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Abstract: Mesenchymal stromal/stem cells (MSCs) and their secreted factors have been shown to
have immunomodulatory and regenerative effects. In this study, we investigated human bone-
marrow-derived MSC secretome (MSC-S) for the treatment of corneal epithelial wounds. Specifically,
we evaluated the role of MSC extracellular vesicles (EV)/exosomes in mediating the wound-healing
effects of the MSC-S. In vitro studies using human corneal epithelial cells showed that MSC-CM
increased cell proliferation in HCEC and HCLE cells, while EV-depleted MSC-CM showed lower
cell proliferation in both cell lines compared to the MSC-CM group. In vitro and in vivo experiments
revealed that 1X MSC-S consistently promoted wound healing more effectively than 0.5X MSC-S,
and MSC-CM promoted wound healing in a dose-dependent manner, while exosome deprivation
delayed wound healing. We further evaluated the incubation period of MSC-CM on corneal wound
healing and showed that MSC-S collected for 72 h is more effective than MSC-S collected for 48 h.
Finally, we evaluated the stability of MSC-S under different storage conditions and found that after
one cycle of freeze–thawing, MSC-S is stable at 4 ◦C for up to 4 weeks. Collectively, we identified
the following: (i) MSC-EV/Exo as the active ingredient in MSC-S that mediates the wound-healing
effects in the corneal epithelium, providing a measure to optimize its dosing for a potential clinical
product; (ii) Treatment with EV/Exo-containing MSC-S resulted in an improved corneal barrier and
decreased corneal haze/edema relative to EV/Exo-depleted MSC-S; (iii) The stability of MSC-CM for
up to 4 weeks showed that the regular storage condition did not significantly impact its stability and
therapeutic functions.

Keywords: mesenchymal stromal cells; mesenchymal stem cell-conditioned media; exosomes;
reconstituted–conditioned media; wound healing

1. Introduction

Mesenchymal stem cells (MSCs) are adult stem cells characterized by specific cell
surface markers and their ability to differentiate into bone, cartilage, and fat cells [1–5].
MSCs are found in many tissues throughout the body, including bone marrow, adipose
tissue, and umbilical cord tissue [1,2]. MSCs possess the ability to self-renew and, thus,
maintain a population of cells that can be used for tissue regeneration and wound heal-
ing [6]. MSCs have been studied in a variety of niches including immunomodulatory [7–9],
regenerative [10–12], anti-inflammatory [13], pro- and anti-angiogenic, neuro-protective,
and organ-healing effects [14,15].

The therapeutic effects of MSCs are mediated predominantly via paracrine factors in-
volving proteins, RNA, and exosomes/extracellular vesicles [16–21]. The MSC secretome, a
diverse collection of bioactive mediators that is secreted into the cellular microenvironment,
exerts a powerful influence on neighboring tissues and can modify their phenotype [22].
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MSCs can inhibit the activation of pro-inflammatory Th1 and Th17 cells while promoting
the activity of Treg cells, the overall effect of which can be leveraged to reduce graft rejec-
tion [23,24]. Similar immunosuppressive properties have been demonstrated when B cells
and dendritic cells are exposed to the MSC secretome [25,26]. Additionally, MSCs have
been shown to support or restrict angiogenesis in different models which further highlights
their flexibility as a therapeutic modality [27,28].

While MSCs are a promising form of therapy and lack immunogenicity, there are
still risks in their utilization in therapies. Adverse effects of MSC therapy in clinical trials
include thromboembolism and fibrosis, and there is some evidence that suggests that MSCs
may influence tumorigenesis [29,30]. Thus, there is a need to harness the beneficial effects
of MSC therapy while minimizing the risk of adverse effects. One approach that has gained
popularity in recent years is to use media containing the MSC secretomes but lacking the
MSCs themselves. Often referred to as MSC-conditioned media (MSC-CM), this approach
can recapitulate many of the therapeutic effects of cell therapy with fewer side effects.
Studies have shown that MSC-CM can promote the repair of chemical and mechanical
injuries [3,31–33]. Furthermore, cell-free therapies can be manufactured in higher volumes
with lower production costs as well [34]. MSC-CM has been shown to promote fibroblast
and endothelial cell migration, accelerating the wound-healing process [35]. One systematic
review reported that topical MSC-CM has been shown to improve wound closure and
vascularization across a multitude of studies compared to control treatment in vivo mod-
els [36]. These results were true for wounds with origins ranging from diabetes, psoriasis,
burns, and radiation [36]. MSC-CM has also been shown to promote neurite regeneration,
restrict inflammation, and reduce scar formation in the wound-healing process [37–39].
The recency and robustness of this body of work highlight MSC-CM as an effective al-
ternative to traditional MSC therapy in supporting wound healing and the treatment of
various diseases.

Exosomes (Exo), or more generally extracellular vesicles (EVs), have likewise been
identified as one of the principal components that mediate the effects of MSC-based thera-
pies [40]. The efficacy of MSC-EV or MSC-Exo has been reproduced in many studies across
multiple tissue models. MSC-EV/Exo has been shown to promote hepatic regeneration
while reducing fibrosis in models of liver disease [41–43]. They have also demonstrated
efficacy in ameliorating inflammation and increasing survival in models of kidney in-
jury [44,45]. MSC-EV/Exo has also improved outcomes in preclinical studies of myocardial
infarction, stroke, and pulmonary hypertension [46,47]. Interestingly, studies using MSC-
EV/Exo as a vehicle for the delivery of microRNAs have reported beneficial effects on
increasing neural plasticity as well [48,49]. Thus, delivering exosomes and extracellular
vesicles may constitute an even greater targeted therapy than media conditioned by MSCs
or introducing MSCs directly. Although the mechanism of the in vivo effects of exoge-
nously administered exosomes or the targeted delivery of exosome is not fully elucidated,
MSC-EV/Exo is being considered as a new cell-free therapeutic paradigm for clinical
translation [50–53].

While the literature on MSC-EV/Exo therapies is rapidly expanding, there is a relative
dearth of information concerning the use of this approach in the eye. Studies have demon-
strated the beneficial effects of MSC-derived exosomes in the treatment of autoimmune
uveitis cells [54–57], retinal injury, and refractory macular holes. Regarding pathologies of
the ocular surface, two studies have shown that MSC-Exo improves corneal wound healing
and reduces opacity in a model of mucopolysaccharidosis [58,59]. However, further work is
needed to understand the therapeutic efficacy of MSC-derived exosomes on ocular surface
diseases. In this present study, we aimed to shed light on whether MSC-EV/Exo mediates
the wound-healing effects of MSC-S in the cornea.
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2. Materials and Methods
2.1. Cell Culture

A human corneal epithelial cell (HCEC) was cultured in 10% fetal bovine serum (FBS;
#F2442, Sigma-Aldrich, St. Lois, MO, USA), 1X L-glutamine (#MT25005CI, Corning, Corning,
NY, USA), 1X NEAA (#11140050, Gibco, Bilings, MT, USA), and 1% penicillin–streptomycin
(P/S; #MT30002CI, Corning, Corning, NY, USA) in 5% CO2 at 37 ◦C [3]. A human corneal
limbal epithelial (HCLE) cell line was cultured in 1% P/S and keratinocyte serum-free medium
(KSFM; #17005-042, Thermo, Waltham, MA, USA) with 0.05 mg/mL of Bovine Pituitary
Extract and 5 ng/mL of Epidermal Growth Factor [3]. Human bone marrow (BM)-derived
MSCs were purchased from RoosterBio (# MSC-CC040, Ballenger Creek, MD, USA) and
cultured in MEM alpha (MEMa; #4106102, ThermoFisher Scientific, Waltham, MA, USA)
media supplemented with 10% FBS, 1X L-glutamine, and 1X NEAA [3,60].

2.2. Cell Viability

HCEC 3 × 105 cells/well with 6 wells per group were cultured in the presence of various
media (MEMa, MSC-CM, and MSC-CM without exosome) for 24 h. The cells were rinsed with
1X PBS (#10-010-023, Gibco, Bilings, MT, USA) twice, trypsinized, and then incubated with
trypan blue (TB; # T4049, Sigma-Aldrich, St. Lois, MO, USA) for 10 min at room temperature.
A total of 20 µL of TB was mixed with 20 µL of cell supernatant and examined immediately
under a microscope at 10× magnification. The number of blue-stained cells and the number of
total cells were counted to determine the number of live and dead cells, and to the calculate
cell viability: % of Viable cells = [1.00 − (Number of blue cells ÷ Number of total cells)] × 100.
These analyses were performed in triplicate (n = 3) [3].

2.3. Cell Proliferation

HCEC and HCLE cells were plated on a 4-well chamber slide for 12 h. After incubation,
the cells were washed twice with 1X PBS and cultured using a different medium (MEMa,
MSC-CM, and MSC-CM without exosome) for 24 h. Cell proliferation was assessed by
measuring the cellular DNA content via a fluorescent dye binding kit (CyQuant® NF Cell
Proliferation Assay; #C35006, Invitrogen, Waltham, MA, USA). After 24 h of incubation, the
supernatant was removed with a pipette, and 100 µL of 1X CyQuant dye binding solution
was added to each well. The plates were then incubated at 37 ◦C for 1 h. The fluorescence
intensity for these samples was measured with an excitation wavelength of 485 nm and an
emission wavelength of 530 nm using a Gen5 plate reader. All analyses were performed in
triplicate (n = 3) [3].

2.4. LDH Toxicity Assay

For the LDH cytotoxicity assay, the cells were seeded on 96-well plates at a concen-
tration of 3 × 104 cells per well. After 12 h of incubation, the cells were cultured in the
presence of various media (MEMa, MSC-CM, and MSC-CM without exosome) and LDH
positive for 24 h. After 24 h of incubation, 50 µL of supernatant was mixed with 50 µL of
reaction mix according to the manufacturer’s instructions (#C2030, ThermoFisher Scientific,
Waltham, MA, USA) in a 96-well flat-bottom plate and incubated at room temperature for
30 min. Optical density absorbance at wavelengths (490–680 nm) was measured using a
Cytation5 (Biotek, Winooski, VT, USA) plate reader. These analyses were performed in
triplicate (n = 3) [3].

2.5. In Vitro Scratch Assay

HCLE cells were seeded on 6-well plates at a concentration of 0.5 × 106 cells per well,
in KSFM complete with growth supplements. After 12 h of incubation, cell monolayers were
scratched using a sterile 200 µL pipette tip and washed twice with 1X PBS to remove floating
cells. Then, the treatments were added to the cells. After each time point, the scratch area
was captured serially using a spinning disc confocal microscope (Z1; Carl Zeiss Meditec,
Jena, Germany), and the remaining wound area was measured using ImageJ software
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(National Institutes of Health, Bethesda, MD, USA). These analyses were performed in
triplicate (n = 3) [3].

2.6. Mouse Model of Corneal Epithelial Wound Healing

To compare the effects of the duration of CM collection (48 h vs. 72 h) and to examine
the effect of EV (“exosome”) depletion, a 2 mm diameter wound was made on the center of
the cornea (Mil-Tec, Lehigh Acres, FL, USA) with a rotating burr (Algerbrush II, The Alger
Companies, Lago Vista, TX, USA) under a microscope as we have described before [3].
After the injury to the epithelium, mice were divided into four groups: PBS control, MSC-
CM 48 h, MSC 72 h, and MSC-CM 72 h (-exosome) (n = 5). To study MSC-CM in a
more extensive injury model, we used a limbus-to-limbus epithelial debridement model.
Two different dilutions of MSC-CM (0.5X and 1X) and exosome-depleted MSC-CM (1X)
were applied to the murine cornea surface twice a day for 7 days. These analyses were
performed in triplicate (n = 3). For all the experiments, 10 µL of the topical treatment was
applied to the right eye of each mouse twice a day. Fluorescein (1 mg/mL, BioGlo; #NDC
17238-900-30) was applied to the cornea for 1 min and excess liquid was removed using
Kimwipes. The fluorescein staining was examined and imaged with a slit lamp (Nikon
FS-2) using 30× magnification. The fluorescein intensity ratio data analysis was processed
using MetaMorph software (Molecular Devices, Version 7.8.13.0).

2.7. Histology

Mice eyes were collected from the in vivo experiments (limbus-to-limbus wound and
2 mm wound with treatment: PBS, 0.5X MSC-CM, 1X MSC-CM, and 1X MSC-CM without
exosome, MSC-CM 48 h, MSC-CM 72 h, and MSC-CM 72 h without exosome). At the end
of the experiment, the mice eyes were collected and embedded in OCT medium. Cryo-
sections at 10 µm were made and fixed in neutral buffered 10% formaldehyde (PFA; #F1635,
Sigma-Aldrich, St. Louis, MI, USA) for 20 min and followed by Hematoxylin and Eosin
staining per the protocol as previously described [3].

2.8. MSC Conditioned Medium (Secretome) and Storage Conditions

To produce MSC-conditioned media, human BM-MSCs were seeded at a density of
10,000 cells/cm2 in T75 flasks for 48 h for monolayer confluency of about 70–80% under
the microscope. If the cells did not reach 70–80% confluence, they were incubated for
an additional 12–24 h. Once the cells were ready, the medium was removed and gently
washed twice with 10 mL of 1X DPBS. Then, the cells were incubated with a MEMa for an
additional 72 h. After the incubation period, the media were collected and centrifuged at
500× g for 100 min to remove cells or debris. The supernatant from the centrifuge tubes
was carefully removed leaving 1 mL of supernatant at the bottom of the centrifuge tubes
to exclude possible cell/debris contamination. The collected CM was refrigerated right
away at −80 ◦C. To deplete the exosomes, the collected medium was ultracentrifuged
(100,000× g for 4 h); then, the supernatant was carefully removed without touching the
bottom. To obtain freeze–thawing-conditioned media, the BM-MSC-conditioned media
were stored at −80 ◦C for long-time storage. For non freezing MSC-CM, MSC-CM was
stored at 4 ◦C for 1 week without freezing. For freeze–thawing MSC-CM, MSC-CM was
thawed on ice and kept at 4 ◦C for 1 day, 1 week, and 4 weeks. For control media, the
MEMa basal media were stored in cell-free T75 flasks in a cell culture incubator at 37 ◦C for
72 h.

2.9. Nanoparticle Tracking Analysis (NTA)

Particle size distribution in MSC-CM was determined by NTA using a NanoSight
NS300 system (Malvern Technologies, Malvern, UK) [61]. Samples were diluted in particle-
free 1X PBS (1:20–1:50) to a final volume of 1 mL to measure the ideal particle per frame
value (20–100 particles/frame). A total of 1 mL of CM in PBS was transferred to a 1 mL
Luer syringes (NORM-JECT) without air bubbles and was inserted into the NTA chamber.
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The particles scattering light are detected by a charge-coupled device and recorded in
multiple video frames for a limited time to measure the size and density of the samples.
These analyses were performed in triplicate (n = 3).

2.10. Medium Preparation and Endotoxin Quantification

MSC-CM was collected under different conditions, then ultracentrifuged (100,000× g
for 4 h) to deplete exosomes. A total of 18 samples of MSC-CM from the 3 different
productions were stored at −80 ◦C before the endotoxin assay. The endotoxin content in
MSC-CM was determined quantitatively using a Pierce Chromogenic Endotoxin Quant
Kit (#A39552, Thermo Fisher Scientific, Waltham, MA, USA) as per the manufacturer’s
protocol. The endotoxin standards, samples, and blanks were all run in triplicate. Samples
were pre-equilibrated in a 37 ◦C water bath. A total of 50 µL of endotoxin standard dilution,
blank, and samples per well were used to measure the endotoxin level. Optical density
(OD) at 405 nm was read immediately after assay completion using a Gen5 plate reader.

2.11. Bacterial Growth

Staphylococcus aureus ATCC 29213 was grown in Tryptic Soy Agar (TSA; #236950,
Difco, St Louis, MO, USA). A total of 40 g of TSA powder was dissolved in 1 L of purified
water, mixed well, sterilized using autoclaving at 121 ◦C for 15 min, and cooled to 45–50 ◦C.
The agar was thoroughly mixed well and poured into Petri dishes. To prepare the bacterial
growth, 20 µL of −20 ◦C glycerol stock and three different MSC-CM were spread out on
TSA plates and cultured at 37 ◦C for 3 days. The bacterial growth of the MSC-CM spread
plate was compared to the positive control plate and captured on day 3.

2.12. Statistical Analysis

Statistical calculations were conducted using GraphPad Prism software (GraphPad,
La Jolla, CA, USA). The results are presented as the mean ± standard deviation (SD) of three
independent experiments. p-values for the differences were determined using double-sided
nonparametric t-tests, with GraphPad Prism software and Microsoft Excel. A p-value of
<0.05 was considered statistically significant.

3. Results
3.1. MSC-CM Promotes Cell Proliferation Which Is Diminished in EV-Depleted MSC-CM

The effect of MSC-CM and EV-depleted MSC-CM on viability, cytotoxicity, and cell
proliferation was measured in human corneal epithelial cells (HCEC) and a human corneal
limbal epithelial (HCLE). Cell viability at 24 h was not significantly different between any of
the incubated media (Figure S1A). As another more sensitive measure of toxicity, a lactate
dehydrogenase (LDH)-based assay was used to measure LDH in HCEC exposed to the
MSC-CM and EV-depleted CM and MEMa and did not show any significant difference
(Figure S1B). Ultracentrifugation at 100,000× g for 4 h resulted in a >80% reduction of
exosomes in MSC-CM (Figure S1C). There was no difference in endotoxin levels between MSC-
CM and exosome-depleted MSC-CM (Figure S1D). Additionally, MSC-CM was free of bacterial
contamination (Figure S1E). MSC-CM did significantly increase cell proliferation in HCEC and
HCLE cells compared to MEMa (Figure 1). In contrast, EV-depleted MSC-CM showed lower
cell proliferation in HCEC and HCLE cells compared to MSC-CM (for HCEC cells, MEMa:
86.87 ± 22.19%, MSC-CM: 316.68 ± 44.75%, and MSC-CM (-exosome): 166.18 ± 32.43%,
*** p < 0.001; for HCLE cells, MEMa: 111.46 ± 13.42%, MSC-CM: 278.22 ± 31.65%, and MSC-
CM (-exosome): 123.79 ± 3.19%, *** p < 0.001).
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3.2. MSC-CM Dose-Dependently Promotes Wound Healing In Vitro Which Is Dependent on the
EV Fraction

We used an in vitro scratch assay to determine whether the EV component of MSC-CM
contributes to its wound-healing effect. Human MSC-CM was collected and used in the
following experimental conditions: (i) 0.5X MSC-CM (MSC-CM diluted 1:1 with MEMa);
(ii) 1X MSC-CM; (iii) 1X MSC-CM (-exosome = EV-depleted). A concentration of 1X MSC-
CM significantly enhanced wound healing compared to 0.5X MSC-CM and 1X MSC-CM
(-exosome) at 14 h (61.8 ± 4.57% vs. 74.9 ± 7.65% vs. 55.7 ± 6.10%) (Figure 2A,B). The 1X
MSC-CM treatment showed significantly less fluorescein staining (0.45 ± 0.08) compared
to other groups (PBS: 0.93 ± 0.09, 0.5X MSC-CM: 0.71 ± 0.20, and 1X MSC-CM (-exosome):
0.67 ± 0.08) on day 2. On the 7th and final day, 1X MSC-CM showed significantly less
staining than 0.5X MSC-CM (0.02 ± 0.006 vs. 0.11 ± 0.02), whereas EV-depletion delayed
wound healing compared to other groups (PBS: 0.32 ± 0.11, 0.5X MSC-CM: 0.11 ± 0.02,
1X MSC-CM: 0.02 ± 0.06, and 1X MSC-CM (-exosome): 0.5 ± 0.007) (Figure 2C,D). The
H&E-stained cross-section of cornea exhibited an LL wound that was completely healed
and the corneal stromal was tightly packed after 7 days of treatment with 0.5X or 1X MSC-
CM and showed normal morphology of the epithelial and stroma (Figure 2E). However,
the PBS or 1X MSC-CM (-exosome) groups showed that the corneal stroma was more
swollen compared to the 0.5X or 1X MSC-CM groups (Figure 2E). Taken together, MSC-CM
promotes wound healing in a dose-dependent manner.

3.3. MSC-CM Promotes Wound Healing In Vivo Which Is Dependent on the EV Fraction

We studied the effect of MSC-CM after a 2 mm epithelial wound in vivo. At 24 h after
wounding, the corneas treated with BM-MSC-conditioned media healed significantly faster
(p < 0.001, 0.1 ± 0.04% vs. 0.3 ± 0.05). By 48 h all wounds had healed (Figure S3). No adverse
effects were noted on the exam. Microscopic analysis of murine eyes showed that an H&E-
stained cross-section of cornea exhibited a 2 mm wound that was completely healed after
7 days of treatment and showed normal morphology of the epithelial and stroma (Figure S2).
Taken together, MSC-CM applied twice a day topically accelerates corneal epithelial wound
healing in vivo.

MSC-CM 72 h decreased the ratio of the fluorescein intensity as compared to the PBS
control group at 24 h (0.39 ± 0.10 vs. 0.68 ± 0.13). MSC-CM 48 h had reduced cornea
wound-healing effects compared to MSC-CM 72 h (0.68 ± 0.06 vs. 0.39 ± 0.10). EV-depleted
MSC-CM 72 h (-exosome) delayed corneal wound healing as compared to the MSC-CM 72
h and PBS control groups (1.12 ± 0.17 vs. 0.39 ± 0.10 vs. 0.68 ± 0.13) (Figure 3). The results
confirm the in vitro data that the EV fraction in MSC-CM has a critical role in the cornea
wound-healing effects.
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Figure 2. MSC-CM dose-dependently promotes wound healing in vitro which is dependent on the EV
fraction: (A) Representative images showing scratch wound assay in HCLE cells. White dot: wound area.
(B) Graph showing wound healing rate for different conditions in epithelial scratch wounds (n = 5/group)
at 14 h. *** p < 0.001 vs. MEMa, 0.5X MSC-CM, or 1X MSC-CM (-exosome). (C) Representative images
of murine corneas showing fluorescein staining after limbus-to-limbus wound and application of PBS,
0.5X MSC-CM, 1X MSC-CM, and 1X MSC-CM (-exosome). 30X. (D) Graph showing the intensity fold
change of corneal fluorescein staining after application of PBS, 0.5X MSC-CM, 1X MSC-CM, and 1X
MSC-CM (-exosome) for 48 h (n = 4), *** p < 0.001; vs. 0.5X MSC-CM or 1X MSC-CM (-exosome) on Day 2,
### p < 0.001; vs. 0.5X MSC-CM or 1X MSC-CM (-exosome) on Day 7. LL: limbus-to-limbus. (E) H&E
staining on whole eyeball after application of PBS and MSC-CM for 7 days. Black box: central cornea,
E: epithelium, S: stroma.

Collectively, MSC-CM promoted in vivo wound healing in a dose-dependent manner
and the depletion of EV/exosome from MSC-CM significantly reduced these effects. The
findings suggest that EV/exosomes in MSC-CM are one of the key factors that mediate the
cornea wound-healing effects.
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Figure 3. MSC-CM promotes wound healing in vivo which is dependent on the EV fraction: (A) Rep-
resentative images of murine corneas showing fluorescein staining after a 2 mm wound and applica-
tion of PBS, MSC-CM 48 h, MSC-CM 72 h, and MSC-CM 72 h (-exosome) for 48 h. 30X. (B) Graph
showing the intensity fold change of corneal fluorescein staining after application of PBS, MSC-CM
48 h, MSC-CM 72 h, and MSC-CM 72 h (-exosome) for 48 h (n = 5); *** p < 0.001 vs. MSC-CM 48 h or
MSC-CM 72 h (-exosome) at 24 and 48 h.

3.4. The Effects of Storage Conditions on the Wound-Healing Effects of MSC-CM

Human MSC-CM was collected and stored under various conditions to determine the
stability of the wound-healing effects. We wished to examine whether freeze–thawing had
any effect and also whether it remained stable at 4 ◦C after thawing. As shown in Figure 4,
MSC-CM stored at 4 ◦C (no freezing) for 1 week promoted wound healing (91.33 ± 2.82%
healed at 22 h) which was comparable to MSC-CM that had been frozen then thawed and
stored at 4 ◦C for 1 week (95.57 ± 0.86% healing at 22 h). Freeze–thawed MSC-CM stored at
4 ◦C for 4 weeks did show some signs of delayed wound healing compared to non-frozen
MSC-CM at 14 h, but at 22 h it did reach 89.4 ± 6.3% healing. Finally, reconstituted CM
after freeze–thawing showed significantly faster healing compared to fresh MSC-CM.
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Figure 4. The effects of freeze–thawing MSC-CM on wound healing: (A) Representative images
showing scratch wound assay in HCLE cells that are incubated with various conditions; (i) MEMa,
(ii) Non freezing MSC-CM (stored at 4 ◦C for 1 week without freezing), (iii) Freeze–thawing MSC-CM
(stored at 4 ◦C for 1 week after thawing), and (iv) After thawing MSC-CM (stored at 4 ◦C for 4 weeks
after thawing). White dot: wound area. (B) Kinetic curve showing the relative wound healing at
different time points. (C) Graph showing wound healing rate for different conditions in epithelial
scratch wounds (n = 5/group) at 22 h. *** p < 0.001 vs. freeze–thawing MEMa. Control: MEMa.

4. Discussion

Our previous study investigated the use of a novel therapy for corneal wound healing
using a conditioned medium derived from corneal mesenchymal stromal cells [62]. In
addition, we explored the use of mesenchymal stem cell secretome delivered within a
viscoelastic gel carrier as a potential therapy for corneal wound healing [63]. Both studies
demonstrate promising results and highlight the potential of mesenchymal stromal cells
and their secreted factors as a therapeutic option for treating corneal epithelial wounds. This
study investigated the use of human bone-marrow-derived MSC-CM for corneal epithelial
wound healing. We show that MSC-CM promotes epithelial cell migration and proliferation,
resulting in corneal wound-healing effects. Previous studies have identified that MSC-
CM or MSC-EV/Exo can both enhance wound healing in vitro and in vivo [3,36,64–66].
We have also previously demonstrated that human corneal MSC-derived EV/exosomes
promote the repair of ocular surface injuries [62,67,68]. Current findings show that the
EV/Exo fraction mediates the wound-healing effects of human bone-marrow MSC-CM in
the cornea and importantly show that the depletion of EV/Exo from MSC-CM significantly
abolishes the corneal wound-healing effects. These effects were observed both in vitro and
in vivo in this study. It is becoming increasingly clear that MSCs do not exert their beneficial
effects by migrating to the target site and differentiating into functional replacement cells.
Rather, their paracrine release of EV/Exo laden with cytokines, peptides, RNA, and other
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bioactive factors appears to drive the positive effects on wound healing [69]. Our study,
therefore, adds to the growing body of evidence that topical MSC-EV/Exo can be an
effective method to improve wound healing of the ocular surface. Further studies are
needed to determine whether the efficacy of topical MSC-EV/Exo therapy holds for other
ocular surface disorders as well.

Limbal stem cells are crucial in the regeneration of the corneal epithelium and in
maintaining corneal transparency and visual acuity [70]. Impaired healing of the corneal
epithelium and conjunctivalization of the corneal surface can result from genetic defects
or damage to the LSCs and their niche, leading to LSCD [71,72]. Pellegrini et al. demon-
strated that using autologous limbal stem cells can effectively treat corneal damage due to
burns and the limbal stem cell deficiency (LSCD) [70,73]. Mesenchymal stem-cell-derived
extracellular vesicles (MSC-EV) could also provide a potential treatment option due to
their pro-regenerative, anti-inflammatory, and anti-fibrotic effects, which make them a
safer alternative to limbal stem cell transplantation. Moreover, EVs are easily purified
and isolated, making them a more convenient option. Although limbal stem cells are still
the gold standard for treating LSCD, the potential of MSC-EVs in cases of major corneal
defects is an exciting area of research. Further studies are needed to fully understand the
mechanisms underlying the therapeutic effects of MSC-EVs and to determine the optimal
approach for their clinical application.

MSC therapy refers to the direct administration of MSCs to patients for therapeutic
purposes, with regulatory aspects focused on ensuring their safety and efficacy [74,75]. On
the other hand, MSC-derived products are produced by isolating and expanding MSCs
in vitro, and using the resulting, conditioned media, or extracellular vesicles as therapeutic
products [76]. Regulatory aspects for an MSC-based product include ensuring the safety and
purity of the final product, establishing its identity and potency, and ensuring consistency
in production [74,77]. However, the lack of standardization in the MSC field poses a
significant regulatory challenge for MSC-based products [78], due to the heterogeneity
of MSCs and the difficulty in establishing consistent manufacturing processes that result
in products with consistent quality attributes [79,80]. This can lead to variability in the
safety and efficacy of MSC-based products, making it difficult for regulatory agencies
to evaluate and approve them for clinical use. Establishing consistent standards for the
characterization and testing of MSC-based products will be important for ensuring their
safety and efficacy in clinical applications [81]. Further research is also necessary to identify
all the active biomolecules in MSC-based products and understand their mechanisms of
action [31,55,82].

The advantages of using MSC-S for corneal wound healing are that MSC-S contains
a variety of growth factors, cytokines, and extracellular matrix proteins that can promote
wound healing [18–21]. The use of MSC-S can also potentially overcome the limitations of
traditional cell-based therapies, such as the need to maintain cell viability and concerns
about immunogenicity [9]. Additionally, the use of MSC-S may provide a more standard-
ized and reproducible approach compared to traditional cell-based therapies. Another
advantage of using MSC-EV/Exos is that they can be easily isolated from MSC-S and
stored for future use. We demonstrate that MSC-S is stable under different storage condi-
tions (Figure 4), and this provides a measure to optimize its dosing for a potential clinical
product (Figure 2). The findings of this study provide important insights into the use of
MSC-EV/Exo as a therapeutic agent for corneal wound healing. The immunomodulatory
and regenerative properties of MSC-EV/Exos make them an ideal candidate for the treat-
ment of corneal wounds, and their ease of isolation and long-term stability make them a
promising approach for the development of corneal therapies.

These findings support the transition of cell-based MSC therapy to more targeted
approaches using conditioned media and exosomes. Exosomes can be administered via
multiple routes: intravenously, intramuscularly, subcutaneously, intrathecally, and even
topically with a spray [83]. Their efficacy in preclinical studies coupled with their flexibility
of delivery have made exosomes a topic of interest for researchers in both universities and
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private companies. Currently, multiple start-up companies are researching the translational
potential of exosome therapy [83]. While more than 100 clinical trials on exosomes are
ongoing, only 28% study them as a therapeutic modality [84]. Here too, further clinical
trials are needed to translate the results of these preclinical studies into effective therapies
for patients. Further clinical trials are needed to evaluate the safety and efficacy of using
MSC-conditioned media to treat corneal epithelial wounds in humans. These trials should
include a larger patient population and should assess various parameters such as the quality
of conditioned media, optimal dosage (0.5X or 1X as shown in Figure 2), frequency and
duration of treatment, as well as potential adverse effects. In addition, further research is
needed to elucidate the mechanisms underlying the therapeutic effects of MSC-conditioned
media and to optimize its production and storage (as shown in Figure 4). This could involve
exploring the use of different types of MSCs or different methods for isolating and purifying
MSC-derived extracellular vesicles. Overall, while the results of preclinical studies are
promising, it is important to conduct rigorous clinical trials to ensure the safety and efficacy
of MSC-conditioned media before it can be used as a therapy for corneal epithelial wounds.

We also compared the therapeutic effects of CM collected over 48 or 72 h on wound
healing. As shown in Figure 3, CM collected over 72 h promoted wound healing to a
greater extent than CM from 48 h of incubation. Similarly, we investigated whether the
observed effects of MSC-CM are dose-dependent. Diluted-conditioned media to 0.5X (in
MEMa) revealed that this still has healing capacity to enhance healing compared to the
control but less than non-diluted 1X CM (Figure 2). As mentioned, EV/exosome depletion
significantly diminished the wound-healing effects. Overall, these results show that there
is a dose-dependent effect and that collecting a conditioned medium over 72 h may be
advantageous over 48 h.

Preservation of exosomes is also an area of active investigation [85,86]. Freeze–thawing
and storage temperature may change the EVs and decrease their biological activity [87–90].
The Bosch et al. group demonstrated that the addition of 25 mM of trehalose prevents
the aggregation of exosomes and cryodamage, resulting in the improved preservation of
biological activity [85]. Here, we present findings on the stability of CM for up to 4 weeks
and show that the storage condition does not have a significant impact on the stability and
therapeutic functions. As shown in Figure 4, different storage conditions (non-freezing,
one-time freezing, and storage for 1 day, 2 days, 1 week, and 4 weeks) revealed that there
is no loss of biofunction up to 4 weeks of storage at 4 degrees compared to MSC-CM that
was not frozen. Previously, we demonstrated that lyophilized corneal MSC-CM is effective
for the promotion of wound healing and modulation of inflammation in both in vivo and
in vitro models [62].

In summary, our study has shed light on the mechanisms underlying the wound-
healing effects of MSC-CM in the corneal epithelium. By demonstrating that EV/exosomes
are the active ingredient responsible for these effects, we have provided a potential strat-
egy for standardizing and optimizing the dosing of MSC-CM for clinical use. This is a
significant step forward in the development of MSC-CM as a therapeutic approach for
corneal injuries and diseases. Furthermore, our findings highlight the importance of further
investigating the cargo and active components within EV/exosomes that mediate these
effects, to improve the therapeutic potential of MSC-CM. The improved corneal barrier
function and decreased corneal haze/edema observed with EV/Exo-containing MSC-CM
treatment further emphasizes the therapeutic potential of this approach. Finally, the long-
term stability of MSC-CM demonstrated in this study provides additional support for
its potential clinical translation. Taken together, our findings provide important insights
into the potential of MSC-CM and EV/exosomes as a novel approach for the treatment of
corneal injuries and diseases. Further research is needed to fully realize this potential and
advance this promising field of study.
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5. Conclusions

MSC-Exos is the active ingredient in MSC-CM that promotes epithelial cell migration
and proliferation, resulting in wound-healing effects in the corneal epithelium. This is
important given that it can be used to standardize and determine the dosage of MSC-CM.
In other words, we propose that MSC-CM can be dosed based on the EV/Exo concentration.
Further studies are needed to further characterize the cargo and the most active components
within the EV/Exosomes that mediate the observed wound-healing effects.
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healing in vitro 19 scratch assay.

Author Contributions: S.A.: design, methodology, investigation, and writing-original draft prepara-
tion; K.A. and H.L.: methodology and formal analysis; M.A.: methodology and writing-review and
editing; R.J. and R.K.: writing—review and editing; M.G.: writing—review and editing; A.R.D.: su-
pervision and writing-review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the R01-EY024349 (A.R.D.) and Core grant for Vision Re-
search EY001792 from NEI/NIH, Unrestricted grant to the UIC Department of Ophthalmology
and Physician-Scientist Award (A.R.D.) from Research to Prevent Blindness, and Eversight, UH3
EY031809 (A.R.D.).

Institutional Review Board Statement: The animal study protocol was approved by the Committee
on the Ethics of Animal Experiments of University of Illinois at Chicago. In addition, the protocol
was approved by the Biosafety Committee (protocol code #20-079, 1 December 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Any data or material that supports the findings of this study can be
made available by the corresponding author upon request.

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

References
1. Pittenger, M.F.; Discher, D.E.; Peault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal stem cell perspective: Cell

biology to clinical progress. NPJ Regen. Med. 2019, 4, 22. [CrossRef] [PubMed]
2. Hass, R.; Kasper, C.; Bohm, S.; Jacobs, R. Different populations and sources of human mesenchymal stem cells (msc): A comparison

of adult and neonatal tissue-derived msc. Cell Commun. Signal 2011, 9, 12. [CrossRef]
3. An, S.; Shen, X.; Anwar, K.; Ashraf, M.; Lee, H.; Koganti, R.; Ghassemi, M.; Djalilian, A.R. Therapeutic potential of mesenchymal

stem cell-secreted factors on delay in corneal wound healing by nitrogen mustard. Int. J. Mol. Sci. 2022, 23, 11510. [CrossRef]
[PubMed]

4. Baghaei, K.; Hashemi, S.M.; Tokhanbigli, S.; Asadi Rad, A.; Assadzadeh-Aghdaei, H.; Sharifian, A.; Zali, M.R. Isolation,
differentiation, and characterization of mesenchymal stem cells from human bone marrow. Gastroenterol. Hepatol. Bed Bench 2017,
10, 208–213. [PubMed]

5. Vasanthan, J.; Gurusamy, N.; Rajasingh, S.; Sigamani, V.; Kirankumar, S.; Thomas, E.L.; Rajasingh, J. Role of human mesenchymal
stem cells in regenerative therapy. Cells 2020, 10, 54. [CrossRef]

6. Guillamat-Prats, R. The role of msc in wound healing, scarring and regeneration. Cells 2021, 10, 1729. [CrossRef]
7. Gao, F.; Chiu, S.M.; Motan, D.A.; Zhang, Z.; Chen, L.; Ji, H.L.; Tse, H.F.; Fu, Q.L.; Lian, Q. Mesenchymal stem cells and

immunomodulation: Current status and future prospects. Cell Death Dis. 2016, 7, e2062. [CrossRef]
8. Hoogduijn, M.J.; Popp, F.; Verbeek, R.; Masoodi, M.; Nicolaou, A.; Baan, C.; Dahlke, M.H. The immunomodulatory properties of

mesenchymal stem cells and their use for immunotherapy. Int. Immunopharmacol. 2010, 10, 1496–1500. [CrossRef]
9. Ankrum, J.A.; Ong, J.F.; Karp, J.M. Mesenchymal stem cells: Immune evasive, not immune privileged. Nat. Biotechnol. 2014, 32,

252–260. [CrossRef]
10. Nauta, A.J.; Fibbe, W.E. Immunomodulatory properties of mesenchymal stromal cells. Blood 2007, 110, 3499–3506. [CrossRef]
11. Planat-Benard, V.; Varin, A.; Casteilla, L. Mscs and inflammatory cells crosstalk in regenerative medicine: Concerted actions for

optimized resolution driven by energy metabolism. Front. Immunol. 2021, 12, 626755. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics15051486/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15051486/s1
https://doi.org/10.1038/s41536-019-0083-6
https://www.ncbi.nlm.nih.gov/pubmed/31815001
https://doi.org/10.1186/1478-811X-9-12
https://doi.org/10.3390/ijms231911510
https://www.ncbi.nlm.nih.gov/pubmed/36232805
https://www.ncbi.nlm.nih.gov/pubmed/29118937
https://doi.org/10.3390/cells10010054
https://doi.org/10.3390/cells10071729
https://doi.org/10.1038/cddis.2015.327
https://doi.org/10.1016/j.intimp.2010.06.019
https://doi.org/10.1038/nbt.2816
https://doi.org/10.1182/blood-2007-02-069716
https://doi.org/10.3389/fimmu.2021.626755
https://www.ncbi.nlm.nih.gov/pubmed/33995350


Pharmaceutics 2023, 15, 1486 13 of 16

12. Wang, S.; Lei, B.; Zhang, E.; Gong, P.; Gu, J.; He, L.; Han, L.; Yuan, Z. Targeted therapy for inflammatory diseases with
mesenchymal stem cells and their derived exosomes: From basic to clinics. Int. J. Nanomed. 2022, 17, 1757–1781. [CrossRef]
[PubMed]

13. Salgado, A.J.; Reis, R.L.; Sousa, N.J.; Gimble, J.M. Adipose tissue derived stem cells secretome: Soluble factors and their roles in
regenerative medicine. Curr. Stem. Cell Res. Ther. 2010, 5, 103–110. [CrossRef] [PubMed]

14. Horwitz, E.M.; Prockop, D.J.; Fitzpatrick, L.A.; Koo, W.W.; Gordon, P.L.; Neel, M.; Sussman, M.; Orchard, P.; Marx, J.C.;
Pyeritz, R.E.; et al. Transplantability and therapeutic effects of bone marrow-derived mesenchymal cells in children with osteoge-
nesis imperfecta. Nat. Med. 1999, 5, 309–313. [CrossRef]

15. Li, M.; Ikehara, S. Bone-marrow-derived mesenchymal stem cells for organ repair. Stem Cells Int. 2013, 2013, 132642. [CrossRef]
16. Tetta, C.; Ghigo, E.; Silengo, L.; Deregibus, M.C.; Camussi, G. Extracellular vesicles as an emerging mechanism of cell-to-cell

communication. Endocrine 2013, 44, 11–19. [CrossRef]
17. Salido-Guadarrama, I.; Romero-Cordoba, S.; Peralta-Zaragoza, O.; Hidalgo-Miranda, A.; Rodriguez-Dorantes, M. Micrornas

transported by exosomes in body fluids as mediators of intercellular communication in cancer. Onco Targets Ther. 2014, 7, 1327–1338.
18. Montermini, L.; Meehan, B.; Garnier, D.; Lee, W.J.; Lee, T.H.; Guha, A.; Al-Nedawi, K.; Rak, J. Inhibition of oncogenic epidermal

growth factor receptor kinase triggers release of exosome-like extracellular vesicles and impacts their phosphoprotein and DNA
content. J. Biol. Chem. 2015, 290, 24534–24546. [CrossRef]

19. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of mrnas and micrornas is a
novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

20. Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.; Jois, M.;
Chilamkurti, N.; et al. Exocarta: A web-based compendium of exosomal cargo. J. Mol. Biol. 2016, 428, 688–692. [CrossRef]

21. Spees, J.L.; Lee, R.H.; Gregory, C.A. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res. Ther. 2016, 7, 125.
[CrossRef] [PubMed]

22. Musial-Wysocka, A.; Kot, M.; Majka, M. The pros and cons of mesenchymal stem cell-based therapies. Cell Transpl. 2019, 28,
801–812. [CrossRef] [PubMed]

23. Krampera, M.; Glennie, S.; Dyson, J.; Scott, D.; Laylor, R.; Simpson, E.; Dazzi, F. Bone marrow mesenchymal stem cells inhibit the
response of naive and memory antigen-specific t cells to their cognate peptide. Blood 2003, 101, 3722–3729. [CrossRef] [PubMed]

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

25. Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105,
1815–1822. [CrossRef]

26. Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.; Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.;
Pistoia, V.; et al. Human mesenchymal stem cells modulate b-cell functions. Blood 2006, 107, 367–372. [CrossRef]

27. Liu, C.B.; Huang, H.; Sun, P.; Ma, S.Z.; Liu, A.H.; Xue, J.; Fu, J.H.; Liang, Y.Q.; Liu, B.; Wu, D.Y.; et al. Human umbilical
cord-derived mesenchymal stromal cells improve left ventricular function, perfusion, and remodeling in a porcine model of
chronic myocardial ischemia. Stem Cells Transl. Med. 2016, 5, 1004–1013. [CrossRef]

28. Otsu, K.; Das, S.; Houser, S.D.; Quadri, S.K.; Bhattacharya, S.; Bhattacharya, J. Concentration-dependent inhibition of angiogenesis
by mesenchymal stem cells. Blood 2009, 113, 4197–4205. [CrossRef]

29. Baranovskii, D.S.; Klabukov, I.D.; Arguchinskaya, N.V.; Yakimova, A.O.; Kisel, A.A.; Yatsenko, E.M.; Ivanov, S.A.; Shegay, P.V.;
Kaprin, A.D. Adverse events, side effects and complications in mesenchymal stromal cell-based therapies. Stem Cell Investig.
2022, 9, 7. [CrossRef]

30. Cuiffo, B.G.; Karnoub, A.E. Mesenchymal stem cells in tumor development: Emerging roles and concepts. Cell Adh. Migr. 2012, 6,
220–230. [CrossRef]

31. Park, G.W.; Heo, J.; Kang, J.Y.; Yang, J.W.; Kim, J.S.; Kwon, K.D.; Yu, B.C.; Lee, S.J. Topical cell-free conditioned media harvested
from adipose tissue-derived stem cells promote recovery from corneal epithelial defects caused by chemical burns. Sci. Rep. 2020,
10, 12448. [CrossRef] [PubMed]

32. Navas, A.; Magana-Guerrero, F.S.; Dominguez-Lopez, A.; Chavez-Garcia, C.; Partido, G.; Graue-Hernandez, E.O.; Sanchez-Garcia,
F.J.; Garfias, Y. Anti-inflammatory and anti-fibrotic effects of human amniotic membrane mesenchymal stem cells and their
potential in corneal repair. Stem Cells Transl. Med. 2018, 7, 906–917. [CrossRef] [PubMed]

33. Oki, K.; Yoshihara, S.; Urushihata, N.; Ghazizadeh, M. Anti-fibrotic effect of adipose-derived mesenchymal stem cell conditioned
medium in muscle fibrosis. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 4953–4963. [PubMed]

34. Yang, C.Y.; Chang, P.Y.; Chen, J.Y.; Wu, B.S.; Yang, A.H.; Lee, O.K. Adipose-derived mesenchymal stem cells attenuate dialysis-
induced peritoneal fibrosis by modulating macrophage polarization via interleukin-6. Stem Cell Res. Ther. 2021, 12, 193. [CrossRef]
[PubMed]

35. Sagaradze, G.; Grigorieva, O.; Nimiritsky, P.; Basalova, N.; Kalinina, N.; Akopyan, Z.; Efimenko, A. Conditioned medium
fromhuman mesenchymal stromal cells: Towards the clinical translation. Int. J. Mol. Sci. 2019, 20, 1656. [CrossRef]

36. Montero-Vilchez, T.; Sierra-Sanchez, A.; Sanchez-Diaz, M.; Quinones-Vico, M.I.; Sanabria-de-la-Torre, R.; Martinez-Lopez, A.;
Arias-Santiago, S. Mesenchymal stromal cell-conditioned medium for skin diseases: A systematic review. Front. Cell Dev. Biol.
2021, 9, 654210. [CrossRef]

https://doi.org/10.2147/IJN.S355366
https://www.ncbi.nlm.nih.gov/pubmed/35469174
https://doi.org/10.2174/157488810791268564
https://www.ncbi.nlm.nih.gov/pubmed/19941460
https://doi.org/10.1038/6529
https://doi.org/10.1155/2013/132642
https://doi.org/10.1007/s12020-012-9839-0
https://doi.org/10.1074/jbc.M115.679217
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/j.jmb.2015.09.019
https://doi.org/10.1186/s13287-016-0363-7
https://www.ncbi.nlm.nih.gov/pubmed/27581859
https://doi.org/10.1177/0963689719837897
https://www.ncbi.nlm.nih.gov/pubmed/31018669
https://doi.org/10.1182/blood-2002-07-2104
https://www.ncbi.nlm.nih.gov/pubmed/12506037
https://doi.org/10.2174/156652412800619950
https://www.ncbi.nlm.nih.gov/pubmed/22515979
https://doi.org/10.1182/blood-2004-04-1559
https://doi.org/10.1182/blood-2005-07-2657
https://doi.org/10.5966/sctm.2015-0298
https://doi.org/10.1182/blood-2008-09-176198
https://doi.org/10.21037/sci-2022-025
https://doi.org/10.4161/cam.20875
https://doi.org/10.1038/s41598-020-69020-z
https://www.ncbi.nlm.nih.gov/pubmed/32709896
https://doi.org/10.1002/sctm.18-0042
https://www.ncbi.nlm.nih.gov/pubmed/30260581
https://www.ncbi.nlm.nih.gov/pubmed/34355367
https://doi.org/10.1186/s13287-021-02270-4
https://www.ncbi.nlm.nih.gov/pubmed/33741073
https://doi.org/10.3390/ijms20071656
https://doi.org/10.3389/fcell.2021.654210


Pharmaceutics 2023, 15, 1486 14 of 16

37. Chen, Y.T.; Tsai, M.J.; Hsieh, N.; Lo, M.J.; Lee, M.J.; Cheng, H.; Huang, W.C. The superiority of conditioned medium derived from
rapidly expanded mesenchymal stem cells for neural repair. Stem Cell Res. Ther. 2019, 10, 390. [CrossRef]

38. Jin, Q.H.; Kim, H.K.; Na, J.Y.; Jin, C.; Seon, J.K. Anti-inflammatory effects of mesenchymal stem cell-conditioned media inhibited
macrophages activation in vitro. Sci. Rep. 2022, 12, 4754. [CrossRef]

39. Joseph, A.; Baiju, I.; Bhat, I.A.; Pandey, S.; Bharti, M.; Verma, M.; Singh, A.P.; Ansari, M.M.; Chandra, V.; Saikumar, G.; et al.
Mesenchymal stem cell-conditioned media: A novel alternative of stem cell therapy for quality wound healing. J. Cell Physiol.
2020, 235, 5555–5569. [CrossRef]

40. Katsuda, T.; Ochiya, T. Molecular signatures of mesenchymal stem cell-derived extracellular vesicle-mediated tissue repair. Stem
Cell Res. Ther. 2015, 6, 212. [CrossRef]

41. 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
humanumbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013, 22, 845–854. [CrossRef]

42. 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] [PubMed]

43. Lou, G.; Chen, Z.; Zheng, M.; Liu, Y. Mesenchymal stem cell-derived exosomes as a new therapeutic strategy for liver diseases.
Exp. Mol. Med. 2017, 49, e346. [CrossRef] [PubMed]

44. Eirin, A.; Zhu, X.Y.; Puranik, A.S.; Tang, H.; McGurren, K.A.; van Wijnen, A.J.; Lerman, A.; Lerman, L.O. Mesenchymal stem
cell-derived extracellular vesicles attenuate kidney inflammation. Kidney Int. 2017, 92, 114–124. [CrossRef] [PubMed]

45. Bruno, S.; Grange, C.; Collino, F.; Deregibus, M.C.; Cantaluppi, V.; Biancone, L.; Tetta, C.; Camussi, G. Microvesicles derived
from mesenchymal stem cells enhance survival in a lethal model of acute kidney injury. PLoS ONE 2012, 7, e33115. [CrossRef]
[PubMed]

46. Suzuki, E.; Fujita, D.; Takahashi, M.; Oba, S.; Nishimatsu, H. Therapeutic effects of mesenchymal stem cell-derived exosomes in
cardiovascular disease. Adv. Exp. Med. Biol. 2017, 998, 179–185.

47. Wang, K.; Jiang, Z.; Webster, K.A.; Chen, J.; Hu, H.; Zhou, Y.; Zhao, J.; Wang, L.; Wang, Y.; Zhong, Z.; et al. Enhanced
cardioprotection by human endometrium mesenchymal stem cells driven by exosomal microRNA-21. Stem Cells Transl. Med.
2017, 6, 209–222. [CrossRef]

48. Luarte, A.; Batiz, L.F.; Wyneken, U.; Lafourcade, C. Potential therapies by stem cell-derived exosomes in cns diseases: Focusing
on the neurogenic niche. Stem Cells Int. 2016, 2016, 5736059. [CrossRef]

49. Xin, H.; Katakowski, M.; Wang, F.; Qian, J.Y.; Liu, X.S.; Ali, M.M.; Buller, B.; Zhang, Z.G.; Chopp, M. Microrna cluster mir-17-92
cluster in exosomes enhance neuroplasticity and functional recovery after stroke in rats. Stroke 2017, 48, 747–753. [CrossRef]

50. Morishita, M.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Kato, K.; Yamashita, T.; Imai, T.; Saji, H.; Takakura, Y. Quantitative analysis
of tissue distribution of the b16bl6-derived exosomes using a streptavidin-lactadherin fusion protein and iodine-125-labeled
biotin derivative after intravenous injection in mice. J. Pharm. Sci. 2015, 104, 705–713. [CrossRef]

51. Aheget, H.; Mazini, L.; Martin, F.; Belqat, B.; Marchal, J.A.; Benabdellah, K. Exosomes: Their role in pathogenesis, diagnosis and
treatment of diseases. Cancers 2020, 13, 84. [CrossRef]

52. Mansoor, H.; Ong, H.S.; Riau, A.K.; Stanzel, T.P.; Mehta, J.S.; Yam, G.H. Current trends and future perspective of mesenchymal
stem cells and exosomes in corneal diseases. Int. J. Mol. Sci. 2019, 20, 2853. [CrossRef]

53. Tiwari, A.; Singh, A.; Verma, S.; Stephenson, S.; Bhowmick, T.; Sangwan, V.S. Mini review: Current trends and understanding of
exosome therapeutic potential in corneal diseases. Front. Pharmacol. 2021, 12, 684712. [CrossRef]

54. 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]

55. Harrell, C.R.; Simovic Markovic, B.; Fellabaum, C.; Arsenijevic, A.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Therapeutic potential
of mesenchymal stem cell-derived exosomes in the treatment of eye diseases. Adv. Exp. Med. Biol. 2018, 1089, 47–57.

56. 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]

57. 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. Graefes Arch. Clin. Exp. Ophthalmol. 2018, 256, 2041–2052. [CrossRef]

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

59. 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]

60. Putra, I.; Shen, X.; Anwar, K.N.; Rabiee, B.; Samaeekia, R.; Almazyad, E.; Giri, P.; Jabbehdari, S.; Hayat, M.R.; Elhusseiny, A.M.; et al.
Preclinical evaluation of the safety and efficacy of cryopreserved bone marrow mesenchymal stromal cells for corneal repair. Transl.
Vis. Sci. Technol. 2021, 10, 3. [CrossRef]

61. Filipe, V.; Hawe, A.; Jiskoot, W. Critical evaluation of nanoparticle tracking analysis (nta) by nanosight for the measurement of
nanoparticles and protein aggregates. Pharm. Res. 2010, 27, 796–810. [CrossRef]

62. Jabbehdari, S.; Yazdanpanah, G.; Kanu, L.N.; Chen, E.; Kang, K.; Anwar, K.N.; Ghassemi, M.; Hematti, P.; Rosenblatt, M.I.;
Djalilian, A.R. Therapeutic effects of lyophilized conditioned-medium derived from corneal mesenchymal stromal cells on corneal
epithelial wound healing. Curr. Eye Res. 2020, 45, 1490–1496. [CrossRef] [PubMed]

https://doi.org/10.1186/s13287-019-1491-7
https://doi.org/10.1038/s41598-022-08398-4
https://doi.org/10.1002/jcp.29486
https://doi.org/10.1186/s13287-015-0214-y
https://doi.org/10.1089/scd.2012.0395
https://doi.org/10.1186/scrt465
https://www.ncbi.nlm.nih.gov/pubmed/24915963
https://doi.org/10.1038/emm.2017.63
https://www.ncbi.nlm.nih.gov/pubmed/28620221
https://doi.org/10.1016/j.kint.2016.12.023
https://www.ncbi.nlm.nih.gov/pubmed/28242034
https://doi.org/10.1371/journal.pone.0033115
https://www.ncbi.nlm.nih.gov/pubmed/22431999
https://doi.org/10.5966/sctm.2015-0386
https://doi.org/10.1155/2016/5736059
https://doi.org/10.1161/STROKEAHA.116.015204
https://doi.org/10.1002/jps.24251
https://doi.org/10.3390/cancers13010084
https://doi.org/10.3390/ijms20122853
https://doi.org/10.3389/fphar.2021.684712
https://doi.org/10.1038/s41598-017-04559-y
https://doi.org/10.1167/iovs.18-25617
https://doi.org/10.1007/s00417-018-4097-3
https://doi.org/10.1371/journal.pone.0171712
https://doi.org/10.1002/stem.1481
https://doi.org/10.1167/tvst.10.10.3
https://doi.org/10.1007/s11095-010-0073-2
https://doi.org/10.1080/02713683.2020.1762227
https://www.ncbi.nlm.nih.gov/pubmed/32338541


Pharmaceutics 2023, 15, 1486 15 of 16

63. Fernandes-Cunha, G.M.; Na, K.S.; Putra, I.; Lee, H.J.; Hull, S.; Cheng, Y.C.; Blanco, I.J.; Eslani, M.; Djalilian, A.R.; Myung, D.
Corneal wound healing effects of mesenchymal stem cell secretome delivered within a viscoelastic gel carrier. Stem Cells Transl.
Med. 2019, 8, 478–489. [CrossRef] [PubMed]

64. Furuta, T.; Miyaki, S.; Ishitobi, H.; Ogura, T.; Kato, Y.; Kamei, N.; Miyado, K.; Higashi, Y.; Ochi, M. Mesenchymal stem cell-derived
exosomes promote fracture healing in a mouse model. Stem Cells Transl. Med. 2016, 5, 1620–1630. [CrossRef] [PubMed]

65. Hendrawan, S.; Kusnadi, Y.; Lagonda, C.A.; Fauza, D.; Lheman, J.; Budi, E.; Manurung, B.S.; Baer, H.U.; Tan, S.T. Wound healing
potential of human umbilical cord mesenchymal stem cell conditioned medium: An in vitro and in vivo study in diabetes-induced
rats. Vet. World 2021, 14, 2109–2117. [CrossRef]

66. Kim, S.; Park, J.; Kim, T.M. Mesenchymal stem cell-derived extracellular vesicles for skin wound healing. Adv. Exp. Med. Biol.
2021, 1310, 495–507.

67. 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]

68. Yazdanpanah, G.; Shah, R.; Raghurama, R.S.S.; Anwar, K.N.; Shen, X.; An, S.; Omidi, M.; Rosenblatt, M.I.; Shokuhfar, T.; Djalilian,
A.R. In-situ porcine corneal matrix hydrogel as ocular surface bandage. Ocul. Surf. 2021, 21, 27–36. [CrossRef]

69. Nikfarjam, S.; Rezaie, J.; Zolbanin, N.M.; Jafari, R. Mesenchymal stem cell derived-exosomes: A modern approach in translational
medicine. J. Transl. Med. 2020, 18, 449. [CrossRef]

70. Pellegrini, G.; Traverso, C.E.; Franzi, A.T.; Zingirian, M.; Cancedda, R.; De Luca, M. Long-term restoration of damaged corneal
surfaces with autologous cultivated corneal epithelium. Lancet 1997, 349, 990–993. [CrossRef]

71. Deng, S.X.; Borderie, V.; Chan, C.C.; Dana, R.; Figueiredo, F.C.; Gomes, J.A.P.; Pellegrini, G.; Shimmura, S.; Kruse, F.E.; The
International Limbal Stem Cell Deficiency Working Group. Global consensus on definition, classification, diagnosis, and staging
of limbal stem cell deficiency. Cornea 2019, 38, 364–375. [CrossRef]

72. Elhusseiny, A.M.; Soleimani, M.; Eleiwa, T.K.; ElSheikh, R.H.; Frank, C.R.; Naderan, M.; Yazdanpanah, G.; Rosenblatt, M.I.;
Djalilian, A.R. Current and emerging therapies for limbal stem cell deficiency. Stem Cells Transl. Med. 2022, 11, 259–268. [CrossRef]

73. Rama, P.; Matuska, S.; Paganoni, G.; Spinelli, A.; De Luca, M.; Pellegrini, G. Limbal stem-cell therapy and long-term corneal
regeneration. N. Engl. J. Med. 2010, 363, 147–155. [CrossRef]

74. George, B. Regulations and guidelines governing stem cell based products: Clinical considerations. Perspect. Clin. Res. 2011, 2,
94–99. [CrossRef]

75. Zhou, T.; Yuan, Z.; Weng, J.; Pei, D.; Du, X.; He, C.; Lai, P. Challenges and advances in clinical applications of mesenchymal
stromal cells. J. Hematol. Oncol. 2021, 14, 24. [CrossRef]

76. Rani, S.; Ryan, A.E.; Griffin, M.D.; Ritter, T. Mesenchymal stem cell-derived extracellular vesicles: Toward cell-free therapeutic
applications. Mol. Ther. 2015, 23, 812–823. [CrossRef]

77. 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]

78. Wright, A.; Arthaud-Day, M.L.; Weiss, M.L. Therapeutic use of mesenchymal stromal cells: The need for inclusive characterization
guidelines to accommodate all tissue sources and species. Front. Cell Dev. Biol. 2021, 9, 632717. [CrossRef]

79. Horwitz, E.M.; Le Blanc, K.; Dominici, M.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Deans, R.J.; Krause, D.S.; Keating, A.;
International Society for Cellular Therapy. Clarification of the nomenclature for msc: The international society for cellular therapy
position statement. Cytotherapy 2005, 7, 393–395. [CrossRef]

80. Mastrolia, I.; Foppiani, E.M.; Murgia, A.; Candini, O.; Samarelli, A.V.; Grisendi, G.; Veronesi, E.; Horwitz, E.M.; Dominici, M.
Challenges in clinical development of mesenchymal stromal/stem cells: Concise review. Stem Cells Transl. Med. 2019, 8, 1135–1148.
[CrossRef]

81. Guadix, J.A.; Lopez-Beas, J.; Clares, B.; Soriano-Ruiz, J.L.; Zugaza, J.L.; Galvez-Martin, P. Principal criteria for evaluating the
quality, safety and efficacy of hmsc-based products in clinical practice: Current approaches and challenges. Pharmaceutics 2019,
11, 552. [CrossRef]

82. Haraszti, R.A.; Miller, R.; Dubuke, M.L.; Rockwell, H.E.; Coles, A.H.; Sapp, E.; Didiot, M.C.; Echeverria, D.; Stoppato, M.; Sere,
Y.Y.; et al. Serum deprivation of mesenchymal stem cells improves exosome activity and alters lipid and protein composition.
iScience 2019, 16, 230–241. [CrossRef]

83. Muthu, S.; Bapat, A.; Jain, R.; Jeyaraman, N.; Jeyaraman, M. Exosomal therapy-a new frontier in regenerative medicine. Stem Cell
Investig. 2021, 8, 7. [CrossRef]

84. Rezaie, J.; Feghhi, M.; Etemadi, T. A review on exosomes application in clinical trials: Perspective, questions, and challenges. Cell
Commun. Signal. 2022, 20, 145. [CrossRef]

85. 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]

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

87. Sugawa, T. Significance of hormones in reproduction. Nihon Rinsho. Jpn. J. Clin. Med. 1971, 29, 843–848.
88. Cheng, Y.; Zeng, Q.; Han, Q.; Xia, W. Effect of ph, temperature and freezing-thawing on quantity changes and cellular uptake of

exosomes. Protein Cell 2019, 10, 295–299. [CrossRef]

https://doi.org/10.1002/sctm.18-0178
https://www.ncbi.nlm.nih.gov/pubmed/30644653
https://doi.org/10.5966/sctm.2015-0285
https://www.ncbi.nlm.nih.gov/pubmed/27460850
https://doi.org/10.14202/vetworld.2021.2109-2117
https://doi.org/10.1167/iovs.18-24803
https://doi.org/10.1016/j.jtos.2021.04.004
https://doi.org/10.1186/s12967-020-02622-3
https://doi.org/10.1016/S0140-6736(96)11188-0
https://doi.org/10.1097/ICO.0000000000001820
https://doi.org/10.1093/stcltm/szab028
https://doi.org/10.1056/NEJMoa0905955
https://doi.org/10.4103/2229-3485.83228
https://doi.org/10.1186/s13045-021-01037-x
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1016/j.stem.2014.01.013
https://doi.org/10.3389/fcell.2021.632717
https://doi.org/10.1080/14653240500319234
https://doi.org/10.1002/sctm.19-0044
https://doi.org/10.3390/pharmaceutics11110552
https://doi.org/10.1016/j.isci.2019.05.029
https://doi.org/10.21037/sci-2020-037
https://doi.org/10.1186/s12964-022-00959-4
https://doi.org/10.1038/srep36162
https://doi.org/10.1016/j.ijpharm.2018.10.032
https://doi.org/10.1007/s13238-018-0529-4


Pharmaceutics 2023, 15, 1486 16 of 16

89. Park, S.J.; Jeon, H.; Yoo, S.M.; Lee, M.S. The effect of storage temperature on the biological activity of extracellular vesicles for the
complement system. Vitr. Cell Dev. Biol. Anim. 2018, 54, 423–429. [CrossRef]

90. Trenkenschuh, E.; Richter, M.; Heinrich, E.; Koch, M.; Fuhrmann, G.; Friess, W. Enhancing the stabilization potential of
lyophilization for extracellular vesicles. Adv. Healthc Mater. 2022, 11, e2100538. [CrossRef]

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/10.1007/s11626-018-0261-7
https://doi.org/10.1002/adhm.202100538

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability 
	Cell Proliferation 
	LDH Toxicity Assay 
	In Vitro Scratch Assay 
	Mouse Model of Corneal Epithelial Wound Healing 
	Histology 
	MSC Conditioned Medium (Secretome) and Storage Conditions 
	Nanoparticle Tracking Analysis (NTA) 
	Medium Preparation and Endotoxin Quantification 
	Bacterial Growth 
	Statistical Analysis 

	Results 
	MSC-CM Promotes Cell Proliferation Which Is Diminished in EV-Depleted MSC-CM 
	MSC-CM Dose-Dependently Promotes Wound Healing In Vitro Which Is Dependent on the EV Fraction 
	MSC-CM Promotes Wound Healing In Vivo Which Is Dependent on the EV Fraction 
	The Effects of Storage Conditions on the Wound-Healing Effects of MSC-CM 

	Discussion 
	Conclusions 
	References

