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Abstract: Corneal scarring is a leading cause of worldwide blindness. Human mesenchymal stem
cells (MSC) have been reported to promote corneal wound healing through secreted exosomes. This
study investigated the wound healing and immunomodulatory effects of MSC-derived exosomes
(MSC-exo) in corneal injury through an established rat model of corneal scarring. After induction of
corneal scarring by irregular phototherapeutic keratectomy (irrPTK), MSC exosome preparations
(MSC-exo) or PBS vehicle as controls were applied to the injured rat corneas for five days. The
animals were assessed for corneal clarity using a validated slit-lamp haze grading score. Stromal
haze intensity was quantified using in-vivo confocal microscopy imaging. Corneal vascularization,
fibrosis, variations in macrophage phenotypes, and inflammatory cytokines were evaluated using
immunohistochemistry techniques and enzyme-linked immunosorbent assays (ELISA) of the excised
corneas. Compared to the PBS control group, MSC-exo treatment group had faster epithelial wound
closure (0.041), lower corneal haze score (p = 0.002), and reduced haze intensity (p = 0.004) throughout
the follow-up period. Attenuation of corneal vascularisation based on CD31 and LYVE-1 staining
and reduced fibrosis as measured by fibronectin and collagen 3A1 staining was also observed in
the MSC-exo group. MSC-exo treated corneas also displayed a regenerative immune phenotype
characterized by a higher infiltration of CD163+, CD206+ M2 macrophages over CD80+, CD86+ M1
macrophages (p = 0.023), reduced levels of pro-inflammatory IL-1β, IL-8, and TNF-α, and increased
levels of anti-inflammatory IL-10. In conclusion, topical MSC-exo could alleviate corneal insults by
promoting wound closure and reducing scar development, possibly through anti-angiogenesis and
immunomodulation towards a regenerative and anti-inflammatory phenotype.

Keywords: mesenchymal stem cells; exosomes; extracellular vesicles; cornea; scarring; wound
healing; immunomodulation

1. Introduction

The cornea is the transparent part of the eye, essential in refracting light for normal
vision. Corneal scarring, caused by various aetiologies such as infections, inflammation,
trauma, and degenerative diseases [1–8], interrupts the normal passage of light into the
eye, causing visual loss. Over 10 million people worldwide suffer from corneal blindness,
among which 7% are due to corneal scarring [9]. Sufficient vision can be restored if the
opacities in corneal scars are removed, or the density of the opacities is reduced. Visual
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impairment due to corneal scarring is one of the most common indications for corneal
transplantations [10,11].

Although modern advanced techniques of lamellar keratoplasties can achieve high
rates of success [7,8,12], there are fundamental limitations to conventional donor-reliant
corneal transplantations. The replacement of scars from diseased corneas requires a supply
of donor corneas. The donors must also be screened for transmissible diseases through
robust serological testing. In addition, there has been a global restriction in corneal trans-
plantations due to a worldwide shortage of suitable donor corneas [13]. Such problems
with donor corneas availability have been further strained by the recent COVID-19 pan-
demic [14,15]. Furthermore, current corneal transplantation techniques rely on specialized
surgical expertise, which is associated with high costs. There is also a prolonged post-
operative visual rehabilitation process [8,10]. Inherent problems from allogenic transplants,
such as long-term risks of immunological graft rejection and graft failure, also exist [8,16,17].
There is thus an impetus to search for alternative therapies for corneal diseases that are less
dependent on donor availability [18].

Although the human cornea is known to be an immune-privileged tissue, immune-
mediated inflammation can occur in the stroma following a significant insult, especially
one that involves a disruption of the epithelium and Bowman’s membrane [19]. Such
disruptions lead to the diffusion of growth factors and cytokines from the tear film into
the exposed stroma, which in turn activates quiescent resident keratocytes [20]. The ap-
pearance of corneal stromal fibroblasts, a repair cell type transformed from keratocytes,
is a key player in the local inflammatory response that is associated with stromal matrix
remodeling and haze formation, disrupting light passage [20]. The fibroblasts release
pro-inflammatory cytokines and chemokines, such as interleukin (IL)-6, IL-8, and tumor
necrosis factor-α (TNF-α), that act as chemo-attractants to neutrophils and lymphocytes
causing tissue inflammation [21]. In addition, they also synthesize complement compo-
nents, regulating the complement cascade [22,23]. Complement activation triggered by
pro-inflammatory stimuli, such as TNF-α or lipopolysaccharides, in turn, induces corneal
inflammation via translocation of nuclear factor-kappa B (NFκB) [24,25]. Following stromal
injury, resident innate immune cells in the cornea can also mount a rapid response [26].
For example, macrophages, depending on the biochemical signals, can become polarized
toward pro-inflammatory M1 macrophages or reparative M2 macrophages [27]. Treatments
that can modulate such inflammatory cascades can potentially limit the extent of down-
stream fibrosis and scar tissue formation and are thus promising therapeutic avenues to
evaluate [15,28,29].

Mesenchymal stem cells (MSCs) are multipotent progenitors that originate from the
mesoderm of adult tissues such as the bone marrow, blood, liver, spleen, adipose tissue,
placenta, and umbilical cord blood [30]. MSCs are long known to have potent immunomod-
ulatory activity and were first used to successfully treat severe acute graft-versus-host
disease (GVHD) patients in 2004 [31]. This was followed by a successful multi-centered
phase 2 trial in 2008 [32]. As a testament to the potent immunomodulatory activity of
MSC, there are currently 745 trials (search terms: MSC|Immune System Disorder) regis-
tered at ClinicalTrials.gov to test MSC against a wide variety of immune diseases such as
GVHD, diabetes, multiple sclerosis, systemic lupus erythematosus, and rheumatoid arthri-
tis. Although such effects have been attributed to secreted soluble factors, including iNOS,
IL-10, TGF-β, HGF, and PGE2, the role of these soluble factors cannot be unambiguously
proven [33].

The mechanism of action of MSCs underwent a paradigm shift when it was re-
ported that MSCs exert their effects through the paracrine activity of secreted nano-sized
80–1000 nm microvesicles or 100–150 nm exosomes [34,35]. Microvesicles and exosomes
are collectively described as extracellular vesicles (EVs). Direct head-to-head comparisons
between the secreted EVs and their parental cells confirmed that the EVs were the mediator
of MSC activity as the therapeutic activity of the EVs and parental MSCs were compara-
ble [34,36,37]. Furthermore, smaller MSC EVs of <160 nm but not >215 nm EVs exhibit
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protective effects [38], and small MSC-EVs of 50–200 nm, such as exosomes, are the most
active EVs [39].

MSC exosomes (MSC-exo) are small EVs that carry a wide range of cellular molecules
such as proteins, small nucleic acid fragments, lipids, and cytokines to mediate cell-cell
communications [40]. Of the varied EV constituents, proteins are presently considered
the main components [41]. Various studies have also reported the efficacy of MSC-exo
in pre-clinical models of ocular diseases or injuries, such as experimental autoimmune
uveitis [42,43], laser-induced retinal injuries [44], hyperglycemic-induced retinal inflam-
mation [45], and choroidal neovascularization [46]. MSC-exo have also been shown to
promote ocular repair and regeneration, such as retinal ganglion cell growth [47]. Such
exosome-mediated effects could represent a non-cell-based (cell-free), therapeutic strategy.

It is now widely recognized that the cell source, culture, conditioning, and EV enrich-
ment process, influence the identity and potency of MSC EV/exosome preparations [39,48].
To ensure reproducible and consistent performance, we have been using an immortal-
ized monoclonal MSC line, cultured and conditioned under identical conditions for all
our MSC-exo preparations [49]. These MSC-exo preparations have been shown to be
non-tumorigenic [50] and therapeutic in various pre-clinical models of diseases such as
myocardial ischemia, [35,51] liver injury [52], survival of allogeneic skin grafts [53], acute
GVHD [54], cartilage injuries and osteoarthritis [28,55–57], aging [58], acute irradiation
toxicity [59], and psoriasis [60]. More importantly, these preparations also reportedly pos-
sess many immune modulating attributes and properties that could mitigate the stromal
insult-induced inflammation. For example, MSC-exo has been shown to inhibit the assem-
bly of terminal C5b-9 complement complex through CD59, a known inhibitor of terminal
complement activation complex formation and an abundant MSC exosomal protein [61].
This inhibition attenuates complement-mediated activation of neutrophils manifested as
NETosis and IL-17 production. Exosomal EDA-fibronectin has also been reported to ac-
tivate TLR4 and polarize anti-inflammatory M2-like monocytes, which is implicated in
MSC exosome-mediated polarization of Tregs [53,54]. Likewise, exosomal CD73 activity
has been implicated in MSC exosome-induced proliferation and migration of chondrocytes,
and synthesis of collagen II and TGF-β1, after cartilage injury or osteoarthritis [28,56].

We hypothesized that MSC-exo can exhibit similar wound healing and immunomod-
ulatory properties following corneal injuries. In this study, we evaluated if our MSC-exo
preparation would attenuate corneal scarring, inflammation, and neovascularization in a
rat model of anterior corneal stromal injury induced by irregular phototherapeutic keratec-
tomy (irrPTK).

2. Results
2.1. In Vitro Cellular Uptake and Immunological Effects of Mesenchymal Stem
Cells-Derived Exosomes

Corneal wound healing is initiated by the transition of surviving keratocytes to the
repair-type fibroblasts and, at a later stage, into scar-associated myofibroblasts [62]. Al-
though fibroblasts are not specialized immune cells, they trigger the recruitment of inflam-
matory cells through the secretion of chemokines and adhesion molecules [63]. Hence,
we first studied the effect of MSC-exo on these two cell types. Using fluorescence mi-
croscopy and Incucyte live-cell imaging system, we observed that when fed with Alexa
Fluor 488-labeled MSC-exo, CD90-positive fibroblasts, and α-SMA positive myofibroblasts
were fluorescent at 4 h and reached maximum fluorescence at 72 h (Figure 1A,B).
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blasts (α-SMA-positive; red fluorescence). Scale bars: 50 µm. (B) The internalization of AlexaFluor 
488-tagged MSC-exo was quantified by measuring the fluorescence intensity changes over 120 h 
using an IncuCyte live-cell system. (C,D) The immunomodulatory and anti-fibrotic effects of MSC-
exo treatment on fibroblast and myofibroblast cultured were studied by target gene expression by 
RT-PCR. Expression fold change of CD90 (C) and ACTA2 (D) in fibroblast and myofibroblast cul-
tures at 4, 8, 24, and 48 h after LPS treatments with or without MSC-exo. (E–G) The multiplex im-
munoassay showed the secretion of IL-8 (E), MCP-1 (F), and CXCL1 (G) from fibroblasts at 4, 8, 24, 

Figure 1. MSC-exo uptake by corneal stromal fibroblast (Fb) and myofibroblast (MyoFb) cultures
and the cellular immunomodulatory effects. (A) Cellular uptake of AlexaFluor 488-tagged MSC-exo
(green fluorescence) by cultured fibroblasts (CD90/Thy-1-positive; red fluorescence) and myofibrob-
lasts (α-SMA-positive; red fluorescence). Scale bars: 50 µm. (B) The internalization of AlexaFluor
488-tagged MSC-exo was quantified by measuring the fluorescence intensity changes over 120 h using
an IncuCyte live-cell system. (C,D) The immunomodulatory and anti-fibrotic effects of MSC-exo
treatment on fibroblast and myofibroblast cultured were studied by target gene expression by RT-PCR.
Expression fold change of CD90 (C) and ACTA2 (D) in fibroblast and myofibroblast cultures at 4,
8, 24, and 48 h after LPS treatments with or without MSC-exo. (E–G) The multiplex immunoassay
showed the secretion of IL-8 (E), MCP-1 (F), and CXCL1 (G) from fibroblasts at 4, 8, 24, and 48 h
treatments with (+exo) or without MSC-exo (-exo). Myofibroblast culture did not express any of the
analyzed cytokines and chemokines. * p < 0.05; ** p < 0.001.
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Next, we investigated the effects of the MSC-exo on LPS-challenged fibroblasts and
myofibroblasts. The LPS stimulation increased CD90 and ACTA2 expressions in fibroblasts
and myofibroblasts (Figure 1C,D). Treatment with MSC-exo did not change the CD90
expression in both cell types at 4, 8, 24, and 48 h (Figure 1C). Similarly, the MSC-exo did
not alter ACTA2 expression in both cell types at 4, 8, 24, and 48 h (Figure 1D).

We found that the MSC-exo treatment significantly reduced the secretion of IL-8 and
MCP-1 from the fibroblasts at 24 and 48 h after LPS stimulation (Figure 1E,F), whereas
CXCL1 from fibroblast was significantly suppressed at a later timepoint (48 h) in the
presence of MSC-exo (Figure 1G). We did not detect the presence of IL-1β, IL-10, and
TNF-α from the fibroblasts in any treatment group. The multiplex assay and ELISA did
not detect IL-1β, IL-8, IL-10, MCP-1, CXCL1, and TNF-α secretion from the myofibroblasts,
even in the presence of LPS.

2.2. Dosing and Retention of Topically Applied AlexaFluo-488-Labeled Exosomes on
Corneal Stroma

A similar dose of AlexaFluor 488-labeled MSC-exo (4 µg protein in 8 µL volume)
was applied to epithelium-on and -off corneas. At 10 min, the epithelium-on corneas
retained <25% of the fluorescence on epithelium-off corneas, and the fluorescence was not
detectable by 3 h (Figure 2A,B). In contrast, the epithelium-off corneas retained not only
more fluorescence but also for a much longer time of 24 h (Figure 2A,B). Cryosections of
epithelium-off corneas revealed that at 24 h, the fluorescence was restricted to the bare
stromal surface. No fluorescent signal was seen for the epithelium-on corneas (Figure 2C).
Together, this study demonstrated that the corneal epithelium forms an effective barrier
against topically applied MSC-exo and prevents distribution of the exosomes into the
corneal layer. Removal of the epithelium barriers allows topically applied MSC exosomes
to enter and persist in the stroma for at least 24 h. However, the fluorescence was limited to
the topmost layer of the stroma even after 24 h, suggesting the MSC-exo did not permeate
the depth of the stroma and exit the stroma.
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Figure 2. Time-lapse clearance of AlexaFluor 488-labeled MSc-exo to determine dosing of topical
administration. (A) Fluorescent signals were detected using a confocal laser scanning ophthalmoscope.
A rapid disappearance of signals (<1 h) was observed in epithelium-on corneas. Labeled MSC-exo
applied to epithelium-off corneas showed signal retention for up to 24 h, with a time-dependent
clearance of signals. (B) Signal intensity changes representing retention of AlexaFluor 488-labeled
MSc-exo after topical application on rat corneas between epithelium-on and -off conditions (reference
to peak intensity at 10 min on epithelium-off corneas). (C) Detection of labeled MSC-exo (green
fluorescence) on epithelium-off corneal cryosections at 24 h. No fluorescent signal was detected from
the epithelium-on corneas. DAPI (blue fluorescence) stained the nuclei. Scale bars: 100 µm.
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2.3. Effects of Mesenchymal Stem Cells-Derived Exosome Treatment on Epithelial Wound Closure

The wound healing effects of MSC-exo were first assessed by an in-vitro scratch wound
assay on HCET cell culture. The wound closed faster in the presence of MSC-exo treatment
(Figure 3A), with a statistically significant difference at 14-h (3.0 ± 0.3% wound area in
the MSC-exo treated group versus the control, 20.9 ± 10.4%) (p = 0.041) (Figure 3B). To
confirm the in vitro results, we tested MSC-exo treatment in a rat model of acute corneal
injury caused by irrPTK (Figure 3C). The corneal epithelial wound closed more rapidly
after topical treatment with MSC-exo, compared to PBS-treated control corneas (Figure 3D).
Statistically significant greater wound closure in MSC-exo group was observed on day 5
(2.3 ± 3.6% vs. 8.3 ± 5.3% wound areas; p = 0.045) (Figure 3E).
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Figure 3. The effects of MSC-exo treatment on epithelial wound healing. (A) In vitro scratch wound
assay on HCET culture showed that MSC-exo treatment induced a faster closure of denuded gap
(upper panel) than the control group (lower panel). Photos were taken at 50×magnification. (B) Per-
centage changes of denuded gap area revealed a more rapid cell proliferation and migration into the
wound area over 14 h by MSC-exo treatment. (C) Schematic illustrations of the corneal injury caused
by irregular phototherapeutic keratectomy (irrPTK). Following the mechanical debridement of the
corneal epithelium, excimer laser ablation was applied to the Bowman’s membrane and anterior
stroma. Stromal irregularities were created by placing a fine screen mesh in the laser path. (D) Flu-
orescein staining of injured corneas revealed the different extent of epithelial wound closure after
MSC-exo treatment versus PBS. (E) Percentage changes of wound area after MSC-exo versus PBS
treatments. The wound closure was greater on day 5 after MSC-exo treatment. * p < 0.05.

2.4. Effects of Topical Mesenchymal Stem Cells-Derived Exosome Treatment on Corneal Stromal
Haze Development in Rat Corneas Injured by Irregular Phototherapeutic Keratectomy

After irrPTK injury, rat corneas topically treated with MSC-exo remained clear through-
out the follow-up period, whereas PBS-treated control corneas showed progressive haze
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development (Figure 4A). On day 5 post-injury and treatment, the MSC-exo treated group
had significantly lower haze score (median = 2; IQR = 0.5) than the PBS control (median = 3;
IQR = 2) (p = 0.002; Figure 4B). There was no statistically significant difference in central
corneal thickness (CCT), measured on AS-OCT, between both groups on day 2 (p = 0.588)
and on day 5 (the end of examination) (p = 0.654) (Figure 4A,E). Stromal haze intensity, as
measured with in vivo confocal microscopy, was reduced in MSC-exo treatment group from
65.2 ± 11.7 pixels on day 2 to 61.9 ± 16.3 pixels on day 5 but was increased in PBS control
group from 81.7 ± 20.9 pixels on day 2 to 87.5 ± 18.3 pixels on day 5 (Figure 4F). On both
day 2 and 5, the differences in stromal haze intensity between the treatment and control
groups were statistically significant at p = 0.017 and p = 0.004, respectively (Figure 4F).
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Figure 4. Evaluation of corneal stromal haze and corneal vascularization in eyes that had undergone
irregular phototherapeutic keratectomy (irrPTK) with administration of topical mesenchymal stem
cells-derived exosomes (MSC-exo) or phosphate-buffered saline (PBS). (A) Representative slit-lamp,
anterior segment-optical coherence tomography (AS-OCT), and in vivo confocal microcopy images
(IVCM) of rat corneas preoperatively and on days 2 (D2) and 5 (D5). Scale bars = 100 µm. Clinical
grade scoring of corneas included a haze score (0–4, with 4 being the most severe opacification)
(B), a neovascularization (NV) score (0–2, with 2 having vascularization >2 cm over the cornea) (C),
and a total score (0–6, with 6 indicating the most severe opacification and neovascularization) (D).
(E) Central corneal thickness (CCT) of the corneas preoperatively and at D2 and D5 postoperatively,
measured from the AS-OCT images. (F) Comparative relative haze intensity at 10–15 µm-stromal
depth quantified by stromal reflectivity using IVCM, showing a significantly lower haze intensity in
the group receiving MSC-exo compared to the control. * p < 0.05.

Neovascularization score in the MSC-exo treated group (median = 1; IQR = 1) was
also lower than the PBS control group (median =1; IQR = 0) (p = 0.338; Figure 4C), but this
was not statistically significant. Taking both the corneal haze and neovascularization scores
into consideration, the corneas that received MSC-exo had substantially better clarity and
were less vascularized (median total score = 3; IQR = 1.5) compared to the injured corneas
receiving PBS only (median total score = 4; IQR = 1.5) (p = 0.004; Figure 4D).
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2.5. Immunohistochemistry to Assess the Relative Molecular Changes in the Injured Corneas

To identify the molecular changes in MSC-exo- and PBS-treated corneas after irrPTK,
the corneas were isolated. Consistent with the above observations, corneas from the MSC-
exo-treated group had visibly reduced haze compared to the PBS controls (Figure 5A; top
panel). Immunohistochemistry revealed that PBS-treated control corneas but not MSC-
exo-treated corneas were highly immunoreactive for corneal fibrosis markers, fibronectin,
collagen 3A1, and α-SMA. The naive corneas were not immunoreactive for fibronectin,
collagen 3A1, and α-SMA.
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Figure 5. Gross appearance and immunohistochemistry studies of excised cornea. There was a
reduction in the corneal haze in the mesenchymal stem cells-derived exosomes (MSC-exo) treated
corneas compared to the phosphate-buffered saline (PBS) treated corneas under the stereomicroscope
((A); top panel). MSc-exo treated corneas had lower expression of fibronectin (green fluorescence),
collagen 3A1 (green fluorescence), and α-SMA (red fluorescence) compared to PBS-treated corneas
((A); second and third row panels). CD31 (red fluorescence) with LYVE-1 (green fluorescence)
colocalization staining on the excised corneas revealed a reduction of the vascularized area that
received MSC-exo treatment compared to PBS ((A); bottom panel). DAPI (blue fluorescence) stained
the nuclei. Quantification analysis showed that MSC-exo-treated corneas had reduced blood vessel
lengths to the corneal radius (B,C), percentage quadrant with vessels (B,D), and percentage corneal
area with vessel ingrowth (B,E), compared to PBS-treated corneas. Vessel width was significantly
lower in the MSC-exo-treated corneas, compared to controls (F). * p < 0.05. Scale bars = 200 µm.
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Consistent with the lower neovascularization score, MSC-exo-treated corneas had
reduced CD31 and LYVE-1 immunoreactivity compared to PBS control corneas (Figure 5A
bottom panel). MSC-exo treated corneas also had reduced vessel lengths to the corneal
radius (18.0 ± 10.6% vs. 32.5 ± 15.4%; p = 0.126) (Figure 5B,C), significantly lower percent-
age quadrant with vessels (32.8 ± 3.9% vs. 48.7 ± 10.8%; p = 0.027) (Figure 5B,D), and less
corneal area with vessel ingrowth (17.6 ± 6.6% vs. 29.8 ± 9.2%; p = 0.046) (Figure 5B,E).
Width measurement of CD31 and LYVE1 immunoreactive structures were also significantly
thinner vessel structures in the MSC-exo treated corneas, compared to controls (p < 0.0001)
(Figure 5F).

2.6. In Vivo Immunomodulatory Effects of Mesenchymal Stem Cells-Derived Exosome Treatment

Using Bio-Plex Multiplex Immunoassay, the tissue lysates of MSC-exo treated corneas
treated statistically significant lower expression of pro-inflammatory cytokines, IL-1β,
IL-8, and TNF-α (Figure 6A–C, Table S2) than PBS control group on day 2 but not day 5.
Anti-inflammatory cytokine, IL-10, was statistically significantly higher in MSC-exo treated
corneas relative to PBS control corneas on day 2 but not day 5 (Figure 6D, Table S2).
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Figure 6. Host immune responses to laser-induced corneal scarring in rats on days 2 and 5 after
topical application of mesenchymal stem cells-derived exosomes (MSC-exo) or phosphate-buffered
saline (PBS). Pro-inflammatory cytokines IL-1β (A), IL-8 (B), and TNF-α (C) and anti-inflammatory
IL-10 (D) expression were detected using multiplex immunoassay, whereas chemokine CXCL1 (E) and
activated neutrophil marker α-myeloperoxidase (α-MPO) (F) expression were measured using ELISA.
D2 = day 2; D5 = day 5. * p < 0.05.

Unlike the other cytokines, a statistically significant difference in CXCL1 chemokine
between the MSC-exo treated corneas and PBS control corneas was observed only on day 5
when CXCL1 was downregulated in the MSC-exo group (Figure 6E, Table S2). Likewise,
α-MPO expression was also lower on day 5 in the MSC-exo group (Figure 6F, Table S2).
Overall, the expressions of cytokines, chemokines, and neutrophils were significantly lower
or negligible in the non-injured corneas (Figure 6A–F).
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The anti-inflammatory responses after topical MSC-exo treatment were also demon-
strated by the downregulated expression of pro-inflammatory M1 macrophage-associated
genes (CD80, CD86, and NOS2) on day 5, when compared to PBS control group
(Figure 7A–C). In contrast, the anti-inflammatory M2 macrophage-associated genes (CD163,
CD206, and ARG1) were strongly expressed in corneas treated with MSC-exo (Figure 7D–F).
Individually, the differences in the M1 and M2 polarized macrophage gene expressions
were not significantly different between MSC-exo and PBS groups. However, collectively,
the M2/M1 gene ratio was significantly higher in the MSC-exo treated group compared to
the PBS control group (3.4 ± 0.3 vs. 1.7 ± 0.3; p = 0.002) (Figure 7G).
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Figure 7. Macrophage polarization in laser-injured rat corneas after 5 days of MSC-exo or PBS
topical application. Fold change of gene expression of M1 phenotype, CD80 (A), CD86 (B), and
NOS2 (C), and M2 phenotype, CD163 (D), CD206 (E), and ARG1 (F) in the injured corneas from
the uninjured corneas. (G) M2/M1 gene ratio was significantly higher in the corneas treated with
MSC-exo. (H) Corresponding immunohistochemistry of M1 and M2 polarized macrophage markers
was performed and viewed at the laser-injury site. The images were orientated such that the corneal
epithelium (Ep) appeared at the top, followed by the stroma (S), and the endothelium (En) at the
bottom. The cells expressing M1 polarized macrophage markers, CD80 (I) and CD86 (J), were counted
and compared to those expressing M2 macrophage markers, CD163 (K) and CD206 (L). (M) The
M2/M1 positive-cells ratio was significantly higher in the corneas treated with MSC-exo than in the
PBS group. * p < 0.05. Scale bars = 50 µm.
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The RNA expression results were supported by the immunostaining experiments of
M1 and M2 macrophage markers on corneal sections. In Figure 7H, the quantitative results
showed a lower number of CD80-positive cells (27 ± 4 cells vs. 33 ± 5 cells; p = 0.006)
(Figure 7I) and CD86-positive cells (29 ± 6 cells vs. 34 ± 10 cells; p = 0.201) (Figure 7J) and
higher number of CD163-positive cells (65 ± 9 cells vs. 50 ± 10 cells; p = 0.003) (Figure 7K)
and CD206-positive cells (28 ± 10 cells vs. 16 ± 5 cells; p = 0.013) (Figure 7L) in the MSC-
exo treated corneas compared to controls. Collectively, the M2/M1 ratio was significantly
higher in the corneas treated with MSC-exo (1.7 ± 0.2 vs. 1.0 ± 0.2; p = 0.023) (Figure 7M).
Naive corneas had a negligible expression of any of these markers (Figure 7H).

3. Discussion

Our study demonstrated that human MSC exosomes are therapeutically efficacious
against corneal injury in both in vitro and in vivo models. Specifically, we showed that
topically applied MSC-exo in an excimer laser-induced rat corneal injury model improved
the rate of corneal epithelial wound healing, reduced corneal haze development, and
suppressed corneal neovascularization. These observations were consistent with reduced
immunoreactivity for molecular markers specific for corneal fibrosis and angiogenesis
in the MSC-exo treated corneas, namely, fibronectin, collagen 3A1, α-SMA, CD31, and
LYVE-1. As inflammation is a major driver of fibrosis and neovascularization, we ob-
served that there was a downregulation of pro-inflammatory M1 macrophage-associated
genes with corresponding upregulation of the anti-inflammatory M2 markers in MSC-exo
treated corneas. In addition, the level of pro-inflammatory cytokines IL-1β, IL-8, and
TNF-α in the MSC-exo-treated corneal tissue lysate was reduced with a concomitant in-
crease in anti-inflammatory IL-10. Overall, our results demonstrate that topically applied
MSC-exo alleviates corneal insults by promoting wound healing and preventing scar devel-
opment through the modulation of injury-induced inflammation towards a regenerative
immune phenotype.

In our animal study, we referenced the dosage of MSC-exo for topical application on rat
corneas to an earlier study where topically applied exosomes were used to reduce psoriatic
inflammation [60]. The dosage was a QD topical application of 16 µg protein/cm2. For rat
corneas with 5.5 mm diameter, an equivalent QD dosage would be 4 µg protein in 8 µL
to cover the entire surface. To assess the biodistribution of topically applied exosomes on
corneas, fluorescent exosomes were applied on intact corneas (“epithelium on”) or injured
corneas (‘epithelium-off’). In ‘epithelium-on’ corneas, the fluorescent signals of MSC-exo
were cleared within an hour, indicating that topical application of MSC-exo on normal
corneas with rapid tear fluid turnover corneal surface will not persist or permeate the
stroma. In the ‘epithelium-off’ corneas, the fluorescence permeated the stroma and decayed
slowly over 24 h. As 50% fluorescence remained after 3 h, topical MSC-exo treatment was
applied at 3 hourly dosing intervals for 5 days in our study. This is to ensure MSC-exo
bioavailability in the corneal stromal during the acute phase of corneal injuries prior to
epithelial wound closure, which usually occurs 4–5 days following corneal injuries.

When AlexaFluor 488-labeled MSC-exo was applied to cell cultures, we also observed
that MSC-exo was uptaken by cultured fibroblasts and myofibroblasts, and the intracellular
detection of fluorescent signals were apparent from 4 h to over 120 h, with intracellular
signals peaking at 72 h. The MSC-exo treatment did not alter fibroblast phenotypes but
exerted a direct immunomodulatory effect by modulating the expression and secretion of
chemo-attractants, IL-8, MCP-1, and CXCL1 at around 24 to 48 h after insult. Interestingly,
MSC-exo did not affect the secretion of cytokines or chemo-attractants from cultured
myofibroblasts. Taking the aforementioned findings into consideration, MSC-exo therapies
may thus be most beneficial clinically when applied in the acute phase of corneal insults
prior to epithelium healing to modulate the production of chemo-attractants by the stromal
fibroblasts, an early event committing to fibrosis development and neovascularization, prior
to late myofibroblast transdifferentiation and scar formation. This also formed the basis of
our in vivo study using an acute corneal haze model. It must be pointed out that in addition
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to corneal fibroblasts, it has been observed that myofibroblasts can also develop from other
progenitors such as bone marrow-derived cells (fibrocytes) [64], Schwann cells [65], and
epithelial cells [66]. Nevertheless, understanding the roles of these latter progenitors in
corneal scar formation is still largely unknown, and it was beyond the scope of our study
to evaluate the effects of MSC-exo on these cell types.

A key finding in this study is the dominant effect of MSC-exo in modulating the
immune phenotype during a corneal injury in vivo. The injured corneas treated with
MSC-exo exhibited significantly lower expressions of pro-inflammatory cytokines, IL-8
on day 2 and CXCL1 on day 5. Interestingly, the downregulated CXCL1 on day 5 may
have attenuated a neutrophil influx, indicated by a correspondingly lower level of α-MPO
expression in the MSC-exo treated corneas. In addition, the reduced expressions of IL-1β
and TNF-α, on day 2 may have also played a role in modulating corneal fibrosis and
neovascularization [67]. Furthermore, we showed that MSC-exo may enhance wound heal-
ing through immunomodulation as evidenced by (1) a macrophage polarization towards
regenerative M2 macrophages with an observed higher M2/M1 macrophage-associated
gene expression ratio and amplified presence of M2 over M1 macrophages, (2) reduced
levels of M1 macrophage-associated pro-inflammatory cytokines, IL-1β and TNF-α, and
(3) increased levels of anti-inflammatory cytokine, IL-10, in MSC-exo treated corneas com-
pared to PBS-treated controls. The capacity of MSC exosomes to polarize macrophages
toward a M2 phenotype was first reported in 2014 [53]. This effect of tissue repair and
regeneration has since been implicated in animal models of osteochondral defects and
osteoarthritis [28,29].

The attenuation of corneal stromal inflammation with MSC-exo treatment may have
also resulted in the observed enhancement of corneal epithelial wound closure. Corneal
injuries that involve the disruption of the epithelium and Bowman’s membrane trigger
stromal inflammatory cascades due to the permeation of cytokines and chemokines (e.g.,
IL-1, IGF-1, and TGF-β1) from the corneal epithelium and tear film into the stroma [67].
These factors are thought to activate fibroblast activity to recruit inflammatory cells into
the stromal tissue and myofibroblasts to produce abnormal ECM, resulting in corneal
opacities. The earlier closure of epithelial wound after MSC-exo treatment might reduce
such ‘cytokine and chemokine floodgates’, thereby further modulating the corneal inflam-
mation and haze formation. Such enhancement of epithelial wound closure, promoted by
exosomes derived from corneal epithelial cells and corneal MSCs, has also been observed
by other investigators [68,69].

Although designed to limit tissue injury and promote repair, the inflammatory re-
sponses of any injured tissue can be a double-edged sword, as excessive and persistent
inflammation damages healthy neighboring tissue [70]. Furthermore, scarring is the patho-
logical end-stage complication of inflammation. At present, the mainstay of treatment
of inflammation is non-specific immunosuppressive medications (e.g., corticosteroids).
However, such medications are associated with significant adverse effects, which include
secondary infections as a result of non-specific suppression of host immune defenses. This is
important in cases of corneal infections, especially in fungal keratitis, where corticosteroids
are often not administered at the outset due to the risks of non-specific immunosuppres-
sion and worsening infections. Such planned delays in starting corticosteroids, however,
may result in uncontrolled inflammation and ultimately, fibrosis. By immunomodulation
and effecting a regenerative phenotype within the injured tissues, MSC-exo could poten-
tially be a more effective alternative therapy for corneal insults compared to traditional
immunosuppressive therapies.

There are limitations to this study which the authors acknowledge. In our experiments
where we evaluated the signal retention of labeled exosomes, applied to ‘epithelium on’
versus ‘epithelium off’ naive corneas, we were working on the assumption that the emitted
signals were from functional intact exosomes. We felt that signal retention was a good
starting point for the determination of the dosing frequency of this novel therapy for the
cornea. We also assumed that the continuous exosome exposure would maximize the
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potential of the MSC-exo within the relatively short but most effective therapeutic window
(4–5 days before complete epithelial closure). In our in vitro experiments, we observed
internalization of exosomes in the fibroblasts and myofibroblasts. Once again, this worked
on the assumption that the uptake of exosomes into the target cells was important in
inducing their therapeutic effects. However, we cannot rule out that the MSC-exo could
also affect target cells extracellularly and sometimes even indirectly through mediator cells.
Despite these assumptions, the wound-healing effects of the MSC-exo using the inferred
dosing were demonstrated in our subsequent experiments. Nevertheless, we acknowledge
that the optimal dosing and potentially more effective exosome delivery routes to the
corneal stroma require further investigation.

4. Material and Methods
4.1. Purified Exosomes from Embryonic Stem Cell-Derived Mesenchymal Stem Cells

MSC-exo fractions were prepared as described previously [35,51]. Briefly, a mono-
clonal immortalized MSC line, E1-MYC 16.3 was cultured in DMEM with 10% fetal calf
serum to 80% confluency as previously described [49]. The cells were washed with PBS and
cultured in a chemically defined medium for three days to generate a conditioned medium
(CM) as previously described [35,71,72]. The chemically defined medium was prepared
as follows: 480 mL DMEM (Thermo Fisher, Waltham, MA, USA, #31053), 5 mL NEAA
(Thermo Fisher, #11140-050), 5 mL L Glutamine (Thermo Fisher, #25030-081), 5 mL Sodium
Pyruvate (Thermo Fisher, #11360), 5 mL ITS-X (Thermo Fisher, #51500-056), and 0.5 mL
2-ME (Thermo Fisher, #21985-02). This was supplemented with 0.1 mL bFGF (0.5 ng/µL
0.2%BSA in PBS (+) and 0.005 mL PDGF (100 ng/µL PBS (+)). These latter components
were obtained as follows: Bovine Serum Albumin or BSA (Sigma-Aldrich, St. Louis, MO,
USA, #A9647), PDGF (AB CYTOLAB, #100-00), bFGF (Thermo Fisher, #13256-029), and PBS
(+) (Thermo Fisher, #14040-133). The CM was size fractionated and concentrated 50× by
tangential flow filtration using a membrane with a molecular weight cut-off (MWCO) of
100 kDa (Sartorius, Goettingen, Germany, #VS15T41) to generate the MSC exosome prepa-
ration. The MSC exosome preparation was characterized in accordance with recommended
metrics for MSC-small EVs [39]. It was assayed for protein concentration using a Coomassie
Plus (Bradford) Assay Kit (Thermo Fisher, #23236), and the exosome preparations were
quantified by the protein concentration. All batches of exosome used in this study were
determined by Nanoparticle tracking analysis on a ZetaView instrument (Particle Matrix
GmbH, Ammersee, Germany) to have 1.46× 1011 ± 2.43× 1010 particles per µg protein and
particle modal size of 138.62 ± 4.45 nm using the parameters (sensitivity = 90, shutter = 70,
frame rate = 30, min brightness = 25, min area = 5, max area = 1000). Each batch of MSC
exosome preparation was also confirmed by Western or ELISA to have CD81 and CD73.
The exosome preparations were filtered with a 0.22 µm filter (Merck Millipore, Billerica,
MA, USA) and stored in −20 ◦C freezer until they were used.

4.2. Fluorescence Labeling of Exosomes

Exosomes were labeled by incubating 1 mg exosomes in 0.8 mL PBS with 1 mg
AlexaFluor 488 amine-reactive probe (Thermo Fisher) in a final 1 mL volume of 0.1 M
sodium bicarbonate buffer (Sigma-Aldrich) with gentle agitation and protection from light
for 1 h at room temperature (~25 ◦C). Excess unreacted probes were removed by passing
the mixture through Bio-Gel P30 gel columns (#7326231, Bio-Rad Laboratories, Hercules,
CA, USA). The labeled exosomes in the flow-through were sterile filtered with 0.22 µm
filters (Merck Millipore).

4.3. Primary Corneal Stromal Fibroblast and Myofibroblast Culture

Research grade cadaveric human corneal tissues procured from Lions Eye Institute
for Transplant and Research (Tampa, FL, USA) were transported in Optisol-GS (Bausch
and Lomb, Irvine, CA, USA) at 4 ◦C and cultured immediately on arrival. The central
button was trephined, followed by gentle scraping to remove the corneal epithelium and
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endothelium. The corneal stroma was digested with collagenase I (1 mg/mL; Worthington
Biochemical Corp., Lakewood, NJ, USA) in DMEM/F12 (Thermo Fisher) overnight at 37 ◦C.
Isolated cells were harvested and cultured in DMEM/F-12 containing fetal bovine serum
(FBS; 10%; Thermo Fisher) and 1% penicillin and streptomycin sulfate (Thermo Fisher)
to generate stromal fibroblasts. To generate myofibroblasts, fibroblasts at passages 3 to 6
were cultured in the presence of recombinant human TGF-β1 (1 ng/mL; R&D Systems,
Minneapolis, MN, USA) for 3 days.

4.4. In Vitro Cellular Uptake of Exosomes

Corneal fibroblasts (n = 4) and myofibroblasts (n = 4) were seeded at a density of
3 × 103 cells/cm2 in a 96-well plate in serum-free DMEM/F-12 media (SFM) overnight.
AlexaFluor 488-tagged MSC-exo (4 µg protein) was added and incubated in an IncuCyte
ZOOM imaging system (Essen BioScience, Ann Arbor, MI, USA) for 120 h. At 0, 4, 8,
24, 72, and 120 h, the cells were stained with mouse monoclonal anti-CD90/Thy-1 (BD
Biosciences, Franklin Lakes, NJ, USA) and α-smooth muscle actin (α-SMA; Agilent, Santa
Clara, CA, USA) antibodies, respectively, followed by goat anti-mouse Red-X conjugated
IgG secondary antibody (Jackson ImmunoResearch, Wet Grove, PA, USA) to contrast the
internalized AlexaFluor 488-tagged MSC-exo.

4.5. In Vitro Inflammatory Assay by Lipopolysaccharide Treatment

Cultures of fibroblasts (n = 3) and myofibroblasts (n = 3) seeded at a density of
104 cells/cm2 in a 48-well plate were incubated in SFM containing lipopolysaccharide (LPS;
100 ng/mL; Sigma-Aldrich) for 24 h, as previously described [73]. After washes, the cells
were either treated with MSC-exo (4 µg protein/mL) or PBS for 120 h. At 0, 4, 8, 24, 48,
and 120 h, the conditioned media were collected for enzyme-linked immunosorbent assays
(ELISA) or multiplex assay to detect inflammatory marker expression, and the cells were
harvested for RNA analysis.

4.6. Corneal Epithelial Scratch Wound Assay

Human SV-40 immortalized corneal epithelial cell line HCET (RCB1384, Riken Cell
Bank, Ibaraki, Japan) were seeded in 24-well culture plates and grown to confluency in
DMEM/F-12, supplemented with 5% FBS [74]. Scratches were made with a P200 pipette
tip. After washes, the cells were either treated with MSC-exo (4 µg protein/mL; n = 4) or
with PBS (n = 4). Every 2 h, for a total of 14 h, the denuded area at fixed positions was
captured using a Carl Zeiss Axioplan 2 microscope (Carl Zeiss, Oberkochen, Germany),
and the area was quantified with ImageJ software version 1.54a.

4.7. Time-Lapse Tracing Studies: Dosing and Retention of AlexaFluo-488-Labeled Exosomes on
Corneal Stroma

All animal experimentation followed the guidelines of the Use of Animals in Oph-
thalmic and Vision Research, The Association for Research in Vision and Ophthalmology
(ARVO) Statement and was approved by the Institutional Animal Care and Use Committee
(IACUC) of SingHealth, Singapore (protocol 2018/SHS/1446). To determine the optimal
dosing frequency by topically administration, the retention of MSC-exo within normal
corneas of Sprague–Dawley rats (6 to 8 weeks old) were examined in both intact (corneal
epithelium-on, n = 5) and de-epithelialized (epithelium-off, n = 5) conditions. Rats were
anesthetized by intraperitoneal ketamine hydrochloride (80 mg/kg; Parnell Lab., Alexan-
dria, Australia) and xylazine (12 mg/kg; Troy Lab., Glendenning, Australia). The corneal
epithelium was wetted with 5% ethanol for 10 s, followed by saline rinses and scraping
using a surgical blade (#15; BD Pharmingen, Franklin Lakes, NJ, USA) sparing the limbus.
AlexaFluor 488-labeled MSC-exo (4 µg protein in 8 µL volume) was topically applied at
time 0. Corneas were examined using a confocal laser scanning ophthalmoscope (Spectralis,
Heidelberg Engineering GmbH, Heidelberg, Germany) with a lens of 30◦ field of view and
an excitation filter under fluorescein mode and intensity setting to 90. Time-lapse corneal
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pictures with labeled exosomes were recorded at time 0, and every 10 min for the first hour,
then hourly for the next six hours, and then every six hours until the fluorescent signals dis-
appeared. At least five in-focused images were chosen at each time point for Quantity One
1-D Analysis (Bio-Rad). The grey-scale images were imported, and signal area and density
were measured. After background subtraction (images before treatment), the percentages
of fluorescence intensity were calculated with reference to the peak intensity reading at the
time of 10 min (after topical exosomes). Following rat euthanization at 24 h after topical
application, the corneas were dissected and embedded in an optimal cutting temperature
(OCT) compound. Serial cross-sections with a thickness of 6 µm were viewed under a Zeiss
Axioplan 2 fluorescence microscope (Carl Zeiss) to detect AlexaFluor 488-tagged MSC-exo
in the epithelium-on and epithelium-off corneas.

4.8. Rat Corneal Opacity Model by Irregular Phototherapeutic Keratectomy (irrPTK) and
Exosome Eyedrops

Sprague–Dawley rats (6 to 8 weeks old, n = 76) were treated under general anaesthesia.
The surgeries were performed by HSO and JSM. Only one eye of each rat was used for the
experiments. The rat model of corneal opacity was created as previously described [75].
The breakdown of the number of rats used in each experiment was tabulated in Table S1.
The eyes first received topical analgesic, lignocaine hydrochloride (1%; Pfizer, Brooklyn,
NY, USA). The corneal epithelium was removed by ethanol treatment and scraping sparing
the limbus. Anterior central stroma was ablated by irrPTK using a Technolas 217z excimer
laser (Bausch and Lomb, Rochester, NY, USA) with the settings of a 3 mm ablation zone
and an ablation depth of 15 µm. IrrPTK was performed by placing a fine mesh screen in the
path of the laser after firing 50% of the pulses to induce stromal irregularity in the corneal
stroma. After saline rinsing for 10 s, the corneas received topical tobramycin (1%; Alcon,
Geneva, Switzerland).

MSC-exo were topically applied to the mouse corneas one hour after irrPTK.
Lyophilized MSC-exo were reconstituted at a concentration of 0.5 µg protein/µL with
injection water. A volume of 8 µL (representing 4 µg protein) was applied on the injured
corneal surface every 3 hourly (determined by a half-life study as described below), 6 times
a day for 5 days until the corneal epithelium healed. PBS drops (8 µL volume) were
administered to the injured corneas of the control group.

4.9. Ophthalmic Examinations and Measurements

Rat corneas were examined 3 days prior to corneal injury or treatment to obtain the
naïve reference and on days 2 and 5 postoperatively. Corneal changes were assessed using
a Zoom Slit Lamp NS-2D (Righton, Tokyo, Japan). The manifestation of corneal haze and
neovascularization at postoperative day 5 was graded according to the modified Hackett-
McDonald cornea scoring system [76]. Corneal re-epithelialization was assessed with cobalt
blue light of the slit-lamp apparatus after instillation of 2% sodium fluorescein (Bausch and
Lomb). Corneal cross-section visualization was done using an RTVue anterior segment-
optical coherence tomographer (AS-OCT; Optovue Inc., Fremont, CA, USA) and the central
corneal thickness (CCT) was measured as a mean of 3 measurements taken at the center
and at 0.5 mm on either side, respectively [77]. Optical sections along the corneal depth
were obtained by in vivo confocal microscopy using Heidelberg retinal tomography HRT3
with Rostock corneal module (Heidelberg Engineering GmbH, Germany). All corneas were
examined centrally with at least 3 z-axis scans from the corneal epithelium to endothelium.
Semi-quantitative analysis of stromal reflectivity at 10–15 µm depth was performed using
ImageJ (National Institute of Health, Bethesda, MD, USA) after the images were tonal-
adjusted to map the actual pixel values using PhotoShop CC (Adobe Systems Inc., San
Jose, CA, USA). Rats were sacrificed by overdosed intraperitoneal pentobarbital (Jurox,
Rutherford, Australia). Both eyes were enucleated on day 2 (n = 18) and 5 (n = 58). The
isolated corneas were imaged under a stereomicroscope with indirect illumination and
processed for immunohistochemistry, ELISA, multiplex immunoassay, or RT-PCR.
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4.10. Assay of Corneal Neovascularisation

Isolated mouse corneas were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 1 h
and washed with PBS. The whole corneas were blocked with 5% normal goat serum
(NGS; Thermo Fisher) and 2% BSA and permeabilized with 0.15% saponin (Sigma-Aldrich)
for 30 min at room temperature, then incubated with mouse monoclonal anti-CD31 an-
tibody (Thermo Fisher) for 2 h. After washes, the samples were placed in secondary
IgG-horseradish peroxidase conjugate antibody (Jackson ImmunoResearch) for one hour.
The samples were washed, and signals were revealed by 3,3′-diaminobenzidine (DAB;
Sigma-Aldrich) reduction and examined under brightfield microscopy (Carl Zeiss Axio-
plan 2). Whole mount pictures (n = 5 in each group) were obtained, and the proportion
of vessel ingrowth from limbal vasculature was assessed by overlaying a radial plot of
120 lines (giving 3◦ separation slot). The length of vessel ingrowth along each line was
recorded and presented as a radial chart. The changes in the vascularized area were com-
pared between treatment and control groups. Separately, wholemount images after double
immunostaining for CD31 and LYVE-1 (protocol in the following section) were imported to
ImageJ, and the width of CD31+ and LYVE+ vessels was recorded at multiple sites (n = 50
for each cornea and total n = 5 corneas in each treatment group). Mean vessel widths
were calculated.

4.11. Immunohistochemistry

Rat corneas were fixed in freshly prepared neutral buffered 2% paraformaldehyde.
After PBS rinses, they were cut into quadrants for wholemount immunostaining (n = 3
corneas in each group). Another 3 corneas in each group were embedded in the OCT
compound for cryosectioning at a thickness of 6 µm. Samples were treated with ice-cold
50 mM ammonium chloride (Sigma-Aldrich), saponin-permeabilized, and blocked with 2%
BSA and 5% NGS, followed by incubation with primary antibodies: Mouse monoclonal anti-
fibronectin (Sigma-Aldrich), CD31 (Thermo Fisher), CD80 (Lifespan Biosciences, Seattle,
WA, USA), CD163 (Bio-Rad Laboratories) and α-SMA (Agilent) antibodies, and rabbit
polyclonal anti-collagen 3A1 antibody (Novus Biologicals, Littleton, CO, USA), LYVE-1
(Abcam, Cambridge, UK), CD86 (Abcam) and CD206 (Abcam) antibodies for 2 h at room
temperature. After PBS washes, the signals were revealed with appropriate Red-X– or
AlexaFluor 488–conjugated IgG secondary antibody (Jackson ImmunoResearch) for 1 h
at room temperature, washed and mounted with Fluoroshield with DAPI (4,6-diamidino-
2-phenylindole; Santa Cruz Biotech, Santa Cruz, CA, USA). Samples were viewed under
fluorescence microscopy (Carl Zeiss Axioplan 2). Cells expressing CD80-, CD86-, CD163-
or CD206 were quantified from 3 random viewing fields of the central cornea. The M2/M1
ratio was calculated as follows:

M2/M1 ratio = ∑(CD163 + CD206 positive cells)/∑(CD80 + CD86 positive cells) (1)

Serial optical z-stack images (1 um thickness) on wholemount corneas were obtained
for fibronectin, collagen 3A1, α-SMA, CD31, and LYVE-1 staining by laser-scanning confocal
microscopy (TCP SP8, Leica, Wetzlar, Germany).

4.12. Gene Expression by Real-Time Polymerase Chain Reaction

Human fibroblasts, myofibroblasts, and HCET cells (n = 3 cultures in each treatment
group) and rat corneal tissues (n = 9 in each group) were collected in TRIzol (Thermo Fisher)
and extracted with chloroform-isoamyl alcohol (Sigma-Aldrich) followed by RNeasy kit
(Qiagen, Valencia, CA, USA) and on-column RNase-free DNase kit (Qiagen) according to
the manufacturer’s protocol. Three rat corneas were pooled to generate 1 biological sample.
Reverse transcription of total RNA (1 µg) was performed with a Superscript III RT-PCR kit
(Thermo Fisher). Gene expression was assayed with specific primer pairs (Table 1) by RT-
PCR using Sybr Green Supermix (Bio-Rad) for human samples or TaqMan Gene Expression
Assays (Applied Biosystems, Carlsbad, CA, USA) for rat samples. Experiments were run in
triplicates. Relative gene expression levels of each sample (DCT) were normalized by the
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mean CT value to either housekeeping human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or rat hypoxanthine guanine phosphoriboxyl transferase (HPRT1). Macrophage
polarization M1/M2 ratio was used to evaluate the ratio of gene expression of rat M1 (CD80,
CD86, and NOS2) and M2 macrophage markers (CD163, CD206, and ARG1). M2/M1 ratio
is defined as follows:

M2/M1 ratio = ∑(M2 marker fold change/HPRT1)/∑(M1 marker fold change/HPRT1) (2)

Table 1. Primer sequence used in the RT-PCR analysis.

Gene Accession No. Sequence/Assay ID

CD90 (human) NM_006288 F: GACCCGTGAGACAAAGAAGC
R: TGGAGTGCACACGTGTAGG

ACTA2 (human) BC017554 F: CCTCCCTTGAGAAGAGTTACG
R: GAGCAGGAAAGTGTTTTAGAA

GAPDH (human) NM_002046 F: TGTGGTCATGAGTCCTTCCA
R: CGAGATCCCTCCAAAATCAA

CD80 (rat) NM_012926 Rn00709368_m1
CD86 (rat) NM_020081 Rn00571654_m1
CD163 (rat) NM_001107887 Rn01492519_m1
CD206 (rat) NM_001106123 Rn01487342_m1
NOS2 (rat) NM_012611 Rn00561646_m1
ARG1 (rat) NM_017134 Rn00691090_m1
HPRT1 (rat) NM_012583 Rn01527840_m1

4.13. Enzyme-Linked Immunosorbent Assay and Multiplex Immunoassay

Rat corneas (n = 9 in each treatment group) without residual iris and scleral tis-
sues were trimmed into small pieces and placed in 300 ul tissue lysis buffer (Thermo
Fisher) containing protease inhibitor cocktail (CompleteTM; Roche, Basel, Switzerland) and
1 mM phenylmethyl sulfonylfluoride (PMSF; Sigma-Aldrich) and disrupted by sonication
with 4 times 30-s bursts on ice. Three rat corneas were pooled to generate 1 biological
sample. The lysate was centrifuged at 14,000× g for 15 min at 4 ◦C. The supernatant was
collected for the expression assay of CXCL1 and α-myeloperoxidase (α-MPO) was deter-
mined using a fluorometric immunoassay (R&D Systems) following the manufacturer’s
instructions. The expression of IL-1β, IL-8, IL-10, MCP-1, and TNF-α was analyzed using
Bio-Plex Multiplex Immunoassay (Bio-Rad). Three rat corneas were pooled to generate one
biological sample. The samples were analyzed in triplicates, and the expression values were
determined from standard curves. Separately, the conditioned media from fibroblast and
myofibroblast cultures, challenged with LPS or not, were subjected to ELISA and multiplex
immunoassay of the same markers (human-specific).

4.14. Statistical Analyses

Data were managed in Excel (Microsoft, Redmond, WA, USA) and analyzed using
Statistical Program for Social Sciences (SPSS) Version 23 (IBM, Armonk, NY, USA). Differ-
ences in the distribution of continuous variables between groups were analyzed using the
non-parametric Mann–Whitney U test and one-way ANOVA. The intra-class correlation
coefficient (ICC) was used to evaluate inter-observer agreement levels of stromal haze
grading. The significance level was set at p < 0.05

5. Conclusions

This pre-clinical study provides a scientific rationale for the use of MSC-exo to promote
healing and prevent scarring in corneal injuries. This approach of using exosomes has
the additional advantage of being acellular, negating the potential risks of allogenic tissue
transplantations. From a translational perspective, the use of MSC-exo has the benefits
of being standardized when manufactured and, compared to the use of other cell-based
therapies, safer as they are immunologically inert and stable.



Int. J. Mol. Sci. 2023, 24, 7456 18 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24087456/s1.

Author Contributions: Conceptualization and supervision: H.S.O., G.H.-F.Y., A.K.R. and J.S.M. Data
curation: H.S.O., G.H.-F.Y., A.K.R., T.-W.G., N.Z.B.M.Y. and E.J.Y.H. Specimen provision: H.S.O.,
G.H.-F.Y., A.K.R., T.-W.G., N.Z.B.M.Y., E.J.Y.H., R.C.L., S.K.L. and J.S.M. Formal analysis, investigation
& methodology: H.S.O., G.H.-F.Y., A.K.R., R.C.L., S.K.L. and J.S.M. Funding acquisition: H.S.O., S.K.L.
and J.S.M. Writing draft, review & editing: H.S.O., G.H.-F.Y., A.K.R., R.C.L., S.K.L. and J.S.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the SERI-Lee Foundation Pilot Grant [Reference: LF0618-6];
the Health and Biomedical Sciences (HBMS) Industry Aligned Fund Pre-Positioning (IAF-PP) [Ref-
erence: H19H6a0026]; an NMRC Clinician Scientist Award-Senior Category [Reference: MOH-
000197-00]; and an NMRC Clinician-Scientist Individual Research Grant New Investigator Grant
(CS-IRG-NIG) [Reference: CNIG20nov-0023].

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of SingHealth, Singapore (protocol 2018/SHS/1446).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are all available in this article and the
Supplementary Material.

Acknowledgments: The authors thanked Veluchamy A. Barathi and her Translational Pre-Clinical
Model Support Platform team at the Singapore Eye Research Institute for their assistance in the
animal experiments.

Conflicts of Interest: The authors have no conflict of interest to declare.

References
1. Ong, H.S.; Corbett, M.C. Corneal infections in the 21st century. Postgrad. Med. J. 2015, 91, 565–571. [CrossRef] [PubMed]
2. Ong, H.S.; Dart, J.K. Managing ocular surface disease: A common-sense approach. Community Eye Health 2016, 29, 44–46.

[PubMed]
3. Ong, H.S.; Minassian, D.; Rauz, S.; Mehta, J.S.; Dart, J.K. Validation of a clinical assessment tool for cicatrising conjunctivitis.

Ocul. Surf. 2020, 18, 121–129. [CrossRef] [PubMed]
4. Saccu, G.; Menchise, V.; Giordano, C.; Delli Castelli, D.; Dastru, W.; Pellicano, R.; Tolosano, E.; Van Pham, P.; Altruda, F.;

Fagoonee, S. Regenerative Approaches and Future Trends for the Treatment of Corneal Burn Injuries. J. Clin. Med. 2021, 10, 317.
[CrossRef] [PubMed]

5. EBAA. Eye Banking Statistical Report. Available online: https://restoresight.org/wp-content/uploads/2020/04/2019-EBAA-
Stat-Report-FINAL.pdf (accessed on 10 October 2020).

6. Williams, K.A.; Lowe, M.; Bartlett, C.; Kelly, T.L.; Coster, D.J.; All, C. Risk factors for human corneal graft failure within the
Australian corneal graft registry. Transplantation 2008, 86, 1720–1724. [CrossRef]

7. Tan, D.; Ang, M.; Arundhati, A.; Khor, W.B. Development of Selective Lamellar Keratoplasty within an Asian Corneal Transplant
Program: The Singapore Corneal Transplant Study (An American Ophthalmological Society Thesis). Trans. Am. Ophthalmol. Soc.
2015, 113, T10. [PubMed]

8. Ong, H.S.; Ang, M.; Mehta, J. Evolution of therapies for the corneal endothelium: Past, present and future approaches. Br. J.
Ophthalmol. 2021, 105, 454–467. [CrossRef]

9. Pascolini, D.; Mariotti, S.P. Global estimates of visual impairment: 2010. Br. J. Ophthalmol. 2012, 96, 614–618. [CrossRef]
10. Tan, D.T.; Dart, J.K.; Holland, E.J.; Kinoshita, S. Corneal transplantation. Lancet 2012, 379, 1749–1761. [CrossRef]
11. Coster, D.J.; Lowe, M.T.; Keane, M.C.; Williams, K.A.; Australian Corneal Graft Registry, C. A comparison of lamellar and

penetrating keratoplasty outcomes: A registry study. Ophthalmology 2014, 121, 979–987. [CrossRef]
12. Ogawa, A.; Yamaguchi, T.; Mitamura, H.; Tomida, D.; Shimazaki-Den, S.; Murat, D.; Satake, Y.; Shimazaki, J. Aetiology-specific

comparison of long-term outcome of deep anterior lamellar keratoplasty for corneal diseases. Br. J. Ophthalmol. 2016, 100,
1176–1182. [CrossRef]

13. 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] [PubMed]

14. Moriyama, A.S.; Erbs Pessoa, J.L.; Silva Bessa, T.R.; Pereira, N.C.; Mehta, J.S.; Hofling-Lima, A.L.; Dos Santos Forseto, A. The
Impact of the COVID-19 Pandemic on Corneal Transplantation in Brazil. Cornea 2022, 41, 322–327. [CrossRef] [PubMed]

15. Das, A.V.; Chaurasia, S.; Vaddavalli, P.K.; Garg, P. Year one of COVID-19 pandemic in India: Effect of lockdown and unlock on
trends in keratoplasty at a tertiary eye centre. Indian J. Ophthalmol. 2021, 69, 3658–3662. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24087456/s1
https://www.mdpi.com/article/10.3390/ijms24087456/s1
https://doi.org/10.1136/postgradmedj-2015-133323
https://www.ncbi.nlm.nih.gov/pubmed/26354125
https://www.ncbi.nlm.nih.gov/pubmed/28289317
https://doi.org/10.1016/j.jtos.2019.10.010
https://www.ncbi.nlm.nih.gov/pubmed/31693934
https://doi.org/10.3390/jcm10020317
https://www.ncbi.nlm.nih.gov/pubmed/33467167
https://restoresight.org/wp-content/uploads/2020/04/2019-EBAA-Stat-Report-FINAL.pdf
https://restoresight.org/wp-content/uploads/2020/04/2019-EBAA-Stat-Report-FINAL.pdf
https://doi.org/10.1097/TP.0b013e3181903b0a
https://www.ncbi.nlm.nih.gov/pubmed/26755854
https://doi.org/10.1136/bjophthalmol-2020-316149
https://doi.org/10.1136/bjophthalmol-2011-300539
https://doi.org/10.1016/S0140-6736(12)60437-1
https://doi.org/10.1016/j.ophtha.2013.12.017
https://doi.org/10.1136/bjophthalmol-2015-307427
https://doi.org/10.1001/jamaophthalmol.2015.4776
https://www.ncbi.nlm.nih.gov/pubmed/26633035
https://doi.org/10.1097/ICO.0000000000002949
https://www.ncbi.nlm.nih.gov/pubmed/34864797
https://doi.org/10.4103/ijo.IJO_1740_21
https://www.ncbi.nlm.nih.gov/pubmed/34827017


Int. J. Mol. Sci. 2023, 24, 7456 19 of 21

16. Australian Corneal Graft Registry, C. The Australian Graft Registry 2018 Report. Available online: https://dspace.flinders.edu.
au/xmlui/bitstream/handle/2328/37917/ACGR%202018%20Report.pdf?sequence=3&isAllowed=y (accessed on 9 May 2019).

17. Woo, J.H.; Ang, M.; Htoon, H.M.; Tan, D. Descemet Membrane Endothelial Keratoplasty Versus Descemet Stripping Automated
Endothelial Keratoplasty and Penetrating Keratoplasty. Am. J. Ophthalmol. 2019, 207, 288–303. [CrossRef]

18. Fuest, M.; Yam, G.H.; Peh, G.S.; Mehta, J.S. Advances in corneal cell therapy. Regen. Med. 2016, 11, 601–615. [CrossRef]
19. Medeiros, C.S.; Marino, G.K.; Santhiago, M.R.; Wilson, S.E. The Corneal Basement Membranes and Stromal Fibrosis. Investig.

Ophthalmol. Vis. Sci. 2018, 59, 4044–4053. [CrossRef] [PubMed]
20. Xi, X.; McMillan, D.H.; Lehmann, G.M.; Sime, P.J.; Libby, R.T.; Huxlin, K.R.; Feldon, S.E.; Phipps, R.P. Ocular fibroblast diversity:

Implications for inflammation and ocular wound healing. Investig. Ophthalmol. Vis. Sci. 2011, 52, 4859–4865. [CrossRef]
21. Liu, Y.; Kimura, K.; Yanai, R.; Chikama, T.; Nishida, T. Cytokine, chemokine, and adhesion molecule expression mediated by

MAPKs in human corneal fibroblasts exposed to poly(I:C). Investig. Ophthalmol. Vis. Sci. 2008, 49, 3336–3344. [CrossRef] [PubMed]
22. Mondino, B.J.; Sundar-Raj, C.V.; Brady, K.J. Production of first component of complement by corneal fibroblasts in tissue culture.

Arch. Ophthalmol. 1982, 100, 478–480. [CrossRef]
23. Rothman, B.; Despins, A.; Webb, S.; Taylor, D.; Sundarraj, N.; O’Rourke, J.; Kreutzer, D. Cytokine regulation of C3 and C5

production by human corneal fibroblasts. Exp. Eye Res. 1991, 53, 353–361. [CrossRef] [PubMed]
24. Bora, N.S.; Jha, P.; Bora, P.S. The role of complement in ocular pathology. Semin. Immunopathol. 2008, 30, 85–95. [CrossRef]

[PubMed]
25. Lee, S.H.; Kim, K.W.; Joo, K.; Kim, J.C. Angiogenin ameliorates corneal opacity and neovascularization via regulating immune

response in corneal fibroblasts. BMC Ophthalmol. 2016, 16, 57. [CrossRef]
26. Liu, J.; Li, Z. Resident Innate Immune Cells in the Cornea. Front. Immunol. 2021, 12, 620284. [CrossRef]
27. Liu, J.; Xue, Y.; Dong, D.; Xiao, C.; Lin, C.; Wang, H.; Song, F.; Fu, T.; Wang, Z.; Chen, J.; et al. CCR2(-) and CCR2(+) corneal

macrophages exhibit distinct characteristics and balance inflammatory responses after epithelial abrasion. Mucosal. Immunol.
2017, 10, 1145–1159. [CrossRef] [PubMed]

28. Zhang, S.; Chuah, S.J.; Lai, R.C.; Hui, J.H.P.; Lim, S.K.; Toh, W.S. MSC exosomes mediate cartilage repair by enhancing proliferation,
attenuating apoptosis and modulating immune reactivity. Biomaterials 2018, 156, 16–27. [CrossRef] [PubMed]

29. Chuah, S.J.; Yong, C.W.; Teo, K.Y.W.; Chew, J.R.J.; Cheow, Y.A.; Zhang, S.; Wong, R.C.W.; Lim, A.A.T.; Lim, S.K.; Toh, W.S.
Mesenchymal stromal cell-derived small extracellular vesicles modulate macrophage polarization and enhance angio-osteogenesis
to promote bone healing. Genes Dis. 2021, 9, 841–844. [CrossRef]

30. Pittenger, M.; Mackay, A.; Beck, S.; Jaiswal, R.; Douglas, R.; Mosca, J.; Moorman, M.; Simonetti, D.; Craig, S.; Marshak, D.
Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [CrossRef]

31. Le Blanc, K.; Rasmusson, I.; Sundberg, B.; Gotherstrom, C.; Hassan, M.; Uzunel, M.; Ringden, O. Treatment of severe acute
graft-versus-host disease with third party haploidentical mesenchymal stem cells. Lancet 2004, 363, 1439–1441. [CrossRef]

32. Le Blanc, K. Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-versus-host disease: A phase II study.
Lancet 2008, 371, 1579–1586. [CrossRef]

33. Ghannam, S.; Bouffi, C.; Djouad, F.; Jorgensen, C.; Noel, D. Immunosuppression by mesenchymal stem cells: Mechanisms and
clinical applications. Stem Cell Res. Ther. 2010, 1, 2. [CrossRef] [PubMed]

34. Bruno, S.; Grange, C.; Deregibus, M.C.; Calogero, R.A.; Saviozzi, S.; Collino, F.; Morando, L.; Busca, A.; Falda, M.; Bussolati, B.;
et al. Mesenchymal stem cell-derived microvesicles protect against acute tubular injury. J. Am. Soc. Nephrol. 2009, 20, 1053–1067.
[CrossRef] [PubMed]

35. Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.K.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.; El Oakley, R.M. Exosome
secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res. 2010, 4, 214–222. [CrossRef] [PubMed]

36. He, J.; Wang, Y.; Sun, S.; Yu, M.; Wang, C.; Pei, X.; Zhu, B.; Wu, J.; Zhao, W. Bone marrow stem cells-derived microvesicles protect
against renal injury in the mouse remnant kidney model. Nephrology (Carlton) 2012, 17, 493–500. [CrossRef] [PubMed]

37. Doeppner, T.R.; Herz, J.; Görgens, A.; Schlechter, J.; Ludwig, A.-K.; Radtke, S.; de Miroschedji, K.; Horn, P.A.; Giebel, B.;
Hermann, D.M. Extracellular Vesicles Improve Post-Stroke Neuroregeneration and Prevent Postischemic Immunosuppression.
Stem Cells Transl. Med. 2015, 4, 1131–1143. [CrossRef]

38. Bruno, S.; Tapparo, M.; Collino, F.; Chiabotto, G.; Deregibus, M.C.; Soares Lindoso, R.; Neri, F.; Kholia, S.; Giunti, S.; Wen, S. Renal
regenerative potential of different extracellular vesicle populations derived from bone marrow mesenchymal stromal cells. Tissue
Eng. Part A 2017, 23, 1262–1273. [CrossRef]

39. Witwer, K.W.; Van Balkom, B.W.M.; Bruno, S.; Choo, A.; Dominici, M.; Gimona, M.; Hill, A.F.; De Kleijn, D.; Koh, M.; Lai, R.C.; et al.
Defining mesenchymal stromal cell (MSC)-derived small extracellular vesicles for therapeutic applications. J. Extracell. Vesicles
2019, 8, 1609206. [CrossRef]

40. Lai, R.C.; Yeo, R.W.; Lim, S.K. Mesenchymal stem cell exosomes. Semin. Cell Dev. Biol. 2015, 40, 82–88. [CrossRef]
41. 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]
42. 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]

https://dspace.flinders.edu.au/xmlui/bitstream/handle/2328/37917/ACGR%202018%20Report.pdf?sequence=3&isAllowed=y
https://dspace.flinders.edu.au/xmlui/bitstream/handle/2328/37917/ACGR%202018%20Report.pdf?sequence=3&isAllowed=y
https://doi.org/10.1016/j.ajo.2019.06.012
https://doi.org/10.2217/rme-2016-0054
https://doi.org/10.1167/iovs.18-24428
https://www.ncbi.nlm.nih.gov/pubmed/30098200
https://doi.org/10.1167/iovs.10-7066
https://doi.org/10.1167/iovs.07-0972
https://www.ncbi.nlm.nih.gov/pubmed/18660424
https://doi.org/10.1001/archopht.1982.01030030480022
https://doi.org/10.1016/0014-4835(91)90241-6
https://www.ncbi.nlm.nih.gov/pubmed/1718772
https://doi.org/10.1007/s00281-008-0110-y
https://www.ncbi.nlm.nih.gov/pubmed/18299835
https://doi.org/10.1186/s12886-016-0235-z
https://doi.org/10.3389/fimmu.2021.620284
https://doi.org/10.1038/mi.2016.139
https://www.ncbi.nlm.nih.gov/pubmed/28120849
https://doi.org/10.1016/j.biomaterials.2017.11.028
https://www.ncbi.nlm.nih.gov/pubmed/29182933
https://doi.org/10.1016/j.gendis.2021.11.012
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1016/S0140-6736(04)16104-7
https://doi.org/10.1016/S0140-6736(08)60690-X
https://doi.org/10.1186/scrt2
https://www.ncbi.nlm.nih.gov/pubmed/20504283
https://doi.org/10.1681/ASN.2008070798
https://www.ncbi.nlm.nih.gov/pubmed/19389847
https://doi.org/10.1016/j.scr.2009.12.003
https://www.ncbi.nlm.nih.gov/pubmed/20138817
https://doi.org/10.1111/j.1440-1797.2012.01589.x
https://www.ncbi.nlm.nih.gov/pubmed/22369283
https://doi.org/10.5966/sctm.2015-0078
https://doi.org/10.1089/ten.tea.2017.0069
https://doi.org/10.1080/20013078.2019.1609206
https://doi.org/10.1016/j.semcdb.2015.03.001
https://doi.org/10.1042/BST20180079
https://doi.org/10.1038/s41598-017-04559-y


Int. J. Mol. Sci. 2023, 24, 7456 20 of 21

43. Li, Y.; Ren, X.; Zhang, Z.; Duan, Y.; Li, H.; Chen, S.; Shao, H.; Li, X.; Zhang, X. Effect of small extracellular vesicles derived from
IL-10-overexpressing mesenchymal stem cells on experimental autoimmune uveitis. Stem Cell Res. Ther. 2022, 13, 100. [CrossRef]
[PubMed]

44. 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] [PubMed]

45. 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]

46. 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. [CrossRef]

47. Mead, B.; Tomarev, S. Retinal ganglion cell neuroprotection by growth factors and exosomes: Lessons from mesenchymal stem
cells. Neural Regen Res. 2018, 13, 228–229. [CrossRef] [PubMed]

48. Gimona, M.; Brizzi, M.F.; Choo, A.B.H.; Dominici, M.; Davidson, S.M.; Grillari, J.; Hermann, D.M.; Hill, A.F.; de Kleijn, D.;
Lai, R.C.; et al. Critical considerations for the development of potency tests for therapeutic applications of mesenchymal stromal
cell-derived small extracellular vesicles. Cytotherapy 2021, 23, 373–380. [CrossRef]

49. Chen, T.S.; Arslan, F.; Yin, Y.; Tan, S.S.; Lai, R.C.; Choo, A.B.; Padmanabhan, J.; Lee, C.N.; de Kleijn, D.P.; Lim, S.K. Enabling a
robust scalable manufacturing process for therapeutic exosomes through oncogenic immortalization of human ESC-derived
MSCs. J. Transl. Med. 2011, 9, 47. [CrossRef]

50. Tan, T.T.; Lai, R.C.; Padmanabhan, J.; Sim, W.K.; Choo, A.B.H.; Lim, S.K. Assessment of Tumorigenic Potential in Mesenchymal-
Stem/Stromal-Cell-Derived Small Extracellular Vesicles (MSC-sEV). Pharmaceuticals 2021, 14, 345. [CrossRef]

51. 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]

52. Tan, C.Y.; Lai, R.C.; Wong, W.; Dan, Y.Y.; Lim, S.K.; Ho, H.K. Mesenchymal stem cell-derived exosomes promote hepatic
regeneration in drug-induced liver injury models. Stem Cell Res. Ther. 2014, 5, 76. [CrossRef]

53. Zhang, B.; Yin, Y.; Lai, R.C.; Tan, S.S.; Choo, A.B.; Lim, S.K. Mesenchymal stem cells secrete immunologically active exosomes.
Stem Cells Dev. 2014, 23, 1233–1244. [CrossRef] [PubMed]

54. Zhang, B.; Yeo, R.W.Y.; Lai, R.C.; Sim, E.W.K.; Chin, K.C.; Lim, S.K. Mesenchymal stromal cell exosome–enhanced regulatory
T-cell production through an antigen-presenting cell–mediated pathway. Cytotherapy 2018, 20, 687–696. [CrossRef]

55. Zhang, S.; Chu, W.C.; Lai, R.C.; Lim, S.K.; Hui, J.H.; Toh, W.S. Exosomes derived from human embryonic mesenchymal stem cells
promote osteochondral regeneration. Osteoarthr. Cartil. 2016, 24, 2135–2140. [CrossRef] [PubMed]

56. Zhang, S.; Teo, K.Y.W.; Chuah, S.J.; Lai, R.C.; Lim, S.K.; Toh, W.S. MSC exosomes alleviate temporomandibular joint osteoarthritis
by attenuating inflammation and restoring matrix homeostasis. Biomaterials 2019, 200, 35–47. [CrossRef] [PubMed]

57. Wong, K.L.; Zhang, S.; Wang, M.; Ren, X.; Afizah, H.; Lai, R.C.; Lim, S.K.; Lee, E.H.; Hui, J.H.P.; Toh, W.S. Intra-Articular Injections
of Mesenchymal Stem Cell Exosomes and Hyaluronic Acid Improve Structural and Mechanical Properties of Repaired Cartilage
in a Rabbit Model. Arthroscopy 2020, 36, 2215–2228.e2212. [CrossRef]

58. Dorronsoro, A.; Santiago, F.E.; Grassi, D.; Zhang, T.; Lai, R.C.; McGowan, S.J.; Angelini, L.; Lavasani, M.; Corbo, L.; Lu, A.; et al.
Mesenchymal stem cell-derived extracellular vesicles reduce senescence and extend health span in mouse models of aging. Aging
Cell 2021, 20, e13337. [CrossRef]

59. Accarie, A.; l’Homme, B.; Benadjaoud, M.A.; Lim, S.K.; Guha, C.; Benderitter, M.; Tamarat, R.; Sémont, A. Extracellular vesicles
derived from mesenchymal stromal cells mitigate intestinal toxicity in a mouse model of acute radiation syndrome. Stem Cell Res.
Ther. 2020, 11, 371. [CrossRef]

60. Zhang, B.; Lai, R.C.; Sim, W.K.; Choo, A.B.H.; Lane, E.B.; Lim, S.K. Topical Application of Mesenchymal Stem Cell Exosomes
Alleviates the Imiquimod Induced Psoriasis-Like Inflammation. Int. J. Mol. Sci. 2021, 22, 720. [CrossRef]

61. Lai, R.C.; Yeo, R.W.; Tan, S.S.; Zhang, B.; Yin, Y.; Sze, N.S.; Choo, A.; Lim, S.K. Mesenchymal Stem Cell Exosomes: The Future
MSC-based Therapy? In Mesenchymal Stem Cell Therapy; Chase, L.G., Vemuri, M.C., Eds.; Humana Press: Totowa, NJ, USA, 2012.

62. Yam, G.H.F.; Riau, A.K.; Funderburgh, M.L.; Mehta, J.S.; Jhanji, V. Keratocyte biology. Exp. Eye Res. 2020, 196, 108062. [CrossRef]
63. Kumagai, N.; Fukuda, K.; Fujitsu, Y.; Lu, Y.; Chikamoto, N.; Nishida, T. Lipopolysaccharide-induced expression of intercellular

adhesion molecule-1 and chemokines in cultured human corneal fibroblasts. Investig. Ophthalmol. Vis. Sci. 2005, 46, 114–120.
[CrossRef]

64. Barbosa, F.L.; Chaurasia, S.S.; Cutler, A.; Asosingh, K.; Kaur, H.; de Medeiros, F.W.; Agrawal, V.; Wilson, S.E. Corneal myofibroblast
generation from bone marrow-derived cells. Exp. Eye Res. 2010, 91, 92–96. [CrossRef] [PubMed]

65. Bargagna-Mohan, P.; Ishii, A.; Lei, L.; Sheehy, D.; Pandit, S.; Chan, G.; Bansal, R.; Mohan, R. Sustained activation of ERK1/2
MAPK in Schwann cells causes corneal neurofibroma. J. Neurosci. Res. 2017, 95, 1712–1729. [CrossRef] [PubMed]

66. Kawashima, M.; Kawakita, T.; Higa, K.; Satake, Y.; Omoto, M.; Tsubota, K.; Shimmura, S.; Shimazaki, J. Subepithelial corneal
fibrosis partially due to epithelial-mesenchymal transition of ocular surface epithelium. Mol. Vis. 2010, 16, 2727–2732. [PubMed]

67. Wilson, S.E. Coordinated Modulation of Corneal Scarring by the Epithelial Basement Membrane and Descemet’s Basement
Membrane. J. Refract. Surg. 2019, 35, 506–516. [CrossRef]

https://doi.org/10.1186/s13287-022-02780-9
https://www.ncbi.nlm.nih.gov/pubmed/35255957
https://doi.org/10.1038/srep34562
https://www.ncbi.nlm.nih.gov/pubmed/27686625
https://doi.org/10.1167/iovs.18-25617
https://www.ncbi.nlm.nih.gov/pubmed/30657854
https://doi.org/10.18240/ijo.2018.04.04
https://doi.org/10.4103/1673-5374.226392
https://www.ncbi.nlm.nih.gov/pubmed/29557366
https://doi.org/10.1016/j.jcyt.2021.01.001
https://doi.org/10.1186/1479-5876-9-47
https://doi.org/10.3390/ph14040345
https://doi.org/10.2217/rme.11.35
https://doi.org/10.1186/scrt465
https://doi.org/10.1089/scd.2013.0479
https://www.ncbi.nlm.nih.gov/pubmed/24367916
https://doi.org/10.1016/j.jcyt.2018.02.372
https://doi.org/10.1016/j.joca.2016.06.022
https://www.ncbi.nlm.nih.gov/pubmed/27390028
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/30771585
https://doi.org/10.1016/j.arthro.2020.03.031
https://doi.org/10.1111/acel.13337
https://doi.org/10.1186/s13287-020-01887-1
https://doi.org/10.3390/ijms22020720
https://doi.org/10.1016/j.exer.2020.108062
https://doi.org/10.1167/iovs.04-0922
https://doi.org/10.1016/j.exer.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20417632
https://doi.org/10.1002/jnr.24067
https://www.ncbi.nlm.nih.gov/pubmed/28489286
https://www.ncbi.nlm.nih.gov/pubmed/21179238
https://doi.org/10.3928/1081597X-20190625-02


Int. J. Mol. Sci. 2023, 24, 7456 21 of 21

68. 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]

69. Han, K.Y.; Tran, J.A.; Chang, J.H.; Azar, D.T.; Zieske, J.D. Potential role of corneal epithelial cell-derived exosomes in corneal
wound healing and neovascularization. Sci. Rep. 2017, 7, 40548. [CrossRef]

70. Bolanos-Jimenez, R.; Navas, A.; Lopez-Lizarraga, E.P.; de Ribot, F.M.; Pena, A.; Graue-Hernandez, E.O.; Garfias, Y. Ocular Surface
as Barrier of Innate Immunity. Open Ophthalmol. J. 2015, 9, 49–55. [CrossRef] [PubMed]

71. Lai, R.C.; Arslan, F.; Tan, S.S.; Tan, B.; Choo, A.; Lee, M.M.; Chen, T.S.; Teh, B.J.; Eng, J.K.; Sidik, H.; et al. Derivation and
characterization of human fetal MSCs: An alternative cell source for large-scale production of cardioprotective microparticles.
J. Mol. Cell Cardiol. 2010, 48, 1215–1224. [CrossRef]

72. Sze, S.K.; de Kleijn, D.P.; Lai, R.C.; Khia Way Tan, E.; Zhao, H.; Yeo, K.S.; Low, T.Y.; Lian, Q.; Lee, C.N.; Mitchell, W.; et al.
Elucidating the secretion proteome of human embryonic stem cell-derived mesenchymal stem cells. Mol. Cell Proteomics. 2007, 6,
1680–1689. [CrossRef]

73. Shtein, R.M.; Elner, S.G.; Bian, Z.M.; Elner, V.M. IL-8 and MCP Gene Expression and Production by LPS-Stimulated Human
Corneal Stromal Cells. Int. J. Inflamm. 2012, 2012, 714704. [CrossRef]

74. Tong, L.; Png, E.; Aihua, H.; Yong, S.S.; Yeo, H.L.; Riau, A.; Mendoz, E.; Chaurasia, S.S.; Lim, C.T.; Yiu, T.W.; et al. Molecular
mechanism of transglutaminase-2 in corneal epithelial migration and adhesion. Biochim. Biophys. Acta 2013, 1833, 1304–1315.
[CrossRef] [PubMed]

75. Chaurasia, S.S.; Perera, P.R.; Poh, R.; Lim, R.R.; Wong, T.T.; Mehta, J.S. Hevin plays a pivotal role in corneal wound healing.
PLoS ONE 2013, 8, e81544. [CrossRef] [PubMed]

76. Munger, R.J. Veterinary ophthalmology in laboratory animal studies. Vet. Ophthalmol. 2002, 5, 167–175. [CrossRef] [PubMed]
77. Yam, G.H.; Fuest, M.; Yusoff, N.; Goh, T.W.; Bandeira, F.; Setiawan, M.; Seah, X.Y.; Lwin, N.C.; Stanzel, T.P.; Ong, H.S.; et al. Safety

and Feasibility of Intrastromal Injection of Cultivated Human Corneal Stromal Keratocytes as Cell-Based Therapy for Corneal
Opacities. Investig. Ophthalmol. Vis. Sci. 2018, 59, 3340–3354. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1167/iovs.18-24803
https://doi.org/10.1038/srep40548
https://doi.org/10.2174/1874364101509010049
https://www.ncbi.nlm.nih.gov/pubmed/26161163
https://doi.org/10.1016/j.yjmcc.2009.12.021
https://doi.org/10.1074/mcp.M600393-MCP200
https://doi.org/10.1155/2012/714704
https://doi.org/10.1016/j.bbamcr.2013.02.030
https://www.ncbi.nlm.nih.gov/pubmed/23466867
https://doi.org/10.1371/journal.pone.0081544
https://www.ncbi.nlm.nih.gov/pubmed/24303054
https://doi.org/10.1046/j.1463-5224.2002.00243.x
https://www.ncbi.nlm.nih.gov/pubmed/12236867
https://doi.org/10.1167/iovs.17-23575
https://www.ncbi.nlm.nih.gov/pubmed/30025076

	Introduction 
	Results 
	In Vitro Cellular Uptake and Immunological Effects of Mesenchymal Stem Cells-Derived Exosomes 
	Dosing and Retention of Topically Applied AlexaFluo-488-Labeled Exosomes on Corneal Stroma 
	Effects of Mesenchymal Stem Cells-Derived Exosome Treatment on Epithelial Wound Closure 
	Effects of Topical Mesenchymal Stem Cells-Derived Exosome Treatment on Corneal Stromal Haze Development in Rat Corneas Injured by Irregular Phototherapeutic Keratectomy 
	Immunohistochemistry to Assess the Relative Molecular Changes in the Injured Corneas 
	In Vivo Immunomodulatory Effects of Mesenchymal Stem Cells-Derived Exosome Treatment 

	Discussion 
	Material and Methods 
	Purified Exosomes from Embryonic Stem Cell-Derived Mesenchymal Stem Cells 
	Fluorescence Labeling of Exosomes 
	Primary Corneal Stromal Fibroblast and Myofibroblast Culture 
	In Vitro Cellular Uptake of Exosomes 
	In Vitro Inflammatory Assay by Lipopolysaccharide Treatment 
	Corneal Epithelial Scratch Wound Assay 
	Time-Lapse Tracing Studies: Dosing and Retention of AlexaFluo-488-Labeled Exosomes on Corneal Stroma 
	Rat Corneal Opacity Model by Irregular Phototherapeutic Keratectomy (irrPTK) and Exosome Eyedrops 
	Ophthalmic Examinations and Measurements 
	Assay of Corneal Neovascularisation 
	Immunohistochemistry 
	Gene Expression by Real-Time Polymerase Chain Reaction 
	Enzyme-Linked Immunosorbent Assay and Multiplex Immunoassay 
	Statistical Analyses 

	Conclusions 
	References

