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Abstract

Objectives: The conditioned-medium derived from corneal mesenchymal stromal cells (cMSCs)
has been shown to have wound healing and immunomodulatory effects in corneal injury models.
Here, the therapeutic effects of lyophilized cMSC conditioned-medium were compared with fresh
conditioned-medium.

Methods: The epithelial wound healing effects of fresh and lyophilized cMSC conditioned-
medium were compared with conditioned-medium from non-MSC cells (corneal epithelial cells)
using scratch assay. To evaluate the anti-inflammatory effects of fresh and lyophilized cMSC
conditioned-media, macrophages were stimulated by a Toll-Like Receptor (TLR) ligand followed
by treatment with the conditioned-media and measuring the expression of inflammatory genes. /n
vivowound healing effects of fresh and lyophilized cMSC conditioned-media were assessed in a
murine model of cornea epithelial injury.

Results: Both fresh and lyophilized cMSCs-derived conditioned-medium induced significantly
faster closure of in vitro epithelial wounds compared to conditioned-medium from non-MSC cells
(P<0.0001). Treating stimulated macrophages with fresh or lyophilized cMSCs-derived
conditioned-media significantly decreased the expression of inflammatory genes compared to
control (P<0.0001). Murine corneal epithelial wounds were healed by 87.6+£2.7% and 86.2+4.6%
following treatment with fresh and lyophilized cMSC conditioned-media, respectively, while the
control was healed by 64.7+16.8% (P<0.05).
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Conclusion: Lyophilized cMSC-derived conditioned-medium is as effective as fresh
conditioned-medium in promoting wound healing and modulating inflammation. The results of
this study support the application of lyophilized cMSCs-derived conditioned-medium, which
allows for more extended storage, as a promising non-invasive option in the treatment of corneal

wounds.
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Introduction:

The past two decades has seen increased interest in regenerative therapies using
mesenchymal stromal cells (MSCs)?! based on their anti-inflammatory and trophic
properties2. Earlier studies in rabbit3 and rat*-® models of alkali corneal injury have
demonstrated that topical application?, intravenous administration3, surgical grafting®, and
subconjunctival injection® of MSCs substantially promoted corneal wound healing, while
inhibiting neovascularization and inflammation®5:6, These wound healing and anti-
inflammatory properties are shared by MSCs derived from different anatomical origins (e.g.
adipose, bone marrow) 4, however, MSCs also have distinct qualities befitting their tissue
of origin. Whereas MSCs derived from bone marrow and adipose tissue secrete more
proangiogenic factors (e.g. upregulation of VEGF, MCP-1) 3:8-14  cornea-derived
mesenchymal stromal cells (¢cMSCs) upregulate antiangiogenic factors specific to their
native role in maintaining corneal avascularity°.

Although the therapeutic effects of MSCs were previously attributed to engrafting and
differentiating to directly replace the damaged tissue, recent studies have found that their
beneficial effects are largely derived from their secreted bioactive factors /. In particular,
MSC-derived conditioned media (CM) was found to be comparable to transplanted MSCs in
effectiveness®. Studies in rat models have shown enhanced wound healing after topical
application of MSC- conditioned-medium in the form of CM from human uterine cervical
stem cells® and adipose-derived mesenchymal stem cellsl’. These findings have profound
implications, as cell-free therapies such as MSC- conditioned-medium circumvent major
challenges of stem-cell based therapies, including immunogenic and tumorigenic risks,
difficult storage and maintenance, and high costs®16-18, In particular, lyophilized (i.e.
freeze-dried) MSC- conditioned-medium can be stored for extended periods, transported
conveniently, distributed in consistent concentrations, and readily adjusted for potency2®.

In this study, we investigated the effect of lyophilized cMSC-derived conditioned-medium

using /n vitro and in vivo models of corneal epithelial wound healing. In particular, we aim
to determine whether cMSC-derived conditioned-medium retains its therapeutic properties
after lyophilization. Our results may support the feasibility and clinical applicability of this
treatment options for corneal epithelial wound healing disorders.
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Material and Methods:

MSC isolation and culture

cMSCs were obtained from healthy human cadaver corneas, which were generously
provided by the Eversight eye bank (Chicago, IL) and stored in Optisol corneal storage
medium (Chiron Ophthalmics, Irvine, California). According to the guidelines of the Office
of Protection of Research Subjects (OPRS) at the University of Illinois at Chicago, IRB
approval was waived because the corneas were obtained from human cadaver donors and
used without any identifiers. All experiments were performed in biosafety cabinets under
sterile conditions. After removal from storage media, the human cadaver corneas were
washed three times with sterile phosphate-buffered saline (PBS) containing 1% Penicillin/
Streptomycin and 1% gentamicin. The central corneas were removed using an 8-mm
trephine. The remaining corneoscleral rim was cut into 4 pieces and each piece was cultured
with epithelial surface up in one well of a 6-well tissue culture plate containing MEM-a
media supplemented with 10% fetal bovine serum, 1% Penicillin-Streptomycin, L-
Glutamine, and NEAA (all from Corning, Manassas, VA) incubated at 37 °C in a humid
atmosphere with 5% CO, as described before 20. Two hundred uL of media was put on top
of each explant for the first few days to decrease the likelihood of explants detaching from
the bottom of the dish. After the explants attached, the culture media were gently replaced
every other day. After outgrowing the cells (mixed MSCs and epithelial cells) for 7 days, the
explants were gently removed using fine-tip iris forceps, and the cells (Passage 0) were
detached using 0.05% TrypLE (Thermo Fisher Scientific). The isolated cells which were the
mixture of mesenchymal and epithelial cells, were expanded in cell culture media, which
was changed every 2 to 3 days. After two passage in cultured media, only MSCs grew as
previously defined 20. Passage 4 cMSCs were used to harvest conditioned-medium.

Producing Fresh and Lyophilized Conditioned-Medium

Human corneal-limbal epithelial (HCLE) cell line (kindly provided by llene Gipson, PhD)
were used as a non-MSC source for producing a control conditioned-medium. HCLE cells
were grown in keratinocyte serum-free medium (KSFM, Invitrogen, Grand Island, NY,
USA). When the cells (¢cMSCs or HCLE cells) reached 80-90% confluency, they were ready
for obtaining conditioned-medium. The cells were washed three times with pre-warmed PBS
after which the media was changed to phenol red-free MEM-a without serum (containing L-
Glutamine, NEAA and 1% Penicillin-Streptomycin, 20 mL in a T-175 flask) and incubated
for 48 hours. The supernatant was then collected and centrifuged at 500 xg for 15 minutes at
4 °C to eliminate any cell contamination. The resultant supernatant after centrifugation,
fresh conditioned media (CM) containing cell conditioned-medium, was stored in a 50-mL
sterile tubes at 4 °C and used within 2-3 days.

To obtain freeze-dried conditioned-media, fresh cMSC-derived conditioned-medium was
snap-frozen in liquid nitrogen and transferred to a lyophilizer (a.k.a. freeze-dryer,
LABCONCO, USA) and lyophilized at -55°C and <100 mBar for 48 hours. Each 1 mL of
fresh conditioned media yielded 10 mg of lyophilized conditioned-medium in powder form.
In order to yield a direct comparison, the same donor cells were used to generate the
lyophilized and fresh conditioned-media used in our study. The freeze-dried conditioned-
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medium in powder form was stored at —80°C, up to 3 months. At the time of experiments,
the lyophilized powder was dissolved in deionized water and then filtered through a 0.2 um
filter to produce a sterile final product and used right away.

Scratch Assay

The therapeutic effects of the conditioned-media derived from lyophilized and fresh cMSCs
and fresh HCLE were compared using an /n vitrowound healing (scratch) assay 2. In brief,
HCLEs were cultured in 6-well plates using KSFM media. After 100% confluency, a plus-
shaped wound (two perpendicular scratch lines) was gently made by hand using a sterile 20—
200 uL pipette tip at a 90-degree angle, thereby forming precise edges (SJ). The loosened
epithelial cells were removed by washing each well three times with pre-warmed PBS. Then
the cells were treated is the following combination of media and conditioned-media (N=3
wells per each combination): (1) 1 mL of KSFM plus 2 mL of freshly derived conditioned-
medium from HCLE cells, (2) 1 mL of KSFM plus 2 mL of MEM-a as control (containing
L-Glutamine, NEAA and 1% Penicillin-Streptomycin), (3) 1 ml KSFM plus 2 ml of
dissolved lyophilized cMSCs-derived conditioned-medium in pre-warmed deionized water
(10 mg/ml and 0.2 um-filter sterilized), or (4) 1 mL of KSFM plus 2 mL of freshly derived
conditioned-medium from cMSCs. This scratch assay was replicated ten times. The
migration of HCLESs and closure of the created wounds was evaluated every hour for 24
hours using an inverted microscope with digital camera (Carl Zeiss, Germany). The captured
photos of the two 6-well plates were analyzed using ImageJ software (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/, 1997-2018.).

Expression of Pro-Inflammatory Mediators

The anti-inflammatory effects of MSC conditioned-medium was evaluated using an assay
involving Toll-like receptor (TLR) 3 -induced inflammatory gene expression in macrophages
22 Macrophage cells (J774.2 Cell Line, mouse BALB/C monocyte macrophage, kindly
provided by Richard Novak, MD) were grown in 6-well plates in RPMI media (Cellgro)
containing 1% Penicillin-Streptomycin, 1% L-Glutamine, 1% HEPES and 10% FBS. After
reaching 80% confluency, the cells were starved in serum-free MEM-a media overnight.
The cells were then stimulated with the TLR 3 ligand Polyinosinic:polycytidylic acid (PIC,
Sigma) 100 ug/mL dissolved in MEM-a media containing 5% FBS for 4 hours at 37 °C.
After that, the cells were washed with pre-warmed PBS and each well was treated with (1) 1
ml of MEM-a media plus 2 mL of fresh cMSC conditioned-medium, (2) 1 ml of MEM-a
media plus 2 ml of dissolved lyophilized cMSC conditioned-medium (10 mg/mL dissolved
in deionized water and filtered through a 0.2 um filter), or (3) 3 ml of MEM-a media as
control. The treated cells were incubated at 37 °C in a humid atmosphere with 5% CO,, for 4
hours. After 4 hours of treatment, the cells were removed by scraping from each well, and
the supernatant from each well was collected and centrifuged. The pellets were then lysed
with RNA lysis buffer for RNA extraction. The RNA was extracted from cells according to
the protocol described previously23 per manufacturer’s instructions (RNeasy Protect Mini
Kit, Qiagen). Reverse-transcriptase (RT) reaction was performed using extracted mRNA and
a cDNA synthesis kit (Super Script First-Strand Synthesis System, Invitrogen, Carlsbad,
CA). Relative quantitative polymerase chain reaction (qPCR) was performed using intron
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spanning primers for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH),

ICAML1, TLR3, IL-6, IL-8 and TNF-alpha according to the manufacturer’s protocol (Fast
SYBER Green Master Mix, Applied Biosystems) (Table 1). Production of these mediators of
inflammation and angiogenesis have been inhibited by MSCs in previous experiments on
corneal wound healing”-8:17:22, All samples were run in triplicates, and each experiment was
repeated three times. Negative controls using samples without reverse transcriptase were
included in the qPCR step to confirm that the results were not affected by DNA
contaminants. Quantified results of each reaction were analyzed. The relative AACT mRNA
expression was measured by normalization to GAPDH.

in vivo Model of Corneal Epithelial Wound Healing

All animal experiments in this study were conducted in compliance with the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. The animal protocols were approved by the Animal Care
Committee (ACC) at the University of Illinois at Chicago (Chicago, IL).

Thirty male C57BL/6J mice (5-6 months-old) were anesthetized with intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (5 mg/kg). Anesthetized mice were
positioned under a surgical microscope, one drop of 0.5% proparacaine was applied to the
eye, and a 2.5 mm diameter area was demarcated using a 2.5 mm trephine. The corneal
epithelial layer in the demarcated area was removed gently using an AlgerBrush Il (The
Alger Companies, Lago Vista, TX). A baseline photograph of the fluorescein-stained eye
using a Nikon FS-2 slit lamp biomicroscope was taken. Pilot studies determined the optimal
concentration of the lyophilized CM for in vivo assays to be 15mg/ml (10, 15 and 20mg/ml
were compared). Fresh conditioned-media (N=10, one eye per mouse) or 15 mg/mL
lyophilized conditioned-media (N=10 per each concentration, one eye per mouse) were
topically applied as an eye drop. MEM-a was applied with the same pattern in the control
group (N=10, one eye per mouse). The treated eyes were evaluated after 22 hours and
photographed. The wounded area in captured photos was measured using ImageJ software
and the percentage of wound closure in comparison to baseline was calculated.

Statistical Analysis

Results:

The results of this study are presented as mean + standard deviation (SD). GraphPad Prism
version 8.0.0 for Windows (GraphPad Software, San Diego, California USA,
www.graphpad.com) was used for statistical analyses. One-way ANOVA test with Tukey’s
post-hoc performed for analyses of mean difference in continuous data (scratch assay results
and /n vivo 2.5-mm corneal epithelial wound model results). A p-value of <0.05 was
considered statistically significant.

In vitro Effects of cMSCs Conditioned-Medium on Epithelial Wound Healing

Fresh and lyophilized conditioned-media from cMSC and fresh conditioned-medium from
HCLE cells were tested in a scratch assay to evaluate their /77 vitro wound healing effects
and to determine if the therapeutic effect of cMSCs-derived conditioned-medium is seen in
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conditioned-media derived from other cell types as well. After 17 hours, the wounds treated
by HCLE cells-derived conditioned-medium and unconditioned media (control) were closed
by 54.1+7.6, and 49.1 £ 9.3%, compared to 82.2 £ 6.1% and 86.3 + 7.2% in wounds treated
with fresh and lyophilized cMSCs conditioned-media, respectively (£<0.0001, N=3 wells
per group, Figure 1).

Effect of Fresh/Lyophilized cMSC Conditioned-Medium on the Expression of Pro-
Inflammatory Genes

The TLR assay was performed to evaluate the anti-inflammatory effects of freshly derived
cMSCs conditioned-medium and compare the results with the anti-inflammatory effects of
lyophilized cMSCs-derived conditioned-medium. Therefore, the mRNA expression of the
inflammatory genes including ICAM 1, TLR3, IL-6, IL-8, and TNF alpha was measured in
lymphocytes stimulated with PIC (Toll-like receptor ligand) and following treatment with
fresh and lyophilized cMSC conditioned-media. As shown in Figure 2, the mRNA
expressions of all evaluated inflammatory genes were significantly lower in PIC-stimulated
macrophage cells treated with fresh or lyophilized cMSC conditioned-medium compared
with control (P<0.0001, Figure 2). Moreover, there was no significant difference between
the anti-inflammatory effects of fresh and lyophilized cMSCs conditioned-medium (Figure
2).

In vivo Wound Healing effects of Lyophilized cMSCs Conditioned-Medium

To evaluate the in vivo corneal epithelial wound healing effects of both fresh and lyophilized
cMSCs conditioned-medium, the samples were applied (as eye-drop-12ul) on the ocular
surface after 2.5 mm corneal epithelial debridement wounds. The closure of the corneal
wounds was followed-up by fluorescein staining 22 hours later. The results of in vivo
corneal epithelial wound healing following treatment with lyophilized (15 mg/ml) or fresh
cMSC conditioned-medium showed that the average healed (re-epithelialized) area in mice
treated with fresh conditioned-medium or lyophilized conditioned-media were significantly
higher compared with controls after 22 hours (87.6+2.7%, 86.1+4.6% and 64.7+16.8%,
respectively, £<0.05, N=10 eyes per group, Figure 3), while there was no significant
difference between the in vivo wound healing effect of fresh and lyophilized cMSCs
conditioned-medium (Figure 3).

Discussion:

In this study, we aimed to evaluate the therapeutic potential of lyophilized cMSC
conditioned-medium in the treatment of corneal epithelial wound healing. We demonstrated
that lyophilized cMSC conditioned-medium has preserved wound healing efficacy in both /n
vitro and in vivo epithelial wound healing models compared to fresh formulations. We also
demonstrated that the conditioned-medium produced by cMSCs has higher in vitro efficacy
than that secreted by HCLE cells. Ultimately, both lyophilized and fresh formulations of
conditioned-medium were found to have similar efficacy in reducing inflammatory gene
expression as well as /n vitrowound healing by the scratch assay. Finally, application of
lyophilized and fresh conditioned-medium to /7 vivo wounds in our murine model
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demonstrated similar efficacy and had promising effects when compared to untreated
controls.

The use of cMSCs in the treatment of corneal epithelial wounds has been demonstrated in
prior studies®-21, Further, the conditioned-medium produced by cMSCs is thought to confer
a significant portion of cMSC therapeutic effect?4 25, and the use of the conditioned-
medium rather than the cMSCs themselves may allow for advantages over cell-based
therapies with regards to shelf life, handling conditions, and immunologic rejection
considerations. The lyophilization of the conditioned-medium would confer even further
improvements in product stability, as lyophilized bioactive products can have a shelf life on
the order of years28. Lyophilized products can be easily stored and the concentration can
easily be controlled upon - important considerations when transitioning to clinical use.
Moreover, the use of lyophilized conditioned-medium allows for the ability to use the same
batch of product for future testing. Lyophilized conditioned media from various MSC
sources have already demonstrated efficacy in various applications, including regeneration
of bone?’, lung?8, skin?®, and corneal®. Our study suggests that the lyophilization process
does not appear to affect the biochemical activity of the conditioned-medium in the case of
cMSCs. The extended shelf life of lyophilized conditioned-medium can be confirmed by
determining the stability and efficacy of the product at various storage times, which may be
a subject of further study. Additionally, the optimal concentration of lyophilized
conditioned-medium may be evaluated in future studies, along with different delivery
vehicles. Of note, we found 1x concentration (10mg/ml) to be effective in in vitro
experiments while in vivo 1.5x (15mg/ml) was more effective than the 1x concentration
(data not shown), highlighting the advantage of lyophilized conditioned-medium in adjusting
the final concentration.

Local tissue-derived MSCs, such as cMSCs, may have specific beneficial effects on local
processes when compared to MSCs derived from other tissue. Specifically, cMSC
conditioned-medium has been shown to have direct antiangiogenic properties!® in addition
to modulation of macrophages to anti-inflammatory phenotype 2130, These properties are
thought to be conferred by the activity of such cytokines as pigment epithelium-derived
factor (PEDF) and soluble fms-like tyrosine kinase-1 (SFLT-1). The increased epithelial cell
proliferation, migration and wound healing functions followed by treating with stem cell-
derived secretome has been reported in previous studies 31-34, The accelerated proliferation
has been reported due to immunomodulatory effects of conditioned media and reducing
inflammatory profile 35, as well as activation of protein kinase B (Akt) pathway 3¢, as one of
the major pathways in regulating the epithelial cell migration 37. In addition, higher
concentrations of fibroblast growth factor (FGF) which is implicated in wound healing
process and regeneration, has been found in stem cell-derived conditioned media 34.

Moreover, perhaps one reason that epithelial conditioned media did not have any effect is
that the epithelial cells (in vitro scratch assay) or the injured epithelium (in vivo experiment),
may already be exposed to their own secreted factors so adding additional epithelial derived
secretome may not activate any new pathways. The importance of mesenchymal signals in
promoting epithelial healing has been demonstrated in many studies in the past (30-36).
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summary, we have demonstrated the efficacy of lyophilized cMSC conditioned-medium

for the treatment of corneal epithelial wounds. Lyophilization of the conditioned-medium
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Figure 1:

The healing effects of lyophilized and fresh cMSCs-derived conditioned-medium compared

with HCLE-derived conditioned-medium and unconditioned media (control) on in vitro
scratch (wound healing) assay of HCLE cells. The representative images (A) show faster
wound closure in wounds treated with lyophilized and fresh cMSC-derived conditioned-
medium compared with HCLE-derived conditioned-medium and control. Quantitative
comparison (B) showed that after 17 hours, wounds treated with fresh and lyophilized
c¢MSCs’ conditioned-medium were closed by 82.2 + 6.1% and 86.3 + 7.2%, respectively,
while HCLE-derived conditioned-medium and control wounds were closed by 54.1+7.6%
and 49.1 + 9.3%, respectively. There was no significant difference between fresh and
lyophilized cMSCs’ conditioned-medium (****, P<0.0001, ns, Not Significant, N=3 wells
per each group).
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Figure 2:
The anti-inflammatory effects of fresh and lyophilized cMSCs-derived conditioned-media

on the MRNA expression of pro-inflammatory cytokines in stimulated macrophages with
Toll-Like Receptor-3 ligand (PIC) (****, P<0.0001 compared to the expression of same
gene, ns, Not Significant, N=3).
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Figure 3:
The effects of lyophilized or fresh cMSCs-derived conditioned-medium on corneal epithelial

wound healing following corneal epithelial debridement (2.5 mm) in mouse model
compared with control. Representative images (A) show greater closure of wound in eyes
treated with fresh or freeze-dried cMSCs-derived conditioned-media compared with control
after 22 hours. Quantitative measurement of healed epithelial wounds (B) shows that
topically applied fresh or lyophilized cMSCs conditioned-medium resulted in 87.6+2.7%
and 86.1+4.6% closure, respectively; while, the mean wound closure percentage was
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64.7+16.8% in control eyes. There was no significant difference between fresh and
lyophilized cMSCs’ conditioned-medium (*, A<0.05, ns, Not Significant, N=10 eyes per
group).
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Table 1:

The sequence of primers used in qRT-PCR

Gene Primer -forward Primer-reverse
ICAM-1 5 TGTTTCCTGCCT CTGAAGC 3’ 5 CTTCGTTTGTGATCCTCCG 3’
IL6 5’ CCG GAG AGG AGACTT CAC AG 3’ 5" GGA AAT TGG GGT AGG AAG GA 3’
IL8 5" CAC CTC AAG AACATCCAGAGC T3 5" CAA GCA GAACTG AACTAC CATCG 3’
TNF-alpha | 5’ TAC TGA ACT TCG GGG TGATTGGTC C3’ | 5" CAG CCT TGT CCC TTG AAG AGA ACC 3’
GAPDH 5" ACC ACA GTC CAT GCCATCAC 3’ 5" CAC CACCCT GTT GCT GTAGCC 3’
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