov/pubmed/20664793
http://dx.doi.org/10.1111/j.1755-3768.2009.01812.x
http://dx.doi.org/10.1371/journal.pone.0030842
http://www.ncbi.nlm.nih.gov/pubmed/22363499
http://dx.doi.org/10.1002/stem.1481
http://www.ncbi.nlm.nih.gov/pubmed/23897660
http://dx.doi.org/10.1002/stem.708
http://www.ncbi.nlm.nih.gov/pubmed/21837654
http://dx.doi.org/10.1016/j.stem.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19570514
http://dx.doi.org/10.3389/fcell.2016.00083
http://www.ncbi.nlm.nih.gov/pubmed/27597941
http://dx.doi.org/10.1136/bjo.2004.049742
http://www.ncbi.nlm.nih.gov/pubmed/15834076
http://dx.doi.org/10.1371/journal.pone.0094283
http://www.ncbi.nlm.nih.gov/pubmed/24714106
http://dx.doi.org/10.1016/j.semcdb.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27208723
http://www.ncbi.nlm.nih.gov/pubmed/30140626
http://dx.doi.org/10.1016/j.exer.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30145353
http://dx.doi.org/10.3109/02713683.2013.802809
http://www.ncbi.nlm.nih.gov/pubmed/23767776
http://dx.doi.org/10.1634/stemcells.2005-0046
http://www.ncbi.nlm.nih.gov/pubmed/16109757


Int. J. Mol. Sci. 2019, 20, 2853 21 of 28

53. Teng, N.Y.; Liu, Y.S.; Wu, H.H.; Ho, J.H.; Lee, O.K. Promotion of mesenchymal-to-epithelial transition by Rac1
inhibition with small molecules accelerates hepatic differentiation of mesenchymal stromal cells. Tissue. Eng.
Part A 2015, 21, 1444–1454. [CrossRef] [PubMed]

54. Ghosh, A.; Degyatoreva, N.; Kukielski, C.; Story, S.; Bhaduri, S.; Maiti, K.; Nahar, S.; Ray, A.; Arya, D.P.;
Maiti, S. Targeting miRNA by tunable small molecule binders: Peptidic aminosugar mediated interference
in miR-21 biogenesis reverts epithelial to mesenchymal transition. MedChemComm 2018, 9, 1147–1154.
[CrossRef] [PubMed]

55. Setiawan, M.; Tan, X.W.; Goh, T.W.; Yam, G.H.; Mehta, J.S. Inhibiting glycogen synthase kinase-3 and
transforming growth factor-beta signaling to promote epithelial transition of human adipose mesenchymal
stem cells. Biochem. Biophys. Res. Commun. 2017, 490, 1381–1388. [CrossRef] [PubMed]

56. Basu, S.; Ali, H.; Sangwan, V.S. Clinical outcomes of repeat autologous cultivated limbal epithelial
transplantation for ocular surface burns. Am. J. Ophthalmol. 2012, 153, 643–650. [CrossRef] [PubMed]

57. Rama, P.; Ferrari, G.; Pellegrini, G. Cultivated limbal epithelial transplantation. Curr. Opin. Ophthalmol. 2017,
28, 387–389. [CrossRef] [PubMed]

58. Ramachandran, C.; Basu, S.; Sangwan, V.S.; Balasubramanian, D. Concise review: The coming of age of stem
cell treatment for corneal surface damage. Stem Cells Transl. Med. 2014, 3, 1160–1168. [CrossRef] [PubMed]

59. Calonge, M.; Perez, I.; Galindo, S.; Nieto-Miguel, T.; Lopez-Paniagua, M.; Fernandez, I.; Alberca, M.;
Garcia-Sancho, J.; Sanchez, A.; Herreras, J.M. A proof-of-concept clinical trial using mesenchymal stem cells
for the treatment of corneal epithelial stem cell deficiency. Transl. Res. 2019, 206, 18–40. [CrossRef]

60. West-Mays, J.A.; Dwivedi, D.J. The keratocyte: Corneal stromal cell with variable repair phenotypes. Int. J.
Biochem. Cell Biol. 2006, 38, 1625–1631. [CrossRef] [PubMed]

61. Liu, H.; Zhang, J.; Liu, C.Y.; Wang, I.J.; Sieber, M.; Chang, J.; Jester, J.V.; Kao, W.W. Cell therapy of congenital
corneal diseases with umbilical mesenchymal stem cells: Lumican null mice. PLoS ONE 2010, 5, e10707.
[CrossRef] [PubMed]

62. Liu, H.; Zhang, J.; Liu, C.Y.; Hayashi, Y.; Kao, W.W. Bone marrow mesenchymal stem cells can differentiate
and assume corneal keratocyte phenotype. J. Cell. Mol. Med. 2012, 16, 1114–1124. [CrossRef] [PubMed]

63. Park, S.H.; Kim, K.W.; Chun, Y.S.; Kim, J.C. Human mesenchymal stem cells differentiate into keratocyte-like
cells in keratocyte-conditioned medium. Exp. Eye Res. 2012, 101, 16–26. [CrossRef] [PubMed]

64. Kao, W.W.; Liu, C.Y. Roles of lumican and keratocan on corneal transparency. Glycoconj. J. 2002, 19, 275–285.
[CrossRef] [PubMed]

65. Du, Y.; Sundarraj, N.; Funderburgh, M.L.; Harvey, S.A.; Birk, D.E.; Funderburgh, J.L. Secretion and
organization of a cornea-like tissue in vitro by stem cells from human corneal stroma. Investig. Ophthalmol.
Vis. Sci. 2007, 48, 5038–5045. [CrossRef] [PubMed]

66. Du, Y.; Roh, D.S.; Funderburgh, M.L.; Mann, M.M.; Marra, K.G.; Rubin, J.P.; Li, X.; Funderburgh, J.L.
Adipose-derived stem cells differentiate to keratocytes in vitro. Mol. Vis. 2010, 16, 2680–2689. [PubMed]

67. Basu, S.; Hertsenberg, A.J.; Funderburgh, M.L.; Burrow, M.K.; Mann, M.M.; Du, Y.; Lathrop, K.L.;
Syed-Picard, F.N.; Adams, S.M.; Birk, D.E.; et al. Human limbal biopsy-derived stromal stem cells
prevent corneal scarring. Sci. Trans. Med. 2014, 6, 266ra172. [CrossRef] [PubMed]

68. Ma, X.Y.; Bao, H.J.; Cui, L.; Zou, J. The graft of autologous adipose-derived stem cells in the corneal stromal
after mechanic damage. PLoS ONE 2013, 8, e76103. [CrossRef] [PubMed]

69. Du, Y.; Carlson, E.C.; Funderburgh, M.L.; Birk, D.E.; Pearlman, E.; Guo, N.; Kao, W.W.; Funderburgh, J.L. Stem
cell therapy restores transparency to defective murine corneas. Stem Cells 2009, 27, 1635–1642. [CrossRef]
[PubMed]

70. Kureshi, A.K.; Funderburgh, J.L.; Daniels, J.T. Human corneal stromal stem cells exhibit survival capacity
following isolation from stored organ-culture corneas. Investig. Ophthalmol. Vis. Sci. 2014, 55, 7583–7588.
[CrossRef]

71. Funderburgh, J.L.; Funderburgh, M.L.; Du, Y. Stem cells in the limbal stroma. Ocul. Surf. 2016, 14, 113–120.
[CrossRef] [PubMed]

72. Hertsenberg, A.J.; Shojaati, G.; Funderburgh, M.L.; Du, Y.; Funderburgh, J.L. Corneal stromal stem cells
reduce corneal scarring by mediating neutrophil infiltration after wounding. PLoS ONE 2017, 12, e0171712.
[CrossRef] [PubMed]

http://dx.doi.org/10.1089/ten.tea.2014.0320
http://www.ncbi.nlm.nih.gov/pubmed/25625545
http://dx.doi.org/10.1039/C8MD00092A
http://www.ncbi.nlm.nih.gov/pubmed/30109002
http://dx.doi.org/10.1016/j.bbrc.2017.07.036
http://www.ncbi.nlm.nih.gov/pubmed/28698144
http://dx.doi.org/10.1016/j.ajo.2011.09.016
http://www.ncbi.nlm.nih.gov/pubmed/22265153
http://dx.doi.org/10.1097/ICU.0000000000000382
http://www.ncbi.nlm.nih.gov/pubmed/28399065
http://dx.doi.org/10.5966/sctm.2014-0064
http://www.ncbi.nlm.nih.gov/pubmed/25205842
http://dx.doi.org/10.1016/j.trsl.2018.11.003
http://dx.doi.org/10.1016/j.biocel.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/16675284
http://dx.doi.org/10.1371/journal.pone.0010707
http://www.ncbi.nlm.nih.gov/pubmed/20502663
http://dx.doi.org/10.1111/j.1582-4934.2011.01418.x
http://www.ncbi.nlm.nih.gov/pubmed/21883890
http://dx.doi.org/10.1016/j.exer.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22683947
http://dx.doi.org/10.1023/A:1025396316169
http://www.ncbi.nlm.nih.gov/pubmed/12975606
http://dx.doi.org/10.1167/iovs.07-0587
http://www.ncbi.nlm.nih.gov/pubmed/17962455
http://www.ncbi.nlm.nih.gov/pubmed/21179234
http://dx.doi.org/10.1126/scitranslmed.3009644
http://www.ncbi.nlm.nih.gov/pubmed/25504883
http://dx.doi.org/10.1371/journal.pone.0076103
http://www.ncbi.nlm.nih.gov/pubmed/24098428
http://dx.doi.org/10.1002/stem.91
http://www.ncbi.nlm.nih.gov/pubmed/19544455
http://dx.doi.org/10.1167/iovs.14-14448
http://dx.doi.org/10.1016/j.jtos.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26804252
http://dx.doi.org/10.1371/journal.pone.0171712
http://www.ncbi.nlm.nih.gov/pubmed/28257425


Int. J. Mol. Sci. 2019, 20, 2853 22 of 28

73. Wu, J.; Du, Y.; Watkins, S.C.; Funderburgh, J.L.; Wagner, W.R. The engineering of organized human corneal
tissue through the spatial guidance of corneal stromal stem cells. Biomaterials 2012, 33, 1343–1352. [CrossRef]
[PubMed]

74. Kumar, A.; Xu, Y.; Yang, E.; Du, Y. Stemness and regenerative potential of corneal stromal stem cells and
their secretome After long-term storage: Implications for ocular regeneration. Investig. Ophthalmol. Vis. Sci.
2018, 59, 3728–3738. [CrossRef] [PubMed]

75. Huang, G.T.; Gronthos, S.; Shi, S. Mesenchymal stem cells derived from dental tissues vs. those from other
sources: Their biology and role in regenerative medicine. J. Dent. Res. 2009, 88, 792–806. [CrossRef]

76. Yam, G.H.; Peh, G.S.; Singhal, S.; Goh, B.T.; Mehta, J.S. Dental stem cells: A future asset of ocular cell therapy.
Expert Rev. Mol. Med. 2015, 17, e20. [CrossRef] [PubMed]

77. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc. Nat. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef]

78. Seo, B.M.; Miura, M.; Gronthos, S.; Bartold, P.M.; Batouli, S.; Robey, P.G.; Wang, C.Y.; Shi, S. Investigation of
multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149–155. [CrossRef]

79. Syed-Picard, F.N.; Du, Y.; Lathrop, K.L.; Mann, M.M.; Funderburgh, M.L.; Funderburgh, J.L. Dental pulp
stem cells: A new cellular resource for corneal stromal regeneration. Stem Cells Transl. Med. 2015, 4, 276–285.
[CrossRef]

80. Kawanabe, N.; Murata, S.; Murakami, K.; Ishihara, Y.; Hayano, S.; Kurosaka, H.; Kamioka, H.;
Takano-Yamamoto, T.; Yamashiro, T. Isolation of multipotent stem cells in human periodontal ligament using
stage-specific embryonic antigen-4. Differentiation 2010, 79, 74–83. [CrossRef]

81. Trubiani, O.; Zalzal, S.F.; Paganelli, R.; Marchisio, M.; Pizzicannella, J.; Buhring, H.J.; Piattelli, M.; Caputi, S.;
Nanci, A. Expression profile of the embryonic markers nanog, OCT-4, SSEA-1, SSEA-4, and frizzled-9 receptor
in human periodontal ligament mesenchymal stem cells. J. Cell. Physiol. 2010, 225, 123–131. [CrossRef]
[PubMed]

82. Tomokiyo, A.; Maeda, H.; Fujii, S.; Monnouchi, S.; Kono, K.; Yamamoto, N.; Koori, K.; Teramatsu, Y.;
Akamine, A. A multipotent clonal human periodontal ligament cell line with neural crest cell phenotypes
promotes neurocytic differentiation, migration, and survival. J. Cell. Physiol. 2012, 227, 2040–2050. [CrossRef]
[PubMed]

83. Yam, G.H.; Teo, E.P.; Setiawan, M.; Lovatt, M.J.; Yusoff, N.; Fuest, M.; Goh, B.T.; Mehta, J.S. Postnatal
periodontal ligament as a novel adult stem cell source for regenerative corneal cell therapy. J. Cell. Mol. Med.
2018, 22, 3119–3132. [CrossRef] [PubMed]

84. Alio Del Barrio, J.L.; El Zarif, M.; de Miguel, M.P.; Azaar, A.; Makdissy, N.; Harb, W.; El Achkar, I.;
Arnalich-Montiel, F.; Alio, J.L. Cellular therapy with human autologous adipose-derived adult stem cells for
advanced keratoconus. Cornea 2017, 36, 952–960. [CrossRef] [PubMed]

85. Alio, J.L.; Alio Del Barrio, J.L.; El Zarif, M.; Azaar, A.; Makdissy, N.; Khalil, C.; Harb, W.; El Achkar, I.;
Jawad, Z.A.; de Miguel, M.P. Regenerative surgery of the corneal stroma for advanced keratoconus: One
year outcomes. Am. J. Ophthalmol. 2019, 203, 53–68. [CrossRef] [PubMed]

86. Bourne, W.M. Biology of the corneal endothelium in health and disease. Eye 2003, 17, 912–918. [CrossRef]
87. Bonanno, J.A. Molecular mechanisms underlying the corneal endothelial pump. Exp. Eye Res. 2012, 95, 2–7.

[CrossRef] [PubMed]
88. Joyce, N.C. Proliferative capacity of corneal endothelial cells. Exp. Eye Res. 2012, 95, 16–23. [CrossRef]
89. Kinoshita, S.; Koizumi, N.; Ueno, M.; Okumura, N.; Imai, K.; Tanaka, H.; Yamamoto, Y.; Nakamura, T.;

Inatomi, T.; Bush, J.; et al. Injection of cultured cells with a ROCK inhibitor for bullous keratopathy. N. Engl.
J. Med. 2018, 378, 995–1003. [CrossRef]

90. Joyce, N.C.; Harris, D.L.; Markov, V.; Zhang, Z.; Saitta, B. Potential of human umbilical cord blood
mesenchymal stem cells to heal damaged corneal endothelium. Mol. Vis. 2012, 18, 547–564.

91. Yamashita, K.; Inagaki, E.; Hatou, S.; Higa, K.; Ogawa, A.; Miyashita, H.; Tsubota, K.; Shimmura, S. Corneal
endothelial regeneration using mesenchymal stem cells derived from human umbilical cord. Stem Cells Dev.
2018, 27, 1097–1108. [CrossRef] [PubMed]

92. Jackson, W.M.; Nesti, L.J.; Tuan, R.S. Mesenchymal stem cell therapy for attenuation of scar formation during
wound healing. Stem Cell Res. Ther. 2012, 3, 20. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2011.10.055
http://www.ncbi.nlm.nih.gov/pubmed/22078813
http://dx.doi.org/10.1167/iovs.18-23824
http://www.ncbi.nlm.nih.gov/pubmed/30046814
http://dx.doi.org/10.1177/0022034509340867
http://dx.doi.org/10.1017/erm.2015.16
http://www.ncbi.nlm.nih.gov/pubmed/26553416
http://dx.doi.org/10.1073/pnas.240309797
http://dx.doi.org/10.1016/S0140-6736(04)16627-0
http://dx.doi.org/10.5966/sctm.2014-0115
http://dx.doi.org/10.1016/j.diff.2009.10.005
http://dx.doi.org/10.1002/jcp.22203
http://www.ncbi.nlm.nih.gov/pubmed/20458727
http://dx.doi.org/10.1002/jcp.22933
http://www.ncbi.nlm.nih.gov/pubmed/21751215
http://dx.doi.org/10.1111/jcmm.13589
http://www.ncbi.nlm.nih.gov/pubmed/29536619
http://dx.doi.org/10.1097/ICO.0000000000001228
http://www.ncbi.nlm.nih.gov/pubmed/28486314
http://dx.doi.org/10.1016/j.ajo.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30772348
http://dx.doi.org/10.1038/sj.eye.6700559
http://dx.doi.org/10.1016/j.exer.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21693119
http://dx.doi.org/10.1016/j.exer.2011.08.014
http://dx.doi.org/10.1056/NEJMoa1712770
http://dx.doi.org/10.1089/scd.2017.0297
http://www.ncbi.nlm.nih.gov/pubmed/29929442
http://dx.doi.org/10.1186/scrt111
http://www.ncbi.nlm.nih.gov/pubmed/22668751


Int. J. Mol. Sci. 2019, 20, 2853 23 of 28

93. Kaur, S.; Martin-Manso, G.; Pendrak, M.L.; Isenberg, J.S.; Roberts, D.D. Thrombospondin-1 inhibits VEGF
receptor-2 signaling by disrupting its association with CD47. J. Biol. Chem. 2010, 285, 38923–38932. [CrossRef]
[PubMed]

94. Bazzazi, H.; Zhang, Y.; Jafarnejad, M.; Isenberg, J.S.; Annex, B.H.; Popel, A.S. Computer simulation of
TSP1 inhibition of VEGF-Akt-eNOS: An angiogenesis triple threat. Front. Physiol. 2018, 9, 644. [CrossRef]
[PubMed]

95. Oh, J.Y.; Kim, M.K.; Shin, M.S.; Lee, H.J.; Ko, J.H.; Wee, W.R.; Lee, J.H. The anti-inflammatory and
anti-angiogenic role of mesenchymal stem cells in corneal wound healing following chemical injury.
Stem Cells 2008, 26, 1047–1055. [CrossRef] [PubMed]

96. Pinnamaneni, N.; Funderburgh, J.L. Concise review: Stem cells in the corneal stroma. Stem Cells 2012, 30,
1059–1063. [CrossRef] [PubMed]

97. Eslani, M.; Putra, I.; Shen, X.; Hamouie, J.; Tadepalli, A.; Anwar, K.N.; Kink, J.A.; Ghassemi, S.; Agnihotri, G.;
Reshetylo, S.; et al. Cornea-derived mesenchymal stromal cells therapeutically modulate macrophage
immunophenotype and angiogenic function. Stem Cells 2018, 36, 775–784. [CrossRef] [PubMed]

98. Song, H.B.; Park, S.Y.; Ko, J.H.; Park, J.W.; Yoon, C.H.; Kim, D.H.; Kim, J.H.; Kim, M.K.; Lee, R.H.; Prockop, D.J.;
et al. Mesenchymal stromal cells inhibit inflammatory lymphangiogenesis in the cornea by suppressing
macrophage in a TSG-6-dependent manner. Mol. Ther. 2018, 26, 162–172. [CrossRef]

99. Casiraghi, F.; Azzollini, N.; Todeschini, M.; Cavinato, R.A.; Cassis, P.; Solini, S.; Rota, C.; Morigi, M.;
Introna, M.; Maranta, R.; et al. Localization of mesenchymal stromal cells dictates their immune or
proinflammatory effects in kidney transplantation. Am. J. Transplant. 2012, 12, 2373–2383. [CrossRef]

100. Oh, J.Y.; Lee, R.H.; Yu, J.M.; Ko, J.H.; Lee, H.J.; Ko, A.Y.; Roddy, G.W.; Prockop, D.J. Intravenous mesenchymal
stem cells prevented rejection of allogeneic corneal transplants by aborting the early inflammatory response.
Mol. Ther. 2012, 20, 2143–2152. [CrossRef]

101. De Miguel, M.P.; Fuentes-Julian, S.; Blazquez-Martinez, A.; Pascual, C.Y.; Aller, M.A.; Arias, J.;
Arnalich-Montiel, F. Immunosuppressive properties of mesenchymal stem cells: Advances and applications.
Curr. Mol. Med. 2012, 12, 574–591. [CrossRef] [PubMed]

102. Beyth, S.; Borovsky, Z.; Mevorach, D.; Liebergall, M.; Gazit, Z.; Aslan, H.; Galun, E.; Rachmilewitz, J. Human
mesenchymal stem cells alter antigen-presenting cell maturation and induce T-cell unresponsiveness. Blood
2005, 105, 2214–2219. [CrossRef] [PubMed]

103. Shaw, A.C.; Goldstein, D.R.; Montgomery, R.R. Age-dependent dysregulation of innate immunity.
Nat. Rev. Immunol. 2013, 13, 875–887. [CrossRef] [PubMed]

104. Crop, M.; Baan, C.; Weimar, W.; Hoogduijn, M. Potential of mesenchymal stem cells as immune therapy in
solid-organ transplantation. Transplant. Int. 2009, 22, 365–376. [CrossRef] [PubMed]

105. Casiraghi, F.; Remuzzi, G.; Perico, N. Mesenchymal stromal cells to promote kidney transplantation tolerance.
Curr. Opin. Organ Transplant. 2014, 19, 47–53. [CrossRef] [PubMed]

106. Coulson-Thomas, V.J.; Gesteira, T.F.; Hascall, V.; Kao, W. Umbilical cord mesenchymal stem cells suppress
host rejection: The role of the glycocalyx. J. Biol. Chem. 2014, 289, 23465–23481. [CrossRef] [PubMed]

107. Kao, W.W.; Coulson-Thomas, V.J. Cell therapy of corneal diseases. Cornea 2016, 35 (Suppl. S1), S9–S19.
[CrossRef]

108. Turner, L.; Knoepfler, P. Selling Stem Cells in the USA: Assessing the direct-to-consumer industry. Cell Stem
Cell 2016, 19, 154–157. [CrossRef]

109. Kuriyan, A.E.; Albini, T.A.; Townsend, J.H.; Rodriguez, M.; Pandya, H.K.; Leonard, R.E., 2nd; Parrott, M.B.;
Rosenfeld, P.J.; Flynn, H.W., Jr.; Goldberg, J.L. Vision loss after intravitreal injection of autologous “stem
cells” for AMD. N. Engl. J. Med. 2017, 376, 1047–1053. [CrossRef]

110. Bowman, M.; Racke, M.; Kissel, J.; Imitola, J. Responsibilities of health care professionals in counseling
and educating patients with incurable neurological diseases regarding “stem cell tourism”: Caveat emptor.
JAMA Neurol. 2015, 72, 1342–1345. [CrossRef]

111. Knoepfler, P.S. From bench to FDA to bedside: US regulatory trends for new stem cell therapies. Adv. Drug
Deliv. Rev. 2015, 82–83, 192–196. [CrossRef] [PubMed]

112. Galipeau, J.; Sensebe, L. Mesenchymal stromal cells: Clinical challenges and therapeutic opportunities.
Cell Stem Cell 2018, 22, 824–833. [CrossRef] [PubMed]

113. Lukomska, B.; Stanaszek, L.; Zuba-Surma, E.; Legosz, P.; Sarzynska, S.; Drela, K. Challenges and controversies
in human mesenchymal stem cell therapy. Stem Cells Int. 2019, 2019, 9628536. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M110.172304
http://www.ncbi.nlm.nih.gov/pubmed/20923780
http://dx.doi.org/10.3389/fphys.2018.00644
http://www.ncbi.nlm.nih.gov/pubmed/29899706
http://dx.doi.org/10.1634/stemcells.2007-0737
http://www.ncbi.nlm.nih.gov/pubmed/18192235
http://dx.doi.org/10.1002/stem.1100
http://www.ncbi.nlm.nih.gov/pubmed/22489057
http://dx.doi.org/10.1002/stem.2781
http://www.ncbi.nlm.nih.gov/pubmed/29341332
http://dx.doi.org/10.1016/j.ymthe.2017.09.026
http://dx.doi.org/10.1111/j.1600-6143.2012.04115.x
http://dx.doi.org/10.1038/mt.2012.165
http://dx.doi.org/10.2174/156652412800619950
http://www.ncbi.nlm.nih.gov/pubmed/22515979
http://dx.doi.org/10.1182/blood-2004-07-2921
http://www.ncbi.nlm.nih.gov/pubmed/15514012
http://dx.doi.org/10.1038/nri3547
http://www.ncbi.nlm.nih.gov/pubmed/24157572
http://dx.doi.org/10.1111/j.1432-2277.2008.00786.x
http://www.ncbi.nlm.nih.gov/pubmed/19000235
http://dx.doi.org/10.1097/MOT.0000000000000035
http://www.ncbi.nlm.nih.gov/pubmed/24257324
http://dx.doi.org/10.1074/jbc.M114.557447
http://www.ncbi.nlm.nih.gov/pubmed/24986866
http://dx.doi.org/10.1097/ICO.0000000000001010
http://dx.doi.org/10.1016/j.stem.2016.06.007
http://dx.doi.org/10.1056/NEJMoa1609583
http://dx.doi.org/10.1001/jamaneurol.2015.1891
http://dx.doi.org/10.1016/j.addr.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25489841
http://dx.doi.org/10.1016/j.stem.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29859173
http://dx.doi.org/10.1155/2019/9628536
http://www.ncbi.nlm.nih.gov/pubmed/31093291


Int. J. Mol. Sci. 2019, 20, 2853 24 of 28

114. Anitua, E.; Prado, R. Addressing reproducibility in stem cell and PRP therapies. Trends Biotechnol. 2019, 37,
340–344. [CrossRef] [PubMed]

115. Drela, K.; Stanaszek, L.; Nowakowski, A.; Kuczynska, Z.; Lukomska, B. Experimental strategies of
mesenchymal stem cell propagation: Adverse events and potential risk of functional changes. Stem Cells Int.
2019, 2019, 7012692. [CrossRef] [PubMed]

116. Pamies, D.; Bal-Price, A.; Simeonov, A.; Tagle, D.; Allen, D.; Gerhold, D.; Yin, D.; Pistollato, F.; Inutsuka, T.;
Sullivan, K.; et al. Good cell culture practice for stem cells and stem-cell-derived models. Altex 2017, 34,
95–132. [PubMed]

117. Lechanteur, C.; Briquet, A.; Giet, O.; Delloye, O.; Baudoux, E.; Beguin, Y. Clinical-scale expansion of
mesenchymal stromal cells: A large banking experience. J. Transl. Med. 2016, 14, 145. [CrossRef]

118. Yin, J.Q.; Zhu, J.; Ankrum, J.A. Manufacturing of primed mesenchymal stromal cells for therapy.
Nat. Biomed. Eng. 2019, 3, 90–104. [CrossRef] [PubMed]

119. Alfaro, M.P.; Pagni, M.; Vincent, A.; Atkinson, J.; Hill, M.F.; Cates, J.; Davidson, J.M.; Rottman, J.; Lee, E.;
Young, P.P. The Wnt modulator sFRP2 enhances mesenchymal stem cell engraftment, granulation tissue
formation and myocardial repair. Proc. Nat. Acad. Sci. USA 2008, 105, 18366–18371. [CrossRef] [PubMed]

120. Andrade, S.P.; Ferreira, M.A. The sponge implant model of angiogenesis. Methods Mol. Biol. 2009, 467,
295–304.

121. Teixeira, F.G.; Carvalho, M.M.; Neves-Carvalho, A.; Panchalingam, K.M.; Behie, L.A.; Pinto, L.; Sousa, N.;
Salgado, A.J. Secretome of mesenchymal progenitors from the umbilical cord acts as modulator of neural/glial
proliferation and differentiation. Stem Cell Rev. Rep. 2015, 11, 288–297. [CrossRef] [PubMed]

122. Teng, X.; Chen, L.; Chen, W.; Yang, J.; Yang, Z.; Shen, Z. Mesenchymal stem cell-derived exosomes
improve the microenvironment of infarcted myocardium contributing to angiogenesis and anti-inflammation.
Cell Physiol. Biochem. 2015, 37, 2415–2424. [CrossRef] [PubMed]

123. Ferreira, J.R.; Teixeira, G.Q.; Santos, S.G.; Barbosa, M.A.; Almeida-Porada, G.; Goncalves, R.M. Mesenchymal
stromal cell secretome: Influencing therapeutic potential by cellular pre-conditioning. Front. Immunol. 2018,
9, 2837. [CrossRef] [PubMed]

124. Chinnadurai, R.; Rajan, D.; Qayed, M.; Arafat, D.; Garcia, M.; Liu, Y.; Kugathasan, S.; Anderson, L.J.;
Gibson, G.; Galipeau, J. Potency analysis of mesenchymal stromal cells using a combinatorial assay matrix
approach. Cell Rep. 2018, 22, 2504–2517. [CrossRef] [PubMed]

125. Lin, K.J.; Loi, M.X.; Lien, G.S.; Cheng, C.F.; Pao, H.Y.; Chang, Y.C.; Ji, A.T.; Ho, J.H. Topical administration of
orbital fat-derived stem cells promotes corneal tissue regeneration. Stem Cell Res. Ther. 2013, 4, 72. [CrossRef]
[PubMed]

126. Blazquez, R.; Sanchez-Margallo, F.M.; de la Rosa, O.; Dalemans, W.; Alvarez, V.; Tarazona, R.; Casado, J.G.
Immunomodulatory potential of human adipose mesenchymal stem cells derived exosomes on in vitro
stimulated T cells. Front. Immunol. 2014, 5, 556. [CrossRef] [PubMed]

127. Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, P.A.;
Beelen, D.W.; Giebel, B. MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host
disease. Leukemia 2014, 28, 970–973. [CrossRef]

128. Haagdorens, M.; Van Acker, S.I.; Van Gerwen, V.; Ni Dhubhghaill, S.; Tassignon, M.J.; Zakaria, N. Limbal
stem cell deficiency: Current treatment options and emerging therapies. Stem Cells Int. 2016, 2016, 9798374.
[CrossRef]

129. Nakamura, T.; Inatomi, T.; Sotozono, C.; Koizumi, N.; Kinoshita, S. Ocular surface reconstruction using stem
cell and tissue engineering. Prog. Retin. Eye Res. 2016, 51, 187–207. [CrossRef]

130. Phinney, D.G.; Pittenger, M.F. Concise Review: MSC-derived exosomes for cell-free therapy. Stem Cells 2017,
35, 851–858. [CrossRef]

131. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and
other extracellular vesicles. Ann. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef] [PubMed]

132. Soares Martins, T.; Catita, J.; Martins Rosa, I.; da Cruz e Sliva, A.B.O.; Henriques, A.G. Exosome isolation
from distinct biofluids using precipitation and column-based approaches. PLoS ONE 2018, 13, e0198820.
[CrossRef] [PubMed]

133. Wu, C.X.; Liu, Z.F. Proteomic profiling of sweat exosome suggests its involvement in skin immunity.
J. Investig. Dermatol. 2018, 138, 89–97. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tibtech.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30579716
http://dx.doi.org/10.1155/2019/7012692
http://www.ncbi.nlm.nih.gov/pubmed/30956673
http://www.ncbi.nlm.nih.gov/pubmed/27554434
http://dx.doi.org/10.1186/s12967-016-0892-y
http://dx.doi.org/10.1038/s41551-018-0325-8
http://www.ncbi.nlm.nih.gov/pubmed/30944433
http://dx.doi.org/10.1073/pnas.0803437105
http://www.ncbi.nlm.nih.gov/pubmed/19017790
http://dx.doi.org/10.1007/s12015-014-9576-2
http://www.ncbi.nlm.nih.gov/pubmed/25420577
http://dx.doi.org/10.1159/000438594
http://www.ncbi.nlm.nih.gov/pubmed/26646808
http://dx.doi.org/10.3389/fimmu.2018.02837
http://www.ncbi.nlm.nih.gov/pubmed/30564236
http://dx.doi.org/10.1016/j.celrep.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29490284
http://dx.doi.org/10.1186/scrt223
http://www.ncbi.nlm.nih.gov/pubmed/23769140
http://dx.doi.org/10.3389/fimmu.2014.00556
http://www.ncbi.nlm.nih.gov/pubmed/25414703
http://dx.doi.org/10.1038/leu.2014.41
http://dx.doi.org/10.1155/2016/9798374
http://dx.doi.org/10.1016/j.preteyeres.2015.07.003
http://dx.doi.org/10.1002/stem.2575
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://www.ncbi.nlm.nih.gov/pubmed/25288114
http://dx.doi.org/10.1371/journal.pone.0198820
http://www.ncbi.nlm.nih.gov/pubmed/29889903
http://dx.doi.org/10.1016/j.jid.2017.05.040
http://www.ncbi.nlm.nih.gov/pubmed/28899687


Int. J. Mol. Sci. 2019, 20, 2853 25 of 28

134. Lobb, R.J.; Becker, M.; Wen, S.W.; Wiegmans, A.P.; Leimgruber, A.; Moller, A. Optimized exosome isolation
protocol for cell culture supernatant and human plasma. J. Extracell. Vesicles 2015, 4, 27031. [CrossRef]
[PubMed]

135. Li, P.; Kaslan, M.; Lee, S.H.; Yao, J.; Gao, Z. Progress in exosome isolation techniques. Theranostics 2017, 7,
789–804. [CrossRef] [PubMed]

136. Larssen, P.; Wik, L.; Czarnewski, P.; Eldh, M.; Lof, L.; Ronquist, K.G.; Dubois, L.; Freyhult, E.; Gallant, C.J.;
Oelrich, J.; et al. Tracing cellular origin of human exosomes using multiplex proximity extension assays.
Mol. Cell. Proteom. 2017, 16, 1547. [CrossRef] [PubMed]

137. Sancho-Albero, M.; Navascues, N.; Mendoza, G.; Sebastian, V.; Arruebo, M.; Martin-Duque, P.; Santamaria, J.
Exosome origin determines cell targeting and the transfer of therapeutic nanoparticles towards target cells.
J. Nanobiotechnol. 2019, 17, 16. [CrossRef]

138. Piper, R.C.; Katzmann, D.J. Biogenesis and function of multivesicular bodies. Ann. Rev. Cell Dev. Biol. 2007,
23, 519–547. [CrossRef] [PubMed]

139. Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA: Trafficking, sorting,
and function. Genom. Proteom. Bioinform. 2015, 13, 17–24. [CrossRef]

140. Abels, E.R.; Breakefield, X.O. Introduction to extracellular vesicles: Biogenesis, RNA cargo selection, content,
release, and uptake. Cell. Mol. Neurobiol. 2016, 36, 301–312. [CrossRef]

141. Mathivanan, S.; Simpson, R.J. ExoCarta: A compendium of exosomal proteins and RNA. Proteomics 2009, 9,
4997–5000. [CrossRef] [PubMed]

142. He, G.H.; Zhang, W.; Ma, Y.X.; Yang, J.; Chen, L.; Song, J.; Chen, S. Mesenchymal stem cells-derived
exosomes ameliorate blue light stimulation in retinal pigment epithelium cells and retinal laser injury by
VEGF-dependent mechanism. Int. J. Ophthalmol. 2018, 11, 559–566. [PubMed]

143. Logozzi, M.; De Milito, A.; Lugini, L.; Borghi, M.; Calabro, L.; Spada, M.; Perdicchio, M.; Marino, M.L.;
Federici, C.; Iessi, E.; et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma
patients. PLoS ONE 2009, 4, e5219. [CrossRef] [PubMed]

144. Welker, M.W.; Reichert, D.; Susser, S.; Sarrazin, C.; Martinez, Y.; Herrmann, E.; Zeuzem, S.; Piiper, A.;
Kronenberger, B. Soluble serum CD81 is elevated in patients with chronic hepatitis C and correlates with
alanine aminotransferase serum activity. PLoS ONE 2012, 7, e30796. [CrossRef] [PubMed]

145. Tanaka, Y.; Kamohara, H.; Kinoshita, K.; Kurashige, J.; Ishimoto, T.; Iwatsuki, M.; Watanabe, M.; Baba, H.
Clinical impact of serum exosomal microRNA-21 as a clinical biomarker in human esophageal squamous
cell carcinoma. Cancer 2013, 119, 1159–1167. [CrossRef] [PubMed]

146. Takahashi, Y.; Nishikawa, M.; Shinotsuka, H.; Matsui, Y.; Ohara, S.; Imai, T.; Takakura, Y. Visualization and
in vivo tracking of the exosomes of murine melanoma B16-BL6 cells in mice after intravenous injection.
J. Biotechnol. 2013, 165, 77–84. [CrossRef] [PubMed]

147. Van Giau, V.; An, S.S. Emergence of exosomal miRNAs as a diagnostic biomarker for Alzheimer’s disease.
J. Neurol. Sci. 2016, 360, 141–152. [CrossRef] [PubMed]

148. Escrevente, C.; Keller, S.; Altevogt, P.; Costa, J. Interaction and uptake of exosomes by ovarian cancer cells.
BMC Cancer 2011, 11, 108. [CrossRef]

149. Urbanelli, L.; Magini, A.; Buratta, S.; Brozzi, A.; Sagini, K.; Polchi, A.; Tancini, B.; Emiliani, C. Signaling
pathways in exosomes biogenesis, secretion and fate. Genes 2013, 4, 152–170. [CrossRef]

150. Gomari, H.; Forouzandeh Moghadam, M.; Soleimani, M. Targeted cancer therapy using engineered exosome
as a natural drug delivery vehicle. Onco Targets Ther. 2018, 11, 5753–5762. [CrossRef]

151. Cosenza, S.; Toupet, K.; Maumus, M.; Luz-Crawford, P.; Blanc-Brude, O.; Jorgensen, C.; Noel, D. Mesenchymal
stem cells-derived exosomes are more immunosuppressive than microparticles in inflammatory arthritis.
Theranostics 2018, 8, 1399–1410. [CrossRef] [PubMed]

152. Reza-Zaldivar, E.E.; Hernandez-Sapiens, M.A.; Minjarez, B.; Gutierrez-Mercado, Y.K.; Marquez-Aguirre, A.L.;
Canales-Aguirre, A.A. Potential effects of MSC-derived exosomes in neuroplasticity in Alzheimer’s disease.
Front. Cell. Neurosci. 2018, 12, 317. [CrossRef] [PubMed]

153. Toh, W.S.; Lai, R.C.; Zhang, B.; Lim, S.K. MSC exosome works through a protein-based mechanism of action.
Biochem. Soc. Trans. 2018, 46, 843–853. [CrossRef] [PubMed]

154. Hu, G.W.; Li, Q.; Niu, X.; Hu, B.; Liu, J.; Zhou, S.M.; Guo, S.C.; Lang, H.L.; Zhang, C.Q.; Wang, Y.; et al.
Exosomes secreted by human-induced pluripotent stem cell-derived mesenchymal stem cells attenuate limb
ischemia by promoting angiogenesis in mice. Stem Cell Res. Ther. 2015, 6, 10. [CrossRef] [PubMed]

http://dx.doi.org/10.3402/jev.v4.27031
http://www.ncbi.nlm.nih.gov/pubmed/26194179
http://dx.doi.org/10.7150/thno.18133
http://www.ncbi.nlm.nih.gov/pubmed/28255367
http://dx.doi.org/10.1074/mcp.A116.064725
http://www.ncbi.nlm.nih.gov/pubmed/28765260
http://dx.doi.org/10.1186/s12951-018-0437-z
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.123319
http://www.ncbi.nlm.nih.gov/pubmed/17506697
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1007/s10571-016-0366-z
http://dx.doi.org/10.1002/pmic.200900351
http://www.ncbi.nlm.nih.gov/pubmed/19810033
http://www.ncbi.nlm.nih.gov/pubmed/29675371
http://dx.doi.org/10.1371/journal.pone.0005219
http://www.ncbi.nlm.nih.gov/pubmed/19381331
http://dx.doi.org/10.1371/journal.pone.0030796
http://www.ncbi.nlm.nih.gov/pubmed/22355327
http://dx.doi.org/10.1002/cncr.27895
http://www.ncbi.nlm.nih.gov/pubmed/23224754
http://dx.doi.org/10.1016/j.jbiotec.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23562828
http://dx.doi.org/10.1016/j.jns.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26723991
http://dx.doi.org/10.1186/1471-2407-11-108
http://dx.doi.org/10.3390/genes4020152
http://dx.doi.org/10.2147/OTT.S173110
http://dx.doi.org/10.7150/thno.21072
http://www.ncbi.nlm.nih.gov/pubmed/29507629
http://dx.doi.org/10.3389/fncel.2018.00317
http://www.ncbi.nlm.nih.gov/pubmed/30319358
http://dx.doi.org/10.1042/BST20180079
http://www.ncbi.nlm.nih.gov/pubmed/29986939
http://dx.doi.org/10.1186/scrt546
http://www.ncbi.nlm.nih.gov/pubmed/26268554


Int. J. Mol. Sci. 2019, 20, 2853 26 of 28

155. Zhou, Y.; Xu, H.; Xu, W.; Wang, B.; Wu, H.; Tao, Y.; Zhang, B.; Wang, M.; Mao, F.; Yan, Y.; et al. Exosomes
released by human umbilical cord mesenchymal stem cells protect against cisplatin-induced renal oxidative
stress and apoptosis in vivo and in vitro. Stem Cell Res. Ther. 2013, 4, 34. [CrossRef] [PubMed]

156. Li, T.; Yan, Y.; Wang, B.; Qian, H.; Zhang, X.; Shen, L.; Wang, M.; Zhou, Y.; Zhu, W.; Li, W.; et al. Exosomes
derived from human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013, 22,
845–854. [CrossRef] [PubMed]

157. Kim, D.K.; Nishida, H.; An, S.Y.; Shetty, A.K.; Bartosh, T.J.; Prockop, D.J. Chromatographically isolated
CD63+CD81+ extracellular vesicles from mesenchymal stromal cells rescue cognitive impairments after TBI.
Proc. Nat. Acad. Sci. USA 2016, 113, 170–175. [CrossRef] [PubMed]

158. Gennai, S.; Monsel, A.; Hao, Q.; Park, J.; Matthay, M.A.; Lee, J.W. Microvesicles derived from human
mesenchymal stem cells restore alveolar fluid clearance in human lungs rejected for transplantation.
Am. J. Transplant. 2015, 15, 2404–2412. [CrossRef]

159. Bai, L.; Shao, H.; Wang, H.; Zhang, Z.; Su, C.; Dong, L.; Yu, B.; Chen, X.; Li, X.; Zhang, X. Effects of
mesenchymal stem cell-derived exosomes on experimental autoimmune uveitis. Sci. Rep. 2017, 7, 4323.
[CrossRef]

160. Yu, B.; Shao, H.; Su, C.; Jiang, Y.; Chen, X.; Bai, L.; Zhang, Y.; Li, Q.; Zhang, X.; Li, X. Exosomes derived from
MSCs ameliorate retinal laser injury partially by inhibition of MCP-1. Sci. Rep. 2016, 6, 34562. [CrossRef]

161. Zhang, W.; Wang, Y.; Kong, Y. Exosomes derived from mesenchymal stem cells modulate miR-126 to
ameliorate hyperglycemia-induced retinal inflammation via Targeting HMGB1. Investig. Ophthalmol. Vis.
Sci. 2019, 60, 294–303. [CrossRef] [PubMed]

162. Lee, J.K.; Park, S.R.; Jung, B.K.; Jeon, Y.K.; Lee, Y.S.; Kim, M.K.; Kim, Y.G.; Jang, J.Y.; Kim, C.W. Exosomes
derived from mesenchymal stem cells suppress angiogenesis by down-regulating VEGF expression in breast
cancer cells. PLoS ONE 2013, 8, e84256. [CrossRef] [PubMed]

163. He, C.; Zheng, S.; Luo, Y.; Wang, B. Exosome theranostics: Biology and translational medicine. Theranostics
2018, 8, 237–255. [CrossRef] [PubMed]

164. Li, L.; Zhu, D.; Huang, L.; Zhang, J.; Bian, Z.; Chen, X.; Liu, Y.; Zhang, C.Y.; Zen, K. Argonaute 2 complexes
selectively protect the circulating microRNAs in cell-secreted microvesicles. PLoS ONE 2012, 7, e46957.
[CrossRef] [PubMed]

165. Mead, B.; Tomarev, S. Bone marrow-derived mesenchymal stem cells-derived exosomes promote survival of
retinal ganglion cells through miRNA-dependent mechanisms. Stem Cells Transl. Med. 2017, 6, 1273–1285.
[CrossRef] [PubMed]

166. Zhang, X.; Ren, X.; Li, G.; Jiao, C.; Zhang, L.; Zhao, S.; Wang, J.; Han, Z.C.; Li, X. Mesenchymal stem cells
ameliorate experimental autoimmune uveoretinitis by comprehensive modulation of systemic autoimmunity.
Investig. Ophthalmol. Vis. Sci. 2011, 52, 3143–3152. [CrossRef]

167. Mead, B.; Berry, M.; Logan, A.; Scott, R.A.; Leadbeater, W.; Scheven, B.A. Stem cell treatment of degenerative
eye disease. Stem Cell Res. 2015, 14, 243–257. [CrossRef]

168. Zhang, X.; Liu, J.; Yu, B.; Ma, F.; Ren, X.; Li, X. Effects of mesenchymal stem cells and their exosomes on the
healing of large and refractory macular holes. Graefe’s Arch. Clin. Exp. Ophthalmol. 2018, 256, 2041–2052.
[CrossRef]

169. Shen, T.; Zheng, Q.Q.; Shen, J.; Li, Q.S.; Song, X.H.; Luo, H.B.; Hong, C.Y.; Yao, K. Effects of adipose-derived
mesenchymal stem cell exosomes on corneal stromal fibroblast viability and extracellular matrix synthesis.
Chin. Med. J. 2018, 131, 704–712. [CrossRef]

170. Samaeekia, R.; Rabiee, B.; Putra, I.; Shen, X.; Park, Y.J.; Hematti, P.; Eslani, M.; Djalilian, A.R. Effect of human
corneal mesenchymal stromal cell-derived exosomes on corneal epithelial wound healing. Investig. Ophthalmol.
Vis. Sci. 2018, 59, 5194–5200. [CrossRef]

171. Anderson, J.D.; Johansson, H.J.; Graham, C.S.; Vesterlund, M.; Pham, M.T.; Bramlett, C.S.; Montgomery, E.N.;
Mellema, M.S.; Bardini, R.L.; Contreras, Z.; et al. Comprehensive proteomic analysis of mesenchymal stem
cell exosomes reveals modulation of angiogenesis via nuclear factor-kappaB signaling. Stem Cells 2016, 34,
601–613. [CrossRef] [PubMed]

172. La Greca, A.; Solari, C.; Furmento, V.; Lombardi, A.; Biani, M.C.; Aban, C.; Moro, L.; Garcia, M.;
Guberman, A.S.; Sevlever, G.E.; et al. Extracellular vesicles from pluripotent stem cell-derived mesenchymal
stem cells acquire a stromal modulatory proteomic pattern during differentiation. Exp. Mol. Med. 2018,
50, 119. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/scrt194
http://www.ncbi.nlm.nih.gov/pubmed/23618405
http://dx.doi.org/10.1089/scd.2012.0395
http://www.ncbi.nlm.nih.gov/pubmed/23002959
http://dx.doi.org/10.1073/pnas.1522297113
http://www.ncbi.nlm.nih.gov/pubmed/26699510
http://dx.doi.org/10.1111/ajt.13271
http://dx.doi.org/10.1038/s41598-017-04559-y
http://dx.doi.org/10.1038/srep34562
http://dx.doi.org/10.1167/iovs.18-25617
http://www.ncbi.nlm.nih.gov/pubmed/30657854
http://dx.doi.org/10.1371/journal.pone.0084256
http://www.ncbi.nlm.nih.gov/pubmed/24391924
http://dx.doi.org/10.7150/thno.21945
http://www.ncbi.nlm.nih.gov/pubmed/29290805
http://dx.doi.org/10.1371/journal.pone.0046957
http://www.ncbi.nlm.nih.gov/pubmed/23077538
http://dx.doi.org/10.1002/sctm.16-0428
http://www.ncbi.nlm.nih.gov/pubmed/28198592
http://dx.doi.org/10.1167/iovs.10-6334
http://dx.doi.org/10.1016/j.scr.2015.02.003
http://dx.doi.org/10.1007/s00417-018-4097-3
http://dx.doi.org/10.4103/0366-6999.226889
http://dx.doi.org/10.1167/iovs.18-24803
http://dx.doi.org/10.1002/stem.2298
http://www.ncbi.nlm.nih.gov/pubmed/26782178
http://dx.doi.org/10.1038/s12276-018-0142-x
http://www.ncbi.nlm.nih.gov/pubmed/30201949


Int. J. Mol. Sci. 2019, 20, 2853 27 of 28

173. Katsuda, T.; Tsuchiya, R.; Kosaka, N.; Yoshioka, Y.; Takagaki, K.; Oki, K.; Takeshita, F.; Sakai, Y.; Kuroda, M.;
Ochiya, T. Human adipose tissue-derived mesenchymal stem cells secrete functional neprilysin-bound
exosomes. Sci. Rep. 2013, 3, 1197. [CrossRef] [PubMed]

174. Del Fattore, A.; Luciano, R.; Saracino, R.; Battafarano, G.; Rizzo, C.; Pascucci, L.; Pessina, A.; Perrotta, A.;
Fierabracci, A.; Muraca, M. Differential effects of extracellular vesicles secreted by mesenchymal stem cells
from different sources on glioblastoma cells. Expert Opin. Biol. Ther. 2015, 15, 495–504. [CrossRef] [PubMed]

175. Zimta, A.A.; Baru, O.; Badea, M.; Buduru, S.D.; Berindan-Neagoe, I. The role of angiogenesis and
pro-Angiogenic exosomes in regenerative dentistry. Int. J. Mol. Sci. 2019, 20, 406. [CrossRef] [PubMed]

176. Ueno, M.; Asada, K.; Toda, M.; Nagata, K.; Sotozono, C.; Kosaka, N.; Ochiya, T.; Kinoshita, S.; Hamuro, J.
Concomitant evaluation of a panel of exosome proteins and miRs for qualification of cultured human corneal
endothelial cells. Investig. Ophthalmol. Vis. Sci. 2016, 57, 4393–4402. [CrossRef] [PubMed]

177. Fafian-Labora, J.; Lesende-Rodriguez, I.; Fernandez-Pernas, P.; Sangiao-Alvarellos, S.; Monserrat, L.;
Arntz, O.J.; van de Loo, F.J.; Mateos, J.; Arufe, M.C. Effect of age on pro-inflammatory miRNAs contained in
mesenchymal stem cell-derived extracellular vesicles. Sci. Rep. 2017, 7, 43923. [CrossRef] [PubMed]

178. Sokolova, V.; Ludwig, A.K.; Hornung, S.; Rotan, O.; Horn, P.A.; Epple, M.; Giebel, B. Characterisation of
exosomes derived from human cells by nanoparticle tracking analysis and scanning electron microscopy.
Colloids Surf. B Biointerfaces 2011, 87, 146–150. [CrossRef] [PubMed]

179. Webber, J.; Clayton, A. How pure are your vesicles? J. Extracell. Vesicles 2013, 2. [CrossRef] [PubMed]
180. Lorincz, A.M.; Timar, C.I.; Marosvari, K.A.; Veres, D.S.; Otrokocsi, L.; Kittel, A.; Ligeti, E. Effect of storage

on physical and functional properties of extracellular vesicles derived from neutrophilic granulocytes.
J. Extracell. Vesicles 2014, 3, 25465. [CrossRef] [PubMed]

181. Zhou, H.; Yuen, P.S.; Pisitkun, T.; Gonzales, P.A.; Yasuda, H.; Dear, J.W.; Gross, P.; Knepper, M.A.; Star, R.A.
Collection, storage, preservation, and normalization of human urinary exosomes for biomarker discovery.
Kidney Int. 2006, 69, 1471–1476. [CrossRef] [PubMed]

182. Bosch, S.; de Beaurepaire, L.; Allard, M.; Mosser, M.; Heichette, C.; Chretien, D.; Jegou, D.; Bach, J.M.
Trehalose prevents aggregation of exosomes and cryodamage. Sci. Rep. 2016, 6, 36162. [CrossRef] [PubMed]

183. Charoenviriyakul, C.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Preservation of exosomes at room
temperature using lyophilization. Int. J. Pharm. 2018, 553, 1–7. [CrossRef] [PubMed]

184. Panchalingam, K.M.; Jung, S.; Rosenberg, L.; Behie, L.A. Bioprocessing strategies for the large-scale production
of human mesenchymal stem cells: A review. Stem Cell Res. Ther. 2015, 6, 225. [CrossRef] [PubMed]

185. Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake.
J. Extracell. Vesicles 2014, 3. [CrossRef] [PubMed]

186. Smyth, T.; Kullberg, M.; Malik, N.; Smith-Jones, P.; Graner, M.W.; Anchordoquy, T.J. Biodistribution and
delivery efficiency of unmodified tumor-derived exosomes. J. Control. Release 2015, 199, 145–155. [CrossRef]
[PubMed]

187. Mentkowski, K.I.; Snitzer, J.D.; Rusnak, S.; Lang, J.K. Therapeutic potential of engineered extracellular
vesicles. AAPS J. 2018, 20, 50. [CrossRef] [PubMed]

188. Patel, A.; Cholkar, K.; Agrahari, V.; Mitra, A.K. Ocular drug delivery systems: An overview. World J. Pharmacol.
2013, 2, 47–64. [CrossRef]

189. Charoenviriyakul, C.; Takahashi, Y.; Morishita, M.; Matsumoto, A.; Nishikawa, M.; Takakura, Y. Cell
type-specific and common characteristics of exosomes derived from mouse cell lines: Yield, physicochemical
properties, and pharmacokinetics. Eur. J. Pharm. Sci. 2017, 96, 316–322. [CrossRef] [PubMed]

190. Qin, Y.; Wang, L.; Gao, Z.; Chen, G.; Zhang, C. Bone marrow stromal/stem cell-derived extracellular vesicles
regulate osteoblast activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep.
2016, 6, 21961. [CrossRef]

191. Guo, S.C.; Tao, S.C.; Yin, W.J.; Qi, X.; Yuan, T.; Zhang, C.Q. Exosomes derived from platelet-rich plasma
promote the re-epithelization of chronic cutaneous wounds via activation of YAP in a diabetic rat model.
Theranostics 2017, 7, 81–96. [CrossRef] [PubMed]

192. Tao, S.C.; Guo, S.C.; Li, M.; Ke, Q.F.; Guo, Y.P.; Zhang, C.Q. Chitosan wound dressings incorporating
exosomes derived from microRNA-126-overexpressing synovium mesenchymal stem cells provide sustained
release of exosomes and heal full-thickness skin defects in a diabetic rat model. Stem Cells Transl. Med. 2017,
6, 736–747. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep01197
http://www.ncbi.nlm.nih.gov/pubmed/23378928
http://dx.doi.org/10.1517/14712598.2015.997706
http://www.ncbi.nlm.nih.gov/pubmed/25539575
http://dx.doi.org/10.3390/ijms20020406
http://www.ncbi.nlm.nih.gov/pubmed/30669338
http://dx.doi.org/10.1167/iovs.16-19805
http://www.ncbi.nlm.nih.gov/pubmed/27564521
http://dx.doi.org/10.1038/srep43923
http://www.ncbi.nlm.nih.gov/pubmed/28262816
http://dx.doi.org/10.1016/j.colsurfb.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21640565
http://dx.doi.org/10.3402/jev.v2i0.19861
http://www.ncbi.nlm.nih.gov/pubmed/24009896
http://dx.doi.org/10.3402/jev.v3.25465
http://www.ncbi.nlm.nih.gov/pubmed/25536933
http://dx.doi.org/10.1038/sj.ki.5000273
http://www.ncbi.nlm.nih.gov/pubmed/16501490
http://dx.doi.org/10.1038/srep36162
http://www.ncbi.nlm.nih.gov/pubmed/27824088
http://dx.doi.org/10.1016/j.ijpharm.2018.10.032
http://www.ncbi.nlm.nih.gov/pubmed/30316791
http://dx.doi.org/10.1186/s13287-015-0228-5
http://www.ncbi.nlm.nih.gov/pubmed/26597928
http://dx.doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
http://dx.doi.org/10.1016/j.jconrel.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25523519
http://dx.doi.org/10.1208/s12248-018-0211-z
http://www.ncbi.nlm.nih.gov/pubmed/29546642
http://dx.doi.org/10.5497/wjp.v2.i2.47
http://dx.doi.org/10.1016/j.ejps.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27720897
http://dx.doi.org/10.1038/srep21961
http://dx.doi.org/10.7150/thno.16803
http://www.ncbi.nlm.nih.gov/pubmed/28042318
http://dx.doi.org/10.5966/sctm.2016-0275
http://www.ncbi.nlm.nih.gov/pubmed/28297576


Int. J. Mol. Sci. 2019, 20, 2853 28 of 28

193. Dalmon, C.A.; Chandra, N.S.; Jeng, B.H. Use of autologous serum eyedrops for the treatment of ocular
surface disease: First US experience in a large population as an insurance-covered benefit. Arch. Ophthalmol.
2012, 130, 1612–1613. [CrossRef] [PubMed]

194. Yu, B.; Kim, H.W.; Gong, M.; Wang, J.; Millard, R.W.; Wang, Y.; Ashraf, M.; Xu, M. Exosomes secreted
from GATA-4 overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for
cardioprotection. Int. J. Cardiol. 2015, 182, 349–360. [CrossRef] [PubMed]

195. Lai, R.C.; Chen, T.S.; Lim, S.K. Mesenchymal stem cell exosome: A novel stem cell-based therapy for
cardiovascular disease. Regen. Med. 2011, 6, 481–492. [CrossRef] [PubMed]

196. Morishita, M.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Pharmacokinetics of exosomes—An important
factor for elucidating the biological roles of exosomes and for the development of exosome-based therapeutics.
J. Pharm. Sci. 2017, 106, 2265–2269. [CrossRef] [PubMed]

197. Imai, T.; Takahashi, Y.; Nishikawa, M.; Kato, K.; Morishita, M.; Yamashita, T.; Matsumoto, A.;
Charoenviriyakul, C.; Takakura, Y. Macrophage-dependent clearance of systemically administered
B16BL6-derived exosomes from the blood circulation in mice. J. Extracell. Vesicles 2015, 4, 26238. [CrossRef]
[PubMed]

198. Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F.;
Niessen, H.W.; Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete
exosomes enriched in distinctive miRNA and tRNA species. Stem Cell Res. Ther. 2015, 6, 127. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1001/archophthalmol.2012.1652
http://www.ncbi.nlm.nih.gov/pubmed/23229708
http://dx.doi.org/10.1016/j.ijcard.2014.12.043
http://www.ncbi.nlm.nih.gov/pubmed/25590961
http://dx.doi.org/10.2217/rme.11.35
http://www.ncbi.nlm.nih.gov/pubmed/21749206
http://dx.doi.org/10.1016/j.xphs.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28283433
http://dx.doi.org/10.3402/jev.v4.26238
http://www.ncbi.nlm.nih.gov/pubmed/25669322
http://dx.doi.org/10.1186/s13287-015-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/26129847
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mesenchymal Stem Cells (MSCs) 
	MSC Mobilization, Migration and Homing in Corneal Changes 
	MSCs in Corneal Regeneration 
	Corneal Epithelial Regeneration 
	Corneal Stromal Regeneration 
	Corneal Endothelial Reconstruction 

	MSCs in Corneal Inflammation and Angiogenesis 
	MSCs in Corneal Transplantation 
	Challenges of MSC Therapy 
	MSC Potency for Translational Use 
	Paracrine Action of MSCs 
	MSC-derived Exosomes (MSC-Exo) 
	Application of MSC-Exo on Ocular Tissues 
	MSC-Exo Application on Corneal Tissues 
	The Cargo of MSC-Exo and Potential Mechanisms for Therapeutic Effects 
	Storage of Exosomes 
	Sustained Delivery of Exosomes 
	Perspective 
	Conclusions 
	References

