Matrix regeneration
agents improve wound
healing in non-stressed
human corneal
epithelial cells

Abstract

Purpose Matrix regenerating agents (RGTAs)
emerged as promising in vivo wound-healing
agents. These agents could prove beneficial
for the treatment of dry eye disease-
associated corneal micro-erosions; therefore,
we aimed to evaluate the wound healing
efficacy of regenerative agents (RGTAs or
serum) in an in vitro model of
hyperosmolarity (HO) stressed and non-
stressed human corneal epithelial cells.
Patients and methods The migration and
proliferation induced by the regenerative
agents was evaluated using an in vitro scratch
wound assay and brome-deoxy-uridine
incorporation. The inflammatory profile and
effects of osmoregulators were also
investigated. The two-tailed paired t-test
calculated the statistical significance, with
P-value <0.05 considered significant.

Results The most efficient inducer of re-
epithelization was 2% serum, followed closely
by 2% RGTA with an average improvement in
cell migration of 1.8- and 1.4-fold, respectively,
when compared with the non-treated control.
Hyperosmolar stress significantly reduced the
restorative effects of both serum and RGTAs;
these effects were, however, neutralized by the
osmoregulator betaine.

Conclusion These findings suggest that
RGTASs could provide efficient treatment for
dry-eye associated corneal micro-lesions if
ocular surface HO is neutralized.
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published online 22 December 2017

Introduction

The corneal epithelial wound-healing response is
the result of a cascade of events involving
enzymatic and cytokine-mediated interactions
between the cells at the ocular surface and
corneal nerves.! This orchestrated rescue
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response can efficiently restore corneal structure
and function in most situations. Dry eye disease
(DED) is associated with increased tear fluid-
osmolarity, which affects the efficiency of the
wound-healing process.?

Treatment of DED ranges from the use of
lubricants and lid hygiene to anti-inflammatory
therapies, autologous serum treatment? or
amniotic membrane transplantation.*
Autologous serum therapy has produced
promising results, similar to tears, serum has
similar pH and osmolarity along with nutritional
factors, which will maintain cellular viability in
the repair processes and bactericidal
components to further reduce the risk of
contamination and infection.> Encouraging
results for the treatment of epithelial erosions
and corneal ulcers have been reported very
recently from the use of matrix regenerating
agents (RGTAs).>® RGTAs are heparan-sulphate
mimetic polymers that are resistant to enzymatic
cleavage and that were shown to induce
extracellular matrix remodeling by decreasing
the production of collagen III and modulation of
the protease activity.”® These actions converge
towards an improved in vivo speed and quality
of tissue repair tested in several experimental
models.’ This is accomplished by providing a
scaffold for the cells and by harboring the
growth factors, cytokines, or chemokines with
affinity for heparin/heparan sulphates. It
remains unknown, however, whether
commercial RGTAs stimulate the migration
and/or proliferation of the epithelial cells, or if
their action is sensitive to micro-environmental
factors at the ocular surface. Consequently, our
study sought to examine how RGTA performs in
a simple in vitro wound-healing model of corneal
epithelial cells, when compared with serum
treatment. To test the efficacy of such treatment
in dry eye-associated lesions, we measured the
wound-healing capacity of the above-mentioned
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agents under hyperosmolar conditions in the presence or
absence of osmoregulators.

Materials and methods
Cell culture

SV-40 immortalized human corneal epithelial cells (HCE
cells)!? were grown and maintained in DMEM/F12
supplemented with 15% fetal bovine serum (FBS) and
EGF, insulin, gentamicin (all from Thermo-Fisher
Scientific, Waltham, MA, USA) and cholera toxin (Sigma,
St. Louis, MO, USA). The initial cell batch was
characterized for specific markers and expression
profile.!'12 The cells were kept in culture for 8 - 10
passages after defrosting and their appearance was
constantly monitored by light microscopy. Before
experiments, the cells were serum starved for 18 h. The
RGTA (Cacicol, Laboratoires Thea, Clermont-Ferrand,
France) and serum were added to the serum-free media in
2% final concentration. For the scrape wound assay the
monolayer was washed once with warm PBS and then the
scrape wound was created using a sterile plastic pipette
tip. The cells removed in the scraping were washed away
with PBS and the cells were incubated for a determined
time in the presence and absence of the wound-healing
promoting agents. Hyperosmolarity (HO) was induced
through the addition of NaCl 5 M to the cell culture
medium. Osmoregulators (betaine, L-carnitine, and
erythritol, Sigma) were added to the medium with or
without regenerative agents one hour before the increase
in osmolarity.

Scratch wound assay

The cell monolayer was scraped, as mentioned above, in a
straight line with a pipet tip and debris was removed.'3
To create reference points for image acquisition the plate
bottom was marked with a line perpendicular to the
scratch mark. Images were taken immediately after the
scrape wound was made (fg) right above and below the
line using a phase-contrast microscope and x 10
magnification (Leica DMIL microscope, Wetzlar,
Germany). After incubation images were taken using the
same reference points. Four images were acquired for
each well. Each experiment was repeated in triplicates at
least 3 times. The images were analyzed using the Image]
software (NIH free software v1.42q, USA) on non-altered
original files. The cell-free area was measured at ¢y (Atp)
and then after incubation (Aty_4g, t.48 is the incubation
time range in hours) and results are shown normalized to
to. Re-epithelization rate was defined as Aty— Atjg/ Aty
To simplify comparison, the re-epithelization rate of
control cells was set to 1.

Eye

Cell proliferation assay

Cell proliferation stimulated by the regenerative agents
was measured using a colorimetric bromodeoxyuridine
(BrdU) incorporation assay (Roche Diagnostics,
Mannheim, Germany) following the manufactures’ guide
lines. Briefly, 1 x 10* cells were plated on a 96-well plate
and serum-starved overnight. The cells were then
incubated for 24 h in the presence of the regenerative
agents with or without increased osmolarity. The samples
were labelled with the BrdU for 2 h. After fixation and
denaturation, samples were incubated 90 min with the
anti-BrdU-POD antibody. The POD substrate was
incubated for 5 min after which the reaction was stopped
with 1 M sulfuric acid and measured at 450 nm using a
multimode plate reader EnSpire (Perkin-Elmer, Waltham,
MA, USA). The experiments were performed in
duplicates and replicated four times.

Cytokine assays

IL-8 secretion was measured from cell-conditioned media
using a DuoSet ELISA for human CXCL8/IL-8 (R&D
Systems, Minneapolis, MN, USA) and as recommended
by the manufacturer. Samples were diluted 1:1 (vol/vol)
with Reagent Diluent. Plates were analyzed using the
multimode plate reader EnSpire (Perkin-Elmer) at 450 nm.
Each measurement was performed in triplicates and
repeated three times. Cytokine/chemokine secretion in
HCE medium was quantified using the Proteome Profiler
Array-Human Cytokine Array Panel A (R&D Systems)
with 36 different cytokines and chemokines spotted in
duplicates on the nitrocellulose paper. Cell-conditioned
medium (700 pl), cleared of cell remnants and debris, was
mixed with the kit reagents, and incubated with the
arrays as instructed in the assay protocol. Bound
cytokines were identified using chemiluminescent
detection reagents.

Statistical analysis

Data are presented as mean values from three
independent experiments + SEM, unless otherwise
specified. The measured values were considered with
normal distribution and of equal variance and were
evaluated by two-tailed paired t-test. A P-value <0.05
was considered significant.

Results

RGTAs stimulates cellular migration in an in vitro model
of the corneal epithelium

As there are no previous data on an in vitro translation of
the RGTA dosage, we first determined the optimal
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Figure 1 Cacicol effects on cell migration and proliferation in an in vitro model of the corneal epithelium. (a) Cell migration assay. After
the scrape wound was made HCE cells were incubated for 18 h in the presence of 0.5-10% RGTA (Cacicol, vol/vol). The black line
represents the healing rate normalized to the t; of the scratch wound. The grey area that follows the black line denotes the SEM intervals.
The grey line presents the IL-8 concentration in the medium with the values on the secondary Y axis. *P <0.05 when compared with the
non-treated control. (b) Proliferation assay. HCE cells were incubated with increasing RGTA concentration for 24 h and then BrdU

incorporation was measured using an ELISA assay.

concentration of the RGTA to be used in the cell culture
medium. After the scrape wound was made, the cells
were incubated for 18 h in the presence of RGTAs ranging
from 0 to 10% (vol/vol, Figure 1). Even low levels of
RGTA in the media improved the re-epithelization of the
model wound by 30% compared with control cells, values
reaching statistical significance at dose levels of 1 and 2%.
A cell proliferation assay demonstrated that the RGTA
can slightly enhance the proliferation of the HCE cells
(~10% increase in the BrdU incorporation for 0.5-5%;
Figure 1b). Because of the similar RGTA /cell surface ratio
between our in vitro model and the clinical setting
(roughly, one drop of RGTA per cm? of corneal epithelial
cells), we chose the 2% RGTA concentration for further
investigations. Figure 1a additionally shows that IL-8 (an
acute stress biomarker) secretion from the HCEs
maintains normal levels regardless of the concentration of
the RGTA in the medium.

We then compared the effect of serum and RGTA on
cell migration speed in a corneal wound-healing model.
The FBS as well as the RGTA were diluted to 2% in the
culture medium. As expected, 2% serum was the most
effective promoter of migration (healing rate=1.8,
Figures 2a and b). Incubation with RGTA produced
comparable results, with a re-epithelization rate of 1.4
when compared with control. Moreover, the re-
epithelization speed over a 48 h period was similar
between serum and RGTA, with the former showing a
slightly faster rate between 10 and 20 h from wounding
(Figure 2c).

Hyperosmolar stress significantly affects the RGTAs
efficiency

DED is associated with increased tear osmolarity known
to delay wound healing,2 but it is not known whether

HO similarly hinders the RGTA-promoted healing.
Therefore, we tested the effect of increasing osmolar
stress on the re-epithelization rate of the scratch wounds
in the presence of RGTA or FBS. The starting point was
the normosmolar culture media (309 mOsm and salts
140 mm) and the osmolarity was gradually increased by
adding NaCl 5 M solution. As observed in vivo, HO
significantly attenuated the healing process of the scrape
wound; moreover, increasing the salt concentration with
100 mM or more resulted in an increase in the size of the
scrape wound displaying cytotoxicity with no
improvement from the addition of either RGTA or
serum (Figure 3a).

We have previously shown that HO induces
significant secretion of the pro-inflammatory
cytokine IL-8 from the HCE cells.'* Neither RGTA nor
FBS prevented or diminished the secretion of IL-8
from HCEs (Figures 3b and c). Similar effects were
measured for other HCE-secreted cytokines!* (such as
macrophage migration inhibiting factor, IL-1 receptor
antagonist, SerpinEl, IL-6 or GRO-alpha—data not
shown).

BrdU incorporation in the presence of regenerative
agents

Both regenerative agents tested stimulated cell
proliferation with 10-20% when compared with control,
under non-stressed conditions (Figure 4). The increase in
osmolarity by the addition of NaCl significantly affected
the viability of the cells as demonstrated by the decrease
in BrdU incorporation. FBS and RGTA, however, retained
their minute positive effect on proliferation even during
mild HO (Figure 4).
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Figure 2 Comparison between RGTA (Cacicol) and serum in their ability to induce corneal epithelial cell migration. (a) Wound healing
rates for 2% RGTA (Cacicol) and 2% serum (FBS) after 18 h of incubation. (b) Representative images of the scrape wound at f; and t;g,.
(c) Healing rate as a function of time. Images were recorded at 0, 5, 10, 20, 30, 34, and 48 h. Images were acquired with a digital camera
mounted on a phase-contrast microscope with x 10 magnification. *P <0.05; **corneal epithelial cell monolayer.
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Figure 3 Effects of RGTA and serum on wound healing under hyperosmolar stress conditions. (a) Wound-healing rate after 18 h
incubation with increasing concentrations of NaCl, in the presence or absence of RGTA (Cacicol) or FBS. (b) IL-8 secretion at 6 and 24 h
after the addition of NaCl. (c) IL-8 secretion after 18 h in the presence of FBS compared with control with/without HO stress. HO was
attained by the addition NaCl to a final concentration of 240 mm.
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Effects of osmoprotectants on HO cytotoxicity and
RGTAs

Osmoprotectants such as L-carnitine, erithritol, or betaine
have been shown to significantly reduce HO-induced pro-
inflammatory responses,15 to promote the survival of
corneal epithelial cells, and protect the integrity of the
epithelium.!®"18 We therefore tested the effects of these
molecules on wound healing under HO conditions
(Figure 5). Although r-carnitine and erithritol proved
ineffective (Figures 5a and c), betaine showed a
concentration-dependent improvement in HO wound
healing (Figure 5b). The addition of RGTA 2% enhanced
the effects of 5 and 10 mm betaine. RGTAs in conjunction
with betaine eliminated the HO cytotoxic effects and
restored the wound healing capacity of the HCE cells to
control levels (Figure 5b).
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Figure 4 Proliferation induced by RGTA (Cacicol) or serum in
HO-stressed and non-stressed corneal epithelial cells. Cells
incubated with FBS 2% or RGTA 2% for 24 h compared with
the non-treated control; NaCl concentrations display added
NaCl. *P<0.05 compared with non-treated control. eP<0.05
when compared with the RGTA/FBS control. Error bars indicate
SEM values.
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Discussion

Several studies have shown RGTA to be an efficient
inducer of wound healing in corneal erosions and ulcers
in clinical setting.>®1%20 We intended to obtain more basic
data on the effects of RGTA using an in vitro wound
healing model of corneal epithelial cells. What we could
conclude is that RGTA is indeed an efficient promoter of
healing in vitro and it almost matches the effects of serum,
under non-stressed conditions, at the same concentration
range. This is noteworthy considering that the RGTA only
consists of a simple water solution of heparin-sulfate-like
polymers with dextran and NaCl, while fetal bovine
serum is a complex mixture of crucial growth factors able
to maintain cellular viability in the repair process. The
dosing recommended in clinical practice proved to be
fitting for cell culture conditions as well. Our model
showed that RGTA had positive effects on cellular
migration in the scrape wound healing even at very low
concentrations (0.5%), while concentrations higher than
2% did not bring significant further improvements. This
also supports the idea that more frequent instillations of
the ophthalmic solution will not improve the outcome.’
The positive results on wound healing from clinical
trials>®1920 encouraged us to postulate that RGTAs could
be used to maintain the epithelial homeostasis in patients
with DED. The results of our preliminary clinical tests
have contradicted this hypothesis (unpublished data).
Consequently, we tested whether the pre-existence of HO
stress at the ocular surface would affect the efficacy of the
RGTA treatment. We therefore monitored the repair of
the scratch wound in increasing HO stress, in the presence
or absence of the RGTA. What we could observe was that
even small increments in the osmolarity of the medium
had dramatic effects on the migration rate and
proliferation of the HCE cells. The presence of FBS and
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Figure 5 Effects of osmoprotectants on HO wound healing. The figure presents the wound-healing rate after 18 h of incubation. The
punctate line denotes the wound area at f. L-carnitine (a), betaine (b), and erithritol (c) were added in the cell culture medium at the
displayed concentrations 1 h before the addition of the RGTA and HO stimulation. *P-values<0.05 when compared with the HO

control.
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RGTAs offered a modest benefit, when compared to
control, but could not prevent the HO cytotoxic effects on
the HCE cells. Moreover, none of the regenerative agents
could prevent the secretion of the stress cytokine IL-8, the
major neutrophil attractant in vivo. The addition of
osmoprotector molecules, such as betaine, abolished the
negative effects of HO, however, and returned the
wound-healing capacity in the presence of RGTAs to
control levels.

A limitation of our study is the use of an immortalized
cell line with inherent resistance and capacity of
proliferation in optimal conditions. This advantage is not
so evident in serum-starved conditions, however. The
measured proliferation and migration could both be
modulated by the addition of the regenerative agents and
this supports the validity of our data. Moreover,
preliminary data from a limited set of DED patients that
received RGTAs confirmed the inefficiency of the medical
device in cytotoxic conditions, such as increased
osmolarity (data not shown).

Our results suggest that RGTAs are a promising
therapy for wound healing at the ocular surface. A very
recent study indicates that RGTAs could prove extremely
useful for basement membrane dystrophy patients
undergoing phototherapeutic treatment,?! for example.
Pre-existing cellular stress attenuates their function,
however, and delays the wound healing process.
Clinicians should take into consideration that ocular
surface micro-environment influences RGTA'’s efficacy
and efficiency. Discontinuation of cytotoxic drugs should
be considered when treating serious corneal wounds.?’
Additionally, for dry eye patients, prior osmoprotection
would convert the RGTA into beneficial healing inducers
for, but not restricted to, DED associated lesions.

Summary

What was known before
® Matrix regenerating agents (RGTAs) emerged as
promising in vivo wound healing agents.

What this study adds

® Our results suggest that RGTAs are a promising therapy
for wound healing at the ocular surface. Pre-existing
cellular stress attenuates their function, however, and
delays the wound healing process. Osmoprotection
converted the RGTAs into efficient healing inducers even
under hyperosmolar conditions, suggesting that this
therapy could be used for treating micro-lesions associated
with dry eye.
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