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1. Zusammenfassung

Auswirkungen der Rose-Bengal-photodynamischen Therapie (RB-PDT) auf humane
Hornhautepithel- und Stromazellen

Die Rose-Bengal-Photodynamische Therapie (RB-PDT) nutzt Rose-Bengal-Farbstoff als
Photosensibilisator, der durch 500-570 nm griines Licht aktiviert wird. Dies erzeugt reaktive
Sauerstoffspezies (ROS), beseitigt Bakterien, moduliert Wachstumsfaktoren und vernetzt
Kollagen, was die Gewebesteifigkeit erhoht. Thre Wirkung auf menschliche Hornhautzellen
wurde jedoch noch nicht untersucht. /m ersten Teil der Studie der Studie untersuchten wir die
Auswirkungen von RB-PDT auf verschiedene menschliche Hornhautzelltypen, einschlieBlich
einer Hornhautepithelzelllinie (HCE-T), limbaler Epithelstammzellen (T-LSC), primérer
Hornhautfibroblasten (HCF), Keratokonusfibroblasten (KC-HCF) und limbaler Fibroblasten
(LFC). Nach RB-PDT nahm die Viabilitét jedoch bei 0,17 J/cm? in HCF und KC-HCF sowie
bei 0,35 J/em? in T-LSC, HCE-T und LFC signifikant ab. Im zweiten Teil der Studie
untersuchten wir die Auswirkungen von RB-PDT auf die Zellmigration und Interaktionen
zwischen Epithel- und Stromazellen. RB-PDT die Migration von HCE-T, HCF und KC-HCF
signifikant hemmte. Konditioniertes Medium (CM) von RB-PDT-behandelten HCE-T-Zellen
forderte die Migration von HCF, wiahrend CM von RB-PDT-behandelten HCF die Migration
von HCE-T unterstiitzte. Im dritten Abschnitt der Studie untersuchten wir den Einfluss von RB-
PDT auf die Expression Gene und Proteine in HCF und KC-HCF, darunter Kollagen I und V,
NF-kB p65, LOX und TGFp. Die TGFB-mRNA-Spiegel in HCF sanken, in KC-HCF nahmen
die mRNA-Spiegel von Kollagen I und V ab. LOX und NF-kB p65 wurden durch RB-PDT
nicht beeinflusst. Weitere Forschungen sind erforderlich, um die Auswirkungen von RB-PDT
auf menschliche Hornhautzellen besser zu verstehen, insbesondere durch Studien in

Tiermodellen fiir Keratitis, um die klinische Anwendung zu verbessern.



2. Summary

Effect of Rose Bengal photodynamic therapy (RB-PDT) on human corneal epithelial and

stromal cells

Rose Bengal photodynamic therapy (RB-PDT) uses rose bengal dye as a photosensitizer,
activated by 500-570 nm green light. This activation induces various biological effects,
including reactive oxygen species (ROS) generation, cytotoxicity, bacterial eradication, growth
factor secretion modulation, and collagen crosslinking, leading to increased tissue rigidity.
Despite its clinical use, RB-PDT's impact on human corneal cells is not analysed, yet. In the
first part of the study, we examined the effects of RB-PDT on various human corneal cell types,
including a corneal epithelial cell line (HCE-T), limbal epithelial stem cells (T-LSC), primary
corneal fibroblasts (HCF), keratoconus fibroblasts (KC-HCF), and limbal fibroblasts (LFC).
After RB-PDT, viability significantly decreased at a fluence of 0.17 J/cm? in HCF and KC-HCF,
and at 0.35 J/cm? in T-LSC, HCE-T, and LFC. In the second part of the study, we examined the
impact of RB-PDT on cell migration and epithelial-stromal interactions in human corneal cells.
RB-PDT significantly inhibited the migration of HCE-T, HCF, and KC-HCF. Conditioned
medium (CM) from RB-PDT treated HCE-T cells enhanced HCF migration in scratched
cultures, and CM from RB-PDT treated HCF promoted HCE-T migration. In the third segment
of the study, we examined the influence of RB-PDT on the expression of genes and proteins in
HCF and KC-HCEF, including collagen I and V, NF-xB p65, LOX and TGF-f. In HCF, TGF-$
mRNA levels decreased in KC-HCF, mRNA levels of collagen I and V decreased, LOX and
NF-«xB p65 were unaffected by RB-PDT. Further research is necessary to better understand RB-
PDT's impact on human corneal cells, such as studying its effects on corneal cells in an animal

keratitis model, optimizing its clinical use.



3. Introduction and motivation

In recent decades, human medicine has undergone continuous evolution and improvement.
Numerous diseases have been discovered, researched, and effectively treated. However, the
conventional approach, which involves a combination of drugs and surgical interventions, has
its limitations. The ongoing development of antibiotic resistance, for instance, poses challenges
to antimicrobial treatments. Moreover, for certain specific pathogenic conditions, there is a
growing need to explore more convenient and efficient therapeutic procedures that can
circumvent surgeries and alleviate both the physiological and economic burdens on patients. In
this context, photodynamic therapy (PDT) has captured the attention of researchers.

PDT is a technique that involves combining a photosensitizer (PS) with light of an appropriate
wavelength. Due to its photochemical properties, this technique can be applied to various
tissues within the human body, leading to diverse therapeutic effects based on the administered
dosage [43].

Upon exposure to light of the appropriate wavelength, the PS initially absorbs the light energy,
causing the excitation of an electron within the PS and its transition to a higher energy level.
This transition signifies the conversion of the PS from its ground state (So) to a singlet excited
state (S1). Subsequently, S; may revert to So through processes such as fluorescence emission.
Alternatively, it may undergo intersystem crossing (ISC), leading to further transformation into
a triplet excited state (T1). The T, state of the PS is more stable than the S; state, providing the
PS with increased opportunities to react with surrounding molecules [21,39,50]. Therefore, the
T, state of the photosensitizer serves as the primary source of photosensitive reactions during
the PDT process [50]. The energy transition between the ground state and the T; state of the

photosensitizer is depicted in the Jablonski diagram (Figure 1).



In the literature, researchers have outlined two primary types of photosensitive reactions,
namely Type I and Type II. Both of these reactions are based on the T, state of the
photosensitizer [39]. However, their distinction lies in the fact that Type II reactions are oxygen
(O») dependent, mediating the direct interaction between the T, state of the photosensitizer and
an O, molecule. In this interaction, energy and electrons are directly transferred from the
photosensitizer to O, molecules, leading to the generation of singlet oxygen ('O.), one of the
reactive oxygen species (ROS) molecules. When oxygen becomes depleted, Type 1
photosensitive reactions occur, involving the transfer of electrons or hydrogen from the
photosensitizer to its reaction substrates (i.e., cell membranes and organelles)[42]. This leads
to the production of other reactive oxygen species (ROS) as well, such as superoxide anion
(O2), hydroxyl radicals (OH"), or hydrogen peroxide (H.O,) [27]. Currently, it is
acknowledged that the 'O, generated in Type II reactions serves as the primary mediator of the
biological effects in PDT [19]. Therefore, the adequate supply of oxygen is crucial in the PDT

treatment process.
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Figure 1. A simplified form of the Jablonski diagram is illustrated in the diagram. Once the
photosensitizer (PS) absorbs a sufficient amount of energy in the form of electromagnetic

radiation, such as light, it can transition from the ground state (So) to the electronic singlet state



(S1). Subsequently, the PS in the S; state can undergo intersystem crossing to become the triplet
state (T1). These changes are associated with the electron spin direction of the PS molecule.

(Image source: own presentation).

The biological effects mediated by PDT are influenced by various factors. These factors include
the type of photosensitizer, tissue absorption efficiency, and the wavelength and penetrative
capability of the light. Additionally, within cellular environments, a variety of proteins
constitute protective mechanisms against reactive oxygen species (ROS). A series of enzymes,
including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), are
responsible for eliminating excess ROS to maintain cellular homeostasis [5, 47]. Consequently,
these factors collectively impact the efficacy of PDT when applied in the human body. The PS
is one of the key factors influencing the photosensitive process in PDT. Rose Bengal (RB) has
been approved by the U.S. Food and Drug Administration as a diagnostic ocular surface dye
[29]. In subsequent developments, the photosensitive properties of RB were discovered. Rose
Bengal photodynamic therapy (RB-PDT) requires green light for excitation, with its peak
absorption occurring at around 550 nm [1]. Furthermore, RB exhibits a high quantum yield,
indicating the efficiency of photon utilization in photochemical reactions. The quantum yield
of RB from the S; to the T; state is approximately 0.9, while the quantum yield of its singlet
oxygen production (®A) is around 0.7 [43]. It is also important to note that RB can tightly bind
to collagen molecules in the extracellular matrix (ECM), influencing its penetration depth
within tissues [43]. Research indicates that the infiltration depth of RB within the corneal
stroma is approximately 100-120 um, whereas another photosensitizer, riboflavin, can reach a
depth of about 400 um [25]. Beyond mediating cytotoxic effects through the release of reactive
oxygen species (ROS), RB-PDT has been found to enhance tissue hardness. This is attributed

to RB's ability to mediate the insertion of covalent bonds into collagen molecules (crosslinking),



thereby increasing the stiffness of the tissue. Based on these properties, RB-PDT has been
explored in treatment research for various diseases, including tumors [4, 38], supporting wound
healing [17, 29], and treatment of infectious diseases (e.g., keratitis) [2, 12]. Moreover,
researchers have successfully employed RB-PDT to induce stiffening of the cornea, showing
promise in slowing down or halting the progression of keratoconus [9, 19].

The cornea, positioned as the outermost layer of the eye, possesses the highest refractive power
in the human eye. Histologically, the cornea exhibits a multilayered structure, comprising the
corneal epithelial layer, Bowman's layer, the stromal layer, Descemet's membrane (stromal
basement membrane), and the endothelial layer [13]. The corneal epithelial layer serves to
protect against the entry of foreign substances and abrasions. The stromal layer, representing
approximately 90% of the corneal thickness, consists of keratocytes as resident cells, which are
capable of secreting various ECM substances, such as Type I collagen and Type V collagen,
among others. These ECM molecules are highly organized to maintain the clarity of the cornea.
Corneal endothelial cells play a pivotal role in maintaining the dehydration state of the corneal
stroma to prevent swelling and edema [8]. All the aforementioned corneal tissue structures
collaboratively form a transparent, avascular, and optically clear tissue, ensuring the smooth
passage of light into the eye and ultimately resulting in clear vision.

Keratoconus is a progressively developing corneal ectasia. Typically detected during
adolescence, this condition involves a gradual thinning of the bilateral corneal stroma over time,
resulting in a conical protrusion [33 ,50]. In severe cases, keratoconus can lead to corneal
stromal edema, opacification, and potential vision decline. Therefore, it is crucial to find ways
to slow down the ectasia progression. Before the emergence of PDT-mediated crosslinking, the
primary approach involved the use of rigid gas-permeable contact lenses to mitigate the

progression of the disease [14]. For advanced stages of keratoconus or acute cases, corneal



transplantation may be necessary. Although corneal transplantation techniques are relatively
mature and have a high success rate, this undoubtedly requires a well-established corneal bank
and economic support.

In 1998, Spoerl and colleagues first reported the use of riboflavin-ultraviolet A (UVA) PDT to
mediate crosslinking and enhance the stiffness of the cornea [49]. This technique was
subsequently applied in the treatment of keratoconus, proving highly successful in reducing the
need for corneal transplantation [41, 43, 44]. Currently, riboflavin-UVA PDT-mediated
crosslinking is widely implemented in clinical practice and stands as one of the standard
treatment procedures for keratoconus [40]. However, a limitation of riboflavin lies in its
penetration depth, as its penetration is relatively deep (~400 pum) [38]. If the corneal thickness
is less than 400 um, riboflavin may exceed the corneal stromal layer and reach the endothelial
cell layer, causing potential damage to non-regenerative endothelial cells during the treatment
process. Additionally, because riboflavin requires UVA for illumination, this may pose a risk of
damage to the cornea and deeper ocular structures [13, 45]. In the literature, several studies
have described postoperative complications following riboflavin-UVA PDT [3, 7, 21].

In 2013, Cherfan et al. reported that RB-PDT-mediated crosslinking can similarly increase
corneal stiffness to riboflavin-UVA-PDT, a finding that has been validated in animal models
[12]. Moreover, it is noteworthy that, besides its role in mediating crosslinking, RB-PDT has
gained recognition as a promising antimicrobial therapy, and its clinical efficacy has been
reported by various institutions [2, 15, 31, 32]. These two methods, RB-PDT and riboflavin-
UVA-PDT, have been compared by numerous research groups [22, 30, 44]. Due to the
insufficient clinical evidence regarding the therapeutic efficacy of RB-PDT in human
keratoconus disease, definitive conclusions are still awaited. However, due to the shallower

penetration depth of RB-PDT and the use of green light for excitation, its postoperative



complications have not been reported, yet. Therefore, as an "updated" PDT technique,
additional data from experimental models utilizing primary human corneal cells are necessary
to gain a more comprehensive understanding of the impact of RB-PDT. This will aid in

optimizing the utilization of this method.

This study was approved by the Ethics Committee of Saarland/Germany (Nr. 217/18). All

human tissues were handled according to the Declaration of Helsinki Principles.



Assessment of Rose Bengal Photodynamic Therapy on Viability and Proliferation of
Human Keratolimbal Epithelial and Stromal Cells In Vitro (Publication 1) [9]

In the context of conducting in vitro cell experiments using RB-PDT, the primary consideration
is determining the optimal dosage for the treatment. In this study, various human corneal cell
types were investigated, including a corneal epithelial cell line (HCE-T), primary corneal
fibroblasts (HCF), keratoconus fibroblasts (KC-HCF), limbal fibroblasts (LFC), and limbal
epithelial stem cell line (T-LSC). Following the application of RB-PDT to these cell cultures,

we elucidated the impact of RB-PDT on the viability and proliferation of these cell types.

When RB or green light illumination was applied alone, there was no significant impact on cell
viability or proliferation across all cell types. However, 24 hours following RB-PDT, a
significant decrease in viability was observed at a fluence of 0.17 J/cm? in HCF and KC-HCF,
and at a fluence of 0.35 J/cm? in T-LSC, HCE-T, and LFCs. Furthermore, cell proliferation
exhibited a significant reduction at a fluence of 0.14 J/cm? in T-LSC, HCE-T, and KC-HCF,
and at a fluence of 0.17 J/cm?in HCF.

This foundational research provides essential insights for subsequent experiments, laying the

groundwork for further investigations.
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Human corneal epithelial cell and fibroblast migration and growth factor secretion after
rose bengal photodynamic therapy (RB-PDT) and the effect of conditioned medium
(Publication 2) [10]

The use of RB-PDT as a therapeutic technique for treating corneal diseases has been
implemented in clinical practice. However, the impact of RB-PDT on corneal wound healing
remains unclear. Therefore, our objective is to investigate the influence of RB-PDT on the
migration ability of HCE-T, HCF and KC-HCF, and the potential reasons behind.

The existing literature highlights the interconnectedness of corneal epithelial cells and stromal
cells during the wound healing process [23, 25, 28]. Corneal epithelial damage, such as external
stimuli or scratches, initially induces apoptosis of stromal cells [51]. Subsequently, stromal cells
can modulate the wound healing of epithelial cells, including cell migration and proliferation,
through a paracrine pattern. Therefore, we further investigated the regulation of RB-PDT on
several essential growth factors in the cornea, including Epidermal Growth Factor (EGF),
Hepatocyte Growth Factor (HGF), Keratinocyte Growth Factor (KGF), Fibroblast Growth
Factor basic (FGFb), and Transforming Growth Factor beta (TGFp).

Furthermore, we collected culture medium from RB-PDT-treated HCE-T to produce
conditioned medium (CM), which was then introduced into scratched HCF cultures. Similarly,
culture medium from RB-PDT-treated HCF was collected and added to scratched HCE-T
cultures. The growth factor concentration in the conditioned medium was also analyzed. This
approach allowed us to observe how corneal epithelial cells and stromal cells interacted with
each other following RB-PDT.

Through a scratch assay, we discovered that RB-PDT significantly inhibits the migration of
HCE-T, HCF, and KC-HCF. However, after RB-PDT treatment, the collected CM can

significantly enhance the migration the other cell type (HCF or HCE-T). For instance, CM
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collected from RB-PDT-treated HCE-T markedly promotes HCF migration, and similarly, CM
produced from RB-PDT-treated HCF significantly upregulates HCE-T migration. However,
there is no such positive interaction between HCE-T and KC-HCF.

ELISA results provided further evidence of the reasons behind these observations. In scratched
HCF and KC-HCF, RB-PDT notably reduces KGF levels. In HCE-T CM, RB-PDT increases
HGF and FGFb levels while decreasing TGFp levels. In HCF CM, RB-PDT elevates FGFb
levels and decreases TGFf levels. In KC-HCF CM, RB-PDT not only increases FGFb levels
and decreases TGF levels but also reduces EGF and HGF levels.

In the cornea, EGF can be synthesized by epithelial cells or by fibroblasts, which exert a
paracrine effect on epithelial cells to stimulate their proliferation [20, 51]. HGF, KGF, FGFb,
and TGF are classical regulatory factors involved in the epithelial-stromal interactions of the
cornea. HGF, KGF, and FGFb can be produced in keratocytes and act on corneal epithelial cells,
promoting their migration and proliferation [6, 25, 28, 42]. TGFf can be generated in corneal
epithelial cells and reaches the stromal layer through the epithelial basement membrane,
thereby regulating migration and differentiation of fibroblasts. Excessive TGF signaling can
lead to the formation of corneal fibrosis, and result in corneal haze [27, 34, 49].

Furthermore, we investigated the soluble E-cadherin (SE-Cad) levels in the HCE-T cell culture
supernatant and soluble N-cadherin (SN-Cad) levels in the HCF culture supernatant. The results
revealed that after RB-PDT, SN-Cad levels in HCF cell culture significantly decreased.
Additionally, an increase in SN-Cad level was observed when using CM collected from RB-
PDT treated HCE-T, which was accompanied by an enhanced migration. In the literature, N-
cadherin is recognized as a transmembrane protein, which can undergo cleavage by proteases

and leads to the release of its soluble form into the supernatant [17]. The increase of SN-Cad
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level suggests a reduction in cell adhesion, which may further promote cell migration. Therefore,

RB-PDT may influence cell migration by modulating Cadherin expression in HCF.
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Short-Term Effect of Rose Bengal Photodynamic Therapy (RB-PDT) on Collagen I,
Collagen V, NF-kB, LOX, TGF-p and IL-6 Expression of Human Corneal Fibroblasts, in
vitro (Publication 3) [11]

Based on previous research, we know that RB-PDT can enhance corneal stiffness by promoting
the generation of covalent bonds between corneal collagen molecules, offering a potential
therapeutic approach for ectatic corneal diseases such as keratoconus. However, the specific
impact of RB-PDT on several essential proteins and genes expressed by corneal fibroblasts was
still unknown. These include collagen I and collagen V—the two primary collagen subtypes in
the cornea. Additionally, lysyl oxidase (LOX), an enzyme facilitating the formation of covalent
bonds between corneal collagens, plays a pivotal role in physiologically regulating corneal
hardness. Transforming growth factor § (TGFp) serves as a crucial growth factor essential for
maintaining the dynamic balance of the extracellular matrix. Following corneal damage or
stimulation, the TGFp increase could promote collagen secretion, facilitating the healing
process. Excessive TGFp production, however, may lead to corneal scarring or haze, impacting
visual acuity. Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) and
interleukin-6 (IL-6) are closely associated with inflammation levels. Elevated levels in the
cornea often indicate an upregulation of inflammatory processes. Understanding the intricate
interplay between RB-PDT and the expression of these genes and proteins in corneal fibroblasts
is important for comprehension of RB-PDT therapeutic potential.

In this study, primary fibroblasts derived from healthy corneas (HCF, n=5) and keratoconus
corneas (KC-HCF, n=5) were subjected to in vitro culture. Following a 24-hour period after
RB-PDT, the cells were harvested, and RNA and protein were extracted. The RNA and protein
levels in control and treated groups were quantified using qQPCR and Western Blot. The results

revealed that RB-PDT led to a reduction in collagen I, collagen V, and TGFB1 mRNA
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expression in KC-HCF, concurrently increasing IL-6 mRNA and protein expression. In HCF,
RB-PDT resulted in a decrease in TGFB1 mRNA expression while causing an increase in
TGFp1 and IL-6 protein levels. This indicates that RB-PDT has upregulated the inflammation
level in both cell types. Although TGFB1 mRNA levels have decreased in both cell types, there
was a discrepancy between TGF3 mRNA and protein results. In HCF, TGF protein expression
is upregulated, while in KC-HCF, the TGF content remains unchanged. This disparity may be
attributed to mRNA stability and post-transcriptional regulation of protein expression. It is
noteworthy that the decrease in TGF1 mRNA levels in both cell types aligns with the ELISA
results from Figure 6 in Publication 2, indicating that RB-PDT can modulate TGFp levels in

both HCF and KC-HCF.
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ABSTRACT

Purpose To investigate the effect of Rose Bengal photo-
dynamic therapy (RE-PCT) on viability and proliferation of
human limbal epithelial stemn cells {T-15Cs), human comeal
epithelial cells {HCE-T), human limbal fibroblasts (LFCs), and
human nomal and keratoconus fibroblasts (HCFs and KC-
HFs) in vitra.

Methods T-19Cs and HCE-T cell lines were used in this re-
search. LFCs were isolated from healthy donor comeal limbi
{n=5}, HCFs from healthy human donor cormeas (n=5), and
KC-HCFs from penetrating keratop lasties of keratoconus pa-
tients (n="5). After cdl culture, RE-PDT was performed using
0.001 % RE concentration and 565 nm wavelength illumina-
tion with 0.14 to 0.7 |/om? fluence. The XTT and the Brdl) as-
says were used to cell viability and proliferation 24 h
after RE-PDT.

Results RE or illumination alone did not change cell viability
or profiferation in amy of the cell types (p = 0.1} However, fol-
lowing RE-POT, viability dereased significantly from 0,17/
am? fluence in HCFs {p <0.001) and KC-HCFs (p<0.0001),
and from 0.35]jcm? fluence in T-LSCs (p<0.001), HCE-T
{p<0.05), and LFCs {{p < 0.0001 ). Cell proliferation decreased
significantly from 0.14 ] fem? fluence in T-15C: (p<0.0001),
HCET {p<0.05), and KC-HCFs (p<0,001) and from 0.17 ]
om? fluence in HOFs (p<0.05). Regarding LFCs proliferation.
no values could be determined by the BrdU asay.
Conclusions Thowgh RE-POT seems to be a safe and effective
treatment method in vivo, its dose-dependent phototoxcity
on comeal epithelial and stromal cells has to be respected.
The data and experimental parameters applied in this sudy
may provide a reliable reference for future investigations.

Elm Mgl A cpradailled | & 2003 Thieme. Al dght recennsd



(C.1. 45440, Carl Roth, Kardsruhe, Germany); trypan blue solution
(Sgma-Aldrich, Irvine, UK).

Cell isolation and cell culture

Human telomerase-mmortalized limbal epithelial stem cells
The human telomerase-immortalized limbal epithelial stem cells
(T-L5Cs) were generously provided by the research group of Dan-
iel Aberdam [20]. T-LSCs were cultured in T25 flasks with KSFM,
supplemented with 25 pgmL BPE, 0.2 ng/mL EGF, 0.4 mM Call,,
2 mM glutamine, and 100U {mL penidliin/streptormydn. The me-
dium was changed every 3-4 days until the cells reached 90%
confluence.

Human comeal epithelial cell line

The human corneal epithelial cell line (HCE-T) was provided bythe
RIKEN cell bank (RCE 2280, Ibaraki, Japan). Cells were cultured in
DMEM|F12 medium supplemented with 5% FCS, 1% PfS, 10ng/
mLEGF and 1% insulin, transfernn, and selenium (ITS) (HCE-T me-
dium). When cells reached 80% confluence, they were seeded
into a 96-well plate for further experiments.

Primary hurmnan limbal fibroblasts

Primary human limbal fibroblasts (LFCs) were collected from the
limbal tissue of five healthy donors. In bref, the limbal area of
the cornea was punched using 1.5 mm biopsy punches. The tissue
flaps were digested bycollagenase A at 37 °C for 24 h. CellTrics fil-
ters (Sysmax, Morderstedt, Germany) were then used to separate
the limbal epithelial cells and the LFCs, flushing the filterwith PBS.
The LFCs were collected from the flowthrough solution. After a
centrifugation step, the LFCs were stored in liquid nitrogen until
use. Before measurements, LFCs were cultured in DMEM/F12,
supplemented by 5% FCS and 1% PfS.

Primary hurman corneal fibroblasts

Five normal human corneal samples, which did not match comeal
transplantation criteda (< 1800 endothelia cells/cm®) were ob-
tained from the Klaus Faber Center for Comeal Diseases, including
Lions Eye Bank. Ave human kemtoconus comea samples were ob-
tained from elective penetrating keratoplasties. None of these
samples underwent previous ocular surgery and all patients
signed an informed consent before surgery.

To isolate keratocytes or keratomonus kemtooytes, cormeo-
scleral or comeal buttons were first rinsed with PBS under sterile
conditions. Then, tissues were cut into pieces using asurgical scal-
pel and were subsequently put into a 1.5-mL tube containing
1.0 mg/mL collagenase A with DMEM|F12 medium, 5% FCS, and
1% P/S (the combination of DMEM [F12 medium, 5% FCS, and 1%
PS5 is defined as “basic medium® in the following text). Afterinou-
bating the tissue pieces in collagenase-containing solution at 37*
C ovemight, the tube was centrifuged at 1500 rpm for 5 minutes,
and the supematant was discarded. Thereafter, the cell sediment
was resuspended in 1mL basic medium and was put into a T75
flask containing 13 mL basic medium. The cell-containing flasks
were subsequently stored at 37 *Cusing 5% €0y and 95% relative
humidity in the incubator. The medium was changed every 4 days.
As soon as cells reached 90 % confluence, they were harvested by
trypsin EDTA and were passaged to 8 new T75 flasks. Thereafter,
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reaching 90% confluence, the cells were trypsinized again and
were kept in liquid nitrogen for the subsequent experiments.

Dwring incubation, human kemtocytes diferentiate into ho-
man comeal fibroblasts using FCS in the culture medium. In the
following text, we will use the abbreviation HCFs for norma hu-
man comed fibroblasts and KC-HCFs for keratoconus human cor-
neal fibroblasts.

Rose Bengal photodynamic therapy

T-L5Cs, HCE-T, LFCs, HCFs, and KC-H(Fs were seeded into 96 wells

using 15000 cells/cm? and 100 pL fwell supplemented with KSPM

for T-15Cs, 100pljwell HCE-T medium for HCE-T cells, and

100 pLwell basic medium for LFCs, HCFs, and KC-HCFs. When

cells reached B0% confluence, the RE-PDT treatment was per-

formed.

As the first step, the 0,001 % (m/v) RE solution was prepared by
dissolving the RE stock powder in the basic medium. After sterili-
zation by a 0.20-pm sterilizing filter, the RBsolution was stored at
4°C in darkness for up to 1 month.

Theillumination system, with 565 nm wavelength illumination,
was built and calibrated by the Experimental Ophthalmology of
Saarand University, Homburg/Saar, Germany. Lking a controller,
the LED power and the time of illumination could be adjusted ac-
cording to the required light fluence. In the present study, the illu-
mination time was fixed to 600 =, and the power ranged from
0.23 mWjcm? to 1.17 mWjam? {with 0.14 to 0.7 |jcm? fluence).

The cells were divided into various groups according to the
used energy settings.

1. The control group (CH) was rinsed with PES three times with-
out the use of RE or illumination.

2 The cellsin the "RE only™ group were allowed to absorb the
0.001 % RB solution for 30 minutes at 37*°C without illumina-
tion, which was followed by rinsing with PBS three times. Then,
another 100 pL medium were added to each well.

3. The cells in the “illumination only™ group were rinsed with
100pL PBS two times and subsequently underwent 0.14)/
o, 0.17]fem?, 0.25]/am?, 0.35 [om?, or 0.7 J/om? illumina-
tion in another 100pL PBS, without adding RB. Thereafter,
PBS was replaced by 100 pL medium.

4. The RE-PDT group was allowed to absorb the 0.001 % RE solu-
tion for 30 minutes at 37*C, which was followed by rinsing with
PBS twice. Then, another 100 plL PES were added to each well
and the plates were positioned at the illumination box. There-
after, the plates underwent 0.14 |fcm2, 0.17 |fom?, 0.25 |/am?,
035|jcm?, or 0.7]/on? illumination. The cells were subse-
quently rinsed with 100 pL PBS, which wa then replaced by
100 pL medium.

In al groups, cells were further incubated at 37°C for 24h and
then were used for anakysis.

XTT, trypan blue and BrdU assays

The XTT assay was performed according to the manufacturer's
protocol to determine the viability of the cells. For a 96-well plate,
aclear mixture of SmL XTT labeling solution and 0.1 mL electron
ooupling reagent were used. The labeling solution and the cou-
pling reagent had to be thawed and mixed directly before use.
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= Fig. 1 With increasing power density, cell density decre ased using phase- contrast microscopy. T-L5Cs: human telome rase-immar talized hmbal
epithelial stem cells: HOE-T: human corme al epi thelial cell lime; ILFCs: pri mary human limbal fibrobl asts; HOFs: normal primary human comeal Tibro-
Ilasts: KC-HOFs: keratocons primary human comeal fibroblasts: Otk control group. Scale bars: 50 pm

After adding 50pL of the mixture to each well, the culture plates
were placed for 3hin the 37 °C incubator. Thereafter, a Tecan in-
finite F50 Absorbance Micoplate Reader (Tecan Infinite Reader,
TECAM Deutschland GmbH, Crailsheim, Germany) was used at
450 nm wavelength (reference wavelength: 690 nm) to measure
the optical density.

We further used the trypan blue assay to analyze the ratio of
dead and live cells following 0.7 |fon? RE-POT of LFCs (n=3) In
generd, LFCs were cultured in 12-well plates until reaching 80%
confluence, then RE-POT was performed. Twenty-four hours after
treatment, LFCs were hamvested wsing trypsin EDTA and were cen-
trifuged at 2000 rpm for 4 minutes. Thereafter, we removed the
supernatant and added 30 pL basic medium and 30 pl trypan blue
solution. Then, 10 pL basic medium were added in order to resus-
pend the cells and to caculate the percentage of dead cellsina
hemocytometer (W0Q-0344, Neolab, Heidelberg, Gemany).

The Brdll assay was used to evaluate the proliferation of the
celks. In brief, cells were firstly incubated with 10 pL BrdU labeling
solution for 3h at 37 °C. Then, the BrdU labeling solution was re-
placed by 200 pl FxDenat solution in each well for 20 min. The
mixture of anti-BrdU-POD and antibody dilution solution were
subsequently added, which was followed by rinsing the cells with
200 L PBS, three times. The color changes could be obs erved im-
mediately after adding the stopsolution to the substrate solution.
The Tecan microplate reader mentioned above was used togather
the optical density value from each plate.

Statistical analysis

CraphPad Prism 9.2 was used for statistical analysis of the data.
Data are presented as the mean + 50 (minimum-maximum). For
analysis of the results of the XTT and BrdU assays, one-way
ANOVA followed by Dunnett’s multiple comparison test was used.
Paired t-test was used to analyze the trypan blue assay results.
Ap value bdow 0.05 was considered statistically significant.

Results

Cell viability

T-LSCs, HCE-T, LFCs, HCFs, and KC-HCFs morphology 24 h follow-
ing RE-PDT with 0.17 )fam?, 0.35|fcm? and 0.7 Jlom? fluence is
shown in » Fig. 1, and cell vishility 24 h after RE-POT in» Fig. 2.

In the “RB only" and “illumination only™ groups, viahility did
not differ significantly from the control group in amy of the cell
types after 24h (p=0.1).

Using RE-POT, the viability of the cells decreased with in-
aexing fluence. In the RB-PDT group, viability was significanthy
lower than in the control group from 0.17 Jlan® fluence in HCFs
{p<0.001)and KC-HCFs {p< 0.0001), and from 0.35 | om? fluence
inT-L5Cs (p<0.001), HCE-T (p <0.05), and LFCs (p <0.0001). Us-
ing 0.35 }jcr? fluence for RE-POT, HCFs, and KC-HCFs, viability
was less than 10% of those in the control group of the same cell
type. Using 0.7 |jom? fluence for RE-PDT, T-LSCs viability was ap-
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rtalized limbal epithelial stem cells (n=3). b HCE-T: human comeal epithelial cell ine (n = 3). ¢ HCFs: normal primary

human comeal fibroblasts (n= 5} d KCHCFs: keratoconus primary human comeal fibroblasts (n= 5). Ctl: control group (n =3 for T-LSCs and
HCE-T; n=5 for HCFs and KC-HCFs). As asessed by BrdU assay, in the *RB only” and “Slumination only” groups, the proliferation did not differ
sgnificantly from the control grouwp in any of the cell types after 24h (p 2 0.1). Using RB-POT, the proliferation of the cells decreased with increasing
power density after 24 h (*p<0.05, **p<0.01, ***p<0.001, ****p <0.0001).

proximately 24 %, HCE-T viability 16%, and LFGs viability 10% of
those in the control group.

Based on the viability assay, the half-maximal inhibitory con-
centration (ICg) of RB-PDT was 0.318 | fcm? for HCE-T (R? =0.65),
0.317)/an’ for LFCs (R?=0.905), 0.315)an® for T-15Cs
(R*=0.637), 0.217 |/an’ for HCFs (R*=0.73), and 0.185 JJan? for
KC-HCFs (R?= 0.702).

Cell proliferation

Results of the BrdU assay showing cells in the S phase of the cell
cycle are displayed in » Fig.3.

In the “RB only”™ and “illumination only™ groups, proliferation
did not differ significantly from the control group in any of the cell
types after 24h (p=0.1).

In the RB-PDT group, proliferation was significantly lower than
in the control group from 0.14)/an’ fluence in T-LSCs
(p<0.0001), HCE-T (p <0.05), and KC-HFs (p <0.001), and from
0.17 |/am? fluence in HCFs (p <0.05). Using 0.14 |/cm? fluence for
RB-PDT, T-LSCs proliferation was 13% of those in the control
group of the same cell type. Using 0.7 |/cm? fluence for RB-PDT,
HCE-T, HCFs, and KC-HCFs proliferation was 6, 25, and 30% of
the contrals, respectively.
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Using the Brdl assay for LFCs, we did not get reliable measure-
ment results. There were no changes in LFCs proliferation foll ow-
ing RE-PDOT, even with the highest fluence (0.7 ]/on?®, p=0.9, data
not shown ). However, at the same time, LFCs density decreased
following treatment (» Fig. 1).

The authors hypothesized that due to an altered cell structure
of the LFCs, the thymidine analog 5-bromo-2-deoxyuridine (BrdL)
could not be inserted into the DNA, and thus could not be de-
tected with the anti- BrdU-antibodies used in this assay.

Therefore, & an additional measurement, we performed a try-
pan blue &say of LRCs. Uking the trypan blue assay, there were
61.3% dead LFCs 24h after RB-POT and 6.2% in controks
{p=<0.001, Supplement Fig. 51).

Discussion

Photodynamic thermapy was first introduced as keatoconus treat-
ment in 1998 in the form of rboflavin-UvA POT/crossinking
(L) [21]. The riboflavin-LUWA POT is based on photo-induced
C¥L through the creation of new covalent bonds between the col-
lagens and the proteoghycans, establishing a rigid comeal stroma
with the participation of oxygen [22].

Besides riboflavin, RE is also used in (XL procedures, including
skinnerve graft fixation, and tendon repdr, etc. [23-27). Some
researchers reported that based on their animal experiments, the
RE-induced CXL had an equal or even better effect on commeal
stiffness, with less cellular damage and a shorter healing time
compared to riboflavin-UMA CXL [27-29].

The mechanisms behind both PDTs are similar, but there are
several differences that should not be neglected. First, in contrast
to riboflavin, RBE has a special affinity to collagens, which are the
main components of stroma [8,30). Therefore, the penetration
of RB is limited to the superficial 100 pm stromal layer, while the
riboflavin penetration depth is nearly 400pm [31). Furthemmore,
the fluence used for RE-POT and riboflavin- LW A-CKL dif fers as well.
During RE-PDT, 150 |fam?® and during riboflavin-UMA-CHLS.4)/
om? fluence should be used to support collagen bond formation
[32,33).

A variety of studies reported that riboflavin-LVA C¥L damages
keratocytes [33- 35| however, onlya few studies reported on the
cytotoxicity of RE-PDT using animal models [28, 36]. The effect of
RE-POT on human comeal cells, in cell culture experiments, has
not previowsly been analyzed.

In the current study, we proved that viability and proliferation
of HCFs and KC-HCFs are strongly affected by the combination of
RE and green light in a fluence-dependent manner. Cur results
showed that the viability of primary HCFs and KC-HCFs started to
decrease from 0.17 | fom?, which is much lower than the applied
energy setting of RB-POT in anima models (150)/ocm?) [8,37],
and also much lower than the 5.4 |lom?® fluence during clinical ap-
plication of RE antimicrobial therapy [38]. Through increasing the
fluence to 0.7 |/on?, nearty all cells lost their viability in culture,
Furthermore, the RE concentration applied in the present study
was 0L001 % (mjv), in contrast to the 0.1% (mv) dinically used
concentration.

Following RB-PDOT, HCFs proliferation was in line with changes
in viability, with a significant decrease from 0.17 |/ o, However,

haiM et al Acuemoreind of R __

20

in KC-HCFs, proliferation was already significantly reduced using a
lower (0.14 ) /om?) fluence. Our results indicated that KC-HCFs are
maore sensible to RE-POT than HCFs, This is similar to the effect of
riboflavin-UNA-POT in vitro [39]. A previous study found that KC-
HCFs failed to synthesize as much nitric oxide synthase (iNOS) &
HCFs under hypoxic conditions [40]. iNOS supports nitric oxide
(N0} synthesis, which has been reported to have multiple func-
tions in cellular homeostasis, proliferation, and migration [41]).
High NO concentration (higher than 1 pM) reduces cell viability
through an inflammatory response [42). However, a low NO con-
centration may act as an essential molecule in pro-survival|prolif-
eration reactions within the cells after PDT [43). Bazak et al. re-
ported that the growth/imvasion of multiple types of tumor cells
was elicited by iNOS/NO, which was semeted by the tumor cells
after PDT [44). KC-HCFs may also be highly sensitive to RE-POT
due to the deoeased iNOS production during the hypoxic POT
conditions. The explicit mechanisms still need to be elucidated.
LFCs viability was not affected by RE-PDT until 0.35)/om? flu-
ence, which is nearly 2-fold higher than the damaging density in
HCFs. Although LFCs and HCFs' morphology was similar after
RE-POT (» Fig. 1), both responded with different cell surviva to
the same treatment. Ainscough et al. reported that the limbal fi-
broblasts could significantly stimulate the growth of limbal epi-
theliad progenitors and could dso zecret more keratinocyte
growth factor (KGF) compared to the central comea equivalents
[45). KGF i one of the members of the fibroblast growth factor
family and @n be secreted by fibroblasts. Interestingly, Teranishi
et al. found that KGF could protect comeal epithelial cells from all
hypmia-induced detrimental effects [46). Similary, Cai et al. re-
ported that KGF protected the intestinal epithelial cells from hy-
pxia-induced apoptosis [47 ). Based on these data, KGF may also
participate in the regulation of cell surviva in LFCs during PDT and
hypoxia; however, this has to be proven in future experiments.
The Brdl assayis used toidentify proliferating cells from quies-
cent cells in a variety of tissues [48, 49|, but it failed to accurately
capture the growth of LFCsin our study. Our hypothesis is that
thereisan unspecific binding between the BrdU labeling reagent
and the limbal fibroblasts. Although the authors aso tried to apply
alower BrdU concentration (12.5 %), 13 labeling duration, 13 fix-
ation time, and repeat rimsing steps, all these changes did not
have a significanteffect on the measured value. As the BrdU assay
worked wall in al other cell types, we hypothesized that through
speda properfies of LFCs, the assay did not have an appropriate
outcome in these cells. Other methods should be utilized in the
future in order to study LFCs proliferation, i.e., the detection of
Ki-67 protein, a biomarker tightly related to cell cycle progression,
may act as a proper metric to represent cell mitosis [50,51).
Limbal epithelial stem cells (LESCs) participate in comeal epi-
thelia renewal. Therefore, LESCs are resources of the corneal epi-
thelium and are crudal in the mantenance of corneal homeos tasis
[52). In order to protect the limbus and LESCs, clinidans always
choose a proper sized shield covering the corneoscleral area be-
fore RB use [16]. To the best of the authors’ knowledge, there is
no report focusing on the phototoxidty of RE-FOT on human
LESCs and cormeal epithelial cells in vitmo.
Inowrpresent study, we used the T-LSC (limbal epithelial stem
cell line) and HCE-T (differentiated epithelial cell line) cell lines =
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our experimenta models [53, 54). After RE-PDT, T-L5C and HCE-T
viahility decreased from 0.35]/cm? Furthemmore, when the flu-
ence reached 0.7 ]/on?, the viability of TALSCs and HCE-T was
higher than in the analyzed other cell types. From this perspec-
tive, RB-induced phototoxidty was lower on both comeal epithe-
lial cell types.

Concerning cell proliferation, limba epithelial stem cells seem
to be highly sensitive to RE-PDT, since DNA synthesis activity was
significantly reduced from 0.14 [Jom® fluence (p <0.0001). The
proliferation of H{E-T cells alo decreased significantly from
0.14 | fom? fluence (p<0.05) and there was a clear gradient decli-
nation in an energy-dependent manner. In the literature, Bath et
al. reported that hypoxic conditions could help to maintain a low
proliferative rate in limbal epithelial stem cells [55) and, more im-
portantly, hypoxic conditions could facilitate the maintenance of
stemness in LESCs [55,56). This suggests that the differentiation
ability of limbal epithelid stem cells may persist after POT, which
is also an oxygen-lacking condition [57). However, whether the
differentiation ability of LESCs could be influenced through
RE-POT still needs to be further investigated.

Qurstudy has several limitations, Although we tested the pho-
totoxicity of RE-PDT in various types of human comea cells, the
detailed mechanisms behind these phenomena are still lacking.
In addition, we used immortaized cell lines as cell models for lim-
bal epithelial stem cells and corneal epithelial cells, which mayalso
introduce disparities.

CONCLUSIONS
Already known:

= RE-PDT may be a potential treatment method of infectious
keratitis and an effective comeal stiffening procedure.

« In animal modds, comeal RE-PDT was a safe treatment
procedure., However, there is no previous report focusing
on the cytotoxidty of RE-POT on human comeal cells in wi-
tro.

» The effect of RE-PDT on viability and proliferation of cor-
neal epithelial and stromal cells should be evaluated in vi-
tro to provide a practical experimental model for future
analysis.

Newly describedt

» The fluence-dependent phototoxicity of RE-PDTon human
comeal epithaial and stromal calls should be keptin mind.

» The data and the experimental parameters applied in this
study provide a reliable reference for future investigations.
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Abstract

Purpose

Toinvestigate human comeal epithe lial cell and fibroblast migration and growth factor secre-
tion after rose bengal photodynamic therapy (RB-PDT) and the effect of conditioned
rresciem [ CM).

Methods

A human corneal epithelial cell ine (HCE-T), human corneal fibroblasts (HCF) and keratoco-
nus fibroblasts (KC-HCF) have bean used. Twenty-four hours after RB-PDT (0.001% RB
concentration, 565 nm wavelength illumination, 0.17 Jem® fluence) cell migration rate using
scratch assay and growth factor concentrations in the cell culture supematant using ELISA
have been determined. In addition, the effect of CM has been obsened.

Results

RB-PDT significantly reduced migration rate in all celltypes, companed to controls (p<0.02).
Migration rate of HCE-T cultures without RB-PDT (untreated) was significantly higher using
HCF CM after RE-PDT, thanusing HCF CM without RE-PDT (p<0.01). Similarly, untreated
HCF displayed a significantly increased migration rate with HCE-T CM after RB-PDT, com-
pared to HCE-T CM without treatment (p<0.01). Futhermore, ilumination alone and AB-
POT significantly decreased keratinocyte growth factor (KGF) concentration in HCF and
KC-HCF supernatant, and RB-PDT significantly decreased soluble N-Cadherin (SN-Cad)
concentration in HCF supernatant, compared to controls (p<0.01 for all). In HCE-T CM, RB-
POT increased hepatocyte growth factor (HGF) and basic fibroblast growth factor (FGFb)
concentration (p=0.02), while decreasing transforming growth factor B (TGF-B) concentra-
tion (p=0.01). FGFb concentration increased (p<0.0001) and TGF-§ concentration
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decreased (p<0.0001) in HCF CM, by RB-PDT. Epidermnal growth factor (EGF), HGF, and
TGF-§ concentration decreased (p=0.03) and FGFb concentrationincreased (p<0.01) in
K.C-HCF CM, using RB-PDT.

Conclusions

HCE-T, HCF and KC-HCF migration rate is reduced 24 hours after RE-PDT. Incontrast,
HCE-T migration is enhanced using HCF CM after RB-PDT, and HCF migration rate is
increased through HCE-T CM following RB-PDT. Modulation of EGF, KGF, HGF, FGFb,
TGF-g and N-Cadherin secretion through RB-PDT may play an important role in corneal
wound healing.

1. Introduction

Photodynamic therapy (PDT) became a potential treatment albernative in different types of
diseases, in the last decades [1-3]. During PDT, different photosensitizers, such as riboflavin,
Chlorin 6, rose bengal (RB) or 5-aminolevulinic acid and light of an appropriate wavelength
areused [4-7].

Due to its superficial location and transparency, the corneal tissue may also undergo PDT.
Crosslinling (CXL), as riboflavin-UVA-PDT was first introduced by Spoerl et al in 1998 [1].
CXL induces cross-links between the collagen fibers of the corneal tissue increasing corneal
stiff ness and stopping progression of keratoconus [£]. In addition, CXL also has promising
applications in treatment of corneal melting, infectious keratitis, corneal ulcer and bullous ker-
atopathy [9-13].

Rose bengal photodynamic therapy (RB-PDT), using green ight (maximal absorption
wavelength: 550-560 nm) may also be a promising treatment method in several ophthalmic
pathologies [14, 15]. RB-PDT seemed to be an effective corneal stiffening procedure using ani-
mal modds [16, 17]. Furthermore, using RB-FDT, some patients with infectious keratitis suc-
cessfully healed [8, 15].

Although RE-FDT has already been used in patients with corneal pathologies, the effect of
RB-PDT on corneal epithelial cells and fibroblasts has not been fully understeod, yet. In the
current study, our aim was to investigate human corneal epithelial cell and human corneal
fibroblast migration and thar growth factor secretion after RB-PDT, and the epithdial-stromal
interaction through detecting the effects of conditioned medium (CM).

2. Materials and methods

This study was approved by the Ethics Committer of Saarlnd/Germany (Nr. 217/18). All
human tissues were handled according to the Declaration of Helsinki principles.

2.1 Experimental reagents

Dulbecoo’s modified Eagle’s medium (DMEM/F12) (Thermo Fisher Scientific, Waltham,
MA, USA) 5% fetal calf serum (FCS) (Thermo Fisher Scientific, Waltham, MA, USA); 1%
penidllin-streptomydn (P/S) (Sigma-Aldrich, 5t Louis, USA); Collagenase A (Hoffmann-La
Roche, Basel, Switzerland); Trypsin EDTA (Sigma-Aldrich, St. Louis, USA); Epidermal
Growth Factor (EGF, Gibeo, Paisley, UK); Glutamine (Sigma Aldrich, Germany); 1% insulin,
transferrin, and selenium (ITS); PBS (Merck, Sigma-Aldrich, Taufkirchen, Germany); Rose
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Bengal B (C.1. 45440, Carl Roth, Karlsruhe, Germany); RIPA buffer (Thermo Fisher Scien-
tific, Waltham, MA, USA).

2.2 Human corneal epithelial cell line (HCE-T)

The used human cormeal epithdial cell line (HCE-T) was provided by the RIKEN ol bank
(RCB 2280, Ibarakd, Japan ). HCE-T cells were cultured in DMEM/F 12 medium, supplemented
by 5% FCS, 1% F/S, 10 ng'm] EGF and 1% ITS (" HCE-T medium”), using T75 flasks. After
reaching 80% of confluence, HCE-T cells were detached using trypsin EDTA and were seeded
into G-well plates for the subsequent experiments.

2.3 Human corneal fibroblast (HCF) and human keratoconus cormeal
fibroblast (KC-HCF) isolation

Five healthy human corneoscleral buttons were provided by the Klaus Faber Center for Cor-
neal Diseases, induding Lions Eye Cornea Bank Saar-Lor-Lux, Trier Westpfalz, in Homburg.
These tissues didn't meet the requirements for corneal trans plantation, due to low endothelial
cell density {1800 cdljem®). Five human keratoconus corneal samples were obtained from
elective penetrating keratoplasties (all patients signed an informed consent, before surgery).
The donor tissues [ keratoconus samples were first rinsed by PBS, then were cut into small tis-
sue pieces through a surgical salpel (tissue diameter about 5 mm ). Then, the small tissue
pieces were put into a solution containing 1.0 mg/ml collagenase A, supplemented by DMEM/
F12, 5% FCS5, and 1% P/S. After incubation at 37°C overnight, centrifugation has been per-
formed at 1500 rpm for 5 minutes, and the supernatant was discarded. Thereafter, the cell sedi-
ment was resuspended in 1 ml DMEM/F12, supplemented by 5% FCS and 1% PJ/S (~ basic
medium” in the following text) and was seeded into a T75 flask, containing 13 ml basic
medium. The cell containing flasks were subsequently stored at 37°C, using 5% CO,, and 95%
rdative humidity in the incubator. The medium was changed every 4 days. As soon as HCF
and KC-HCF reached 80% confluence, these were harvested by trypsin EDTA and were pas-
saged to 8 new T75 Hasks. After reaching 80% confluence, HCF and KC-HCF were detached
using trypsin EDTA and were seeded into 6-well plates for the subsequent experimen ts.

24 RB-PDT

The RE stock powder was stored in a dark environment until use. As the first step, the 0.001%
(m/v) RB solution was prepared by dissolving the stock powder in HCE-T or basic medium.
After steriization by a 0.2 tm sterilizing filter, the RB solution was stored at 4°Cin darlness,
for up to 1 month.

The illumination box was built and calibrated at the Department of Experimental Ophthal-
maology, Saarland University, Homburg/Saar, Germany. In the present study, besides using
0.001% RB concentration, 565 nm wavelength illumination has been used and illumination
time was always 600 s. During the present measurement series, we used 0.17 J/em® fuence for
all cell types. The used fluenae values have been chosen based on our previous measurement
series, which analyzed cell viability after RE-PDT in vifro [3]. The actually used Auence values
were the lowest values, which already slightly affected cell viability.

When HCE-T, HCF or KC-HCF reached 80% confluence in the 6-well plates, treatment
has been performed, using the following groups:

1. The cells in the control group (Cirl) have been gently rinsed three imes with 3 ml FBS,
without the use of RB orillumination. Then, 2 ml DMEM/F12 supplemented by 1% ITS
and 1% P/S has been added to each well
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2. The cells in the “RB only” group have been allowed to absorb the 0.001% BB solution for 30
minutesat 37°C without farther light illumi nation, which has been followed by gentle rins-
ing three times with 3 ml PBS. Then, 2 ml DMEM/F12 supplemented by 1% ITS and 1% P/
S has been added to cach well.

3. The cells in the " llumination only” group have been rinsed two times with 3 ml PBS, then 3
ml PBES has been added to cach well and the cells have been iluminated by green hght using
0.17 Jfem? fuence, without adding RB. Thereafier, PBS was replaced by 2 ml DMEM/F12
supplemented by 1% ITS and 1% P/S.

4. The cells in the RB-PDT group have been allowed to absorb the 0.001% RB solution for 30
minutesat 37°C, which has been followed by rinsing with 3 ml PBS twice. Thereafter, 3 ml
PES has been added to each well and the cells have been subsequently illuminated using
0.17 Jiem? fuence. Then, PBS was replaced by 2 ml DMEM/F12 supplemented by 1% ITS
and 1% B/S.

2.5 HCE-T, HCF and KC-HCF migration rate after treatment

As the first step, three parallel reference lines have been drawn at the bottom of the wells of the
6-well plates with 5 mm distance. Then, HCE-T, HCF or KC-HCF have been seeded, using
15000 cells/cm” and adding 3 ml HCE-T medium or basic medium. Reaching 80% confluence,
one scratch has been generated in each well, perpendicular to the drawn bottom reference
lines, using 100 [l pipette tips (Eppendorf AG, Hamburg, Germany). Then, treatment has
been performed as desaribed above (groups (1) to (4)).

Phase-contrast images have been taken directly after treatment (0 hour) and 24 hours after-
wards. For cach well, 4 different scratch areas have been photographically documented, along
the previously drawn reference lines (51 Figl, for subsequent analysis,

Images of 3 independent scratch assay experiments using HCE-T cell line and images of
Sindependent scratch assay experiments using HCF (from 5 different donors) and KC-HCF
(from 5 different keratoconus corneas) have been collected.

Phase contrast images have been analyzed using Image] (ht
Migration Rate (MR) has been calculated as follows:

MR = [Wound area (0 h)}-Wound area (24 h)] f Wound area (0 h).

Schematic description of our experiments is shown at Fig 1

j. b, o i/

. The

2.6 HCE-T migration rate using HCF or KC-HCF conditioned medium

In order to observe epithelial cell (HCE-T) and stromal cell (HCF or KC-HCF) interactions
after treatment, conditioned medium (CM ) has been used. For these experiments, only in the
“RB-PDT" chapter described “Cirl” (1) and "RE-PDT” (4) groups have been included.

In brief, HCF and KC-HCF underwent treatment, as described above (only *Ctrl” (1) and
“RB-PDT" (4) groups). Asthe last step of the treatment, 2 ml DMEM/F12 supplemented by
1% ITS and 1% P/S has been added to cach well After 48 hours at 37°C, the HCF or KC-HCF
supernatant has been collected from each well. Cell remnants have been removed from the
supernatant using a centrifugation step (3000 rpm for 4 minutes) to get the subsequently used
HCF or KC-HCF conditioned medium (HCF CM or KC-HCF CM).

HCE-T scratches have been performed as described above and HCE-T underwent treat-
ment (only "Cirl” or "RB-PDT” groups). However, instead of adding 2 ml DMEM/FI12 supple-
mented by 1% ITS and 1% P/S asthe last step of treatment, HCE-T cultures have been
supplemented by the above described 2 ml HCF or KC-HCF CM and were incubated for 24
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Fig L Schematic illustration of the experiments. {a) Human comeal spithelial cells (HCE- T), human corneal fibmblests (HCF) and human keratoconus fibmblsts
(KC-HCF) underwent rane hengal photodynamic therapy ( RB-PDT; (L001% RE concentration, 565 nm waveleng th illumination, 17 Jiem® Buemnee), which was fllwed by
scratch asay (migration rate messurement). Thereafter, the supematant has been collected for the Ensyme-Linked Immunosorbent Asay (ELISA L (b) HCE- T underwent
RE-FDT tr generate HCE- T conditioned medium (CM ). This CM has been added i scratched HCF and KC- HCF cultures to observe its eflect on migration rate. The CM
has aln been collected for ELISA. (¢) HOF and KC-HCFunderwent BB-FDT to generate HUF or KC-HCF CAL This CM has been addal to scratched HOE-T cultures to
observeits effect on migration rate. The CM hasalso been collected for ELISA.
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hours at 37*C. Conditioned media have not been pooled, these have been used separately for
each well.

Scratch assay images from each treatment group have been collected, as described above
directly after treatment (0 hour) and after 24 hours.

2.7 HCF or KC-HCF migration rate using HCE-T conditioned medium

For these experiments, also only in the "RB-PDT" chapter described *Cirl” (1) and *RB-PDT"
(4) groups have been included.

In brief, HCE-T underwent treatment, as described above (only "Ctrl” (1) and “RB-PDT”
(4) groups). As alast step of the treatment, 2 ml DMEM/F12 supplemented by 1% IT5 and 1%
P/S hasbeen added to cach well. After 48 hours at 37°C, the HCE-T supernatant has been col-
lected from each well Cell remnants have been removed from the supernatant using a centri-
fugation step (3000 rpm for 4 minutes) to get the subsequently used HCE-T conditioned
medium (HCE-T CM).

PLOS OME | hitips:fidoi.org/10. 137 1lounal pone. (206022 December 27, 2023 5/19




PLOS ONE

29

RE-POT effects in human com eal epithelial cell and fibroblasts

HCF and KC-HCF scratches have been performed as described above and HCF and
KC-HCF underwent treatment (only "Ctrl” or "RB-FDT" groups). However, instead of ad ding
2 ml DMEM/F12 supplemented by 1% ITS and 1% PF/S as the last step of RE-FDT, HCF and
KC-HCF cultures have been supplemented by the above described 2 ml HCE-T CM and were
incubated for up to 48 hours at 37 °C. Conditioned media have not been pooled, these have
been used separately from each well.

Scratch assay images from each treatment group have been colledted, as described above
directly after treatment (0 hour) and afier 24 and 48 hours.

2.8 Enzyme linked immunosorbent assay (ELISA) of the cell culture
supernaltant

Epidermal growth factor (EGF), keratinocyte growth factor (KGF), hepatocyte growth facdor
(HGF), basic fibroblast growth factor (FGFb) and transforming growth factor f (TGF-f) con-
centrations in HCE-T, HCF and KC-HCF culture supernatant 24 hours after treatment and
scratching have been measured using ELISA (Groups (1) to (4)). In addition, EGF, HGF and
KGF concentration has been measured in 48-hours-conditined HCE-T CM, HCF and
KC-HCF CM (without scratch) and in the supernatant of scratched HCE-T, HCF and
KC-HCF cultures, 24 or 48 hours after addition of different CM.

To perform the ELIS A measurements, DuoSet™ ELISA kits (Epidermal growth factor,
EGF: DY251; Keratinocyte growth factor, KGF: DY 251; Hepatocyte growth factor, HGF:
DY 2494; Basic fibroblast growth fador, FGFb: DY 233 Transforming growth fdor f TGF-fi
DY 240; E-Cadherin: DY648; N-Cadherin: DY 1388-05) were purchased from R&D Systems
(Minneapolis, USA). All measurements were performed in duplicate. The measurement was
performed according to the manufacturer’s protocol. In brief, 100 pl capture antibody was
added to 96-well plates, and these were incubated overnight at room temperature. Thereafter,
100 pl supernatant was added to each well for 2 h. This step was followed by incobation with
the detection antibody for another 2 h. The optical density (OD) value of the wells was detected
using a Tecan Infinite F50 Absorbance Microplate Reader (Tecan Group AG, Minnedorf,
Switzerland) in order to assess growth factor concentration quantitativey. The possessed value
was divided by the total protein concentration of the wel to obtain the concentration in picto-
gram (pg) per milligram protein (mg). This value was used for statistical analysis.

2.9 Statistical analysis

Data have been analyzed using Graphpad Prism version 9.2 (GraphPad Software, San Diego,
CA). Data were expressed as mean + standard error of the mean (SEM). Inorder to compare
multiple groups, one-way ANOV A followed by Dunnett’s multiple comparison test was used
and in order to compare two groups, the unpaired student’s t-test was used. P vahes below
0,05 were considered statistically significant.

3. Results

3.1 HCE-T, HCF and KC-HCF migration rate after treatment

Eig 2 displays phase contrast images of HCE-T, HCF and KC-HCF coltures, directly after
scratching (0 h) and 24 hours after treatments. Fig 3 shows migration rate in the same cultures,
24 hours after treatment. 0.17 [em® RE-PDT significantly decreased migration rate in all cell
types, compared to Cirl (p=0.02). Nevertheless, using RB only, or illumination only, migration
rate did not change in any of the cell types.
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Fig 2. Representative phase contrast images of human comea epithelial aell (HCE-T). (2), human corneal fibroblast
{ HCF) (b) and himnan kenatoconus fibroblast (KC-HCF) (c) cultures directly after scracching (0 h) and 24 hours after
treatment (Scale bar: 50 pm).
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Fig 3. Migration rate in human corneal epithelial cell line { HCE-T) (n=3), human corneal fibmblast (HCF) (0= 5) and human kerat ocomes fhroblast (KC-HCF
(n=5) cell cultures, 24 howrs after treatment and scratching Data are expresed as mean £ 5EM. 0,17 [/em® rose bengal photodynamic therapy | BB-PDT) significantly
decreased migration rate in all cell types, compared o contmls (Ctrl) (p=i0L02) The experiments using primary human comeal fibroblasts (HCF, KC- HOF) were repeated
five times (from five different donaors), while theexperiments using a commercial commeal epithelial cell line (HCE-T) wererepeated three times.
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3.2 Growth factor concentration in the cell culture supernatant, after
treatment and scratching

Growth factor and soluble N-Cadherin (SM-Cad) concentrations in HCF and KC-HCF culture
supernatant 24 hours after treatment and scratching are displayed at Fig 4. EGF, HGF and
KGF concentration was not measurable in HCE-T cell culture supernatant 24 hours after

EGF HGF KGF SMCad

[rye——

o wr (=

Fig4. Epidermal growth factor (EGE), hepatocyte grow th factor (HGE), keratinooy te growth factor (KGF), Souble
MW-Cadherin (SN-Cad) axmcent mtion in human corneal fibroblast (HCF) and homan ke toasmes fibroblast (KC-HCF)
cell cul ture supernatant 24 howrs after treatment and scratching, as assessed by ELISA (n= 5. Data are expremssd as
mean + SEM. 017 [fem® il huri nation akine and 017 [fom® mse bengal photsdynamic therapy (RE-PDT) significanty
decreased KGF comcentration in both cell types, compared to contrals (Ctd) (p<001). In addition, 017 [/on® RB-PDT,
significantly decreased SM-Cad concentration in HCF al ures, compared to contmds (p 001 L
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treatment and scratching. FGFb and TGF-f concentrations were also not measurable in
HCE-T, HCF and KC-HCF cdl culture supernatant 24 hours after treatment and scratching.
0.17 J/am® illumination alone and 0.17 [/em® RB-PDT significantly decreased KGF concentra-
tion in HCF and KC-HCF el culture supernatant, compared to controls (p-<0.01) (Eig 4C).
Mevertheless, EGF and HGF concentration, and KGF concentration in the BB only group did
not differ significantly from other treatment groups 24 hours afier treatment and scra tching
(Eig 4A-4C). Furthermore, 0.17 [/an® RB-PDT, significantly decreased SN-Cad concentration
in HCF cultures, compared to controls (p-0.01).

3.3 HCE-T migration rate using HCF or KC-HCF conditioned medium
HCE-T migration rate after 24 hours, using HCF or KC-HCF CM is displayed at Fig 54 and 5B.

Migration rate of untreated HCE-T caltures was significantly higher using RB-FDT treated
HCF CM, than using HCF CM without RE-PDT (p-<0.01) (Fig 54, Migration rate of
untreated HCE-T cultures was also significantly higher using HCF CM, than with KC-HCF
CM (p=0.01). In addition, migration rate of untreated HCE-T cultures was also signifiantly
higher using HCF CM after RE-PDT, than with KC-HCF CM after PDT (p-0.0001) (Eig 5A4).

Migration rate of RB-PDT treated HCE-T cultures was significantly higher using HCF CM,
than using KC-HCF CM (p = 0.03) (Eig 5B). In addition, migration rate in RB-PDT treated
HCE-T cultures was signifiantly higher using KC-HCF CM after RE-PDT, than using
KC-HCF CM without RB-PDT (p--0.01) (Eig SE).

3.4 HCF and KC-HCF migration rate using HCE-T conditioned medium

HCF and KC-HCF migration rate after 24 and 48 hours, using HCE-T CM is displayed at Fig
SC-5F

Migration rate was significantly higher in HCF, than in KC-HCF after 24 hours, using
HCE-T CM (p-=20.0001). Migration rate was also significantly higher in HCF, than in KC-HCF
after 24 hours, using RB-PDT treated HCE-T CM (p-<0.0001) (Eig 5C).

In RE-FDT treated K.C-HCF cultures, migration rate after 24 hours was significantly higher
using HCE-T CM without RE-PDT, than using HCE-T CM after PDT (p = 0L.04) (Fig 5I).

Migration rate was significantly higher in HCF, than in KC-HCF, after 48 hours, using
HCE-T CM (p-=20.0001). Migration rate was also significantly higher in HCF, than in KC-HCF
after 48 hours, using RB-PDT treated HCE-T CM (p<0.0001). In addition, in HCF cultures,
migration rate after 48 hours, was significantly higher using HCE-T CM with RE-PDT, than
using HCE-T CM without PDT (p-<0.01) (Fig 5E).

3.5 Growth factor concentration in 48 hours conditioned medium, without
scaratching

Growth factor concentration in HCE-T CM (without scratching) and in HCF and KC-HCF
CM (without scratching) is shown at Fig 6.

In HCE-T CM, RE only and illumination only significantly decreased EGF concentration
(p=001; p = 0.04) (Eig 6A). RB-FDT significantly increased HGF and FGFb concentration
(p = 0.0Z p0.0001) and significantly decreased TGF-f concentration (p-<0.01), compared to
controls (Eig 6B, 61 and 6E).

In HCF CM, RE-PDT significantly increased FGFb concen tration (p-<0.0001), and significantly
decreased TGF-f cncentration (p-0.0001 ) compared to controls (Eig6l and 6]). In KC-HCF CM,
RB-PDT significantly decreased EGF, HGF and TGF-fooncentration (p<0.01; p = 0.0% p- 00001}
and increased FGFb concentration (p<0.01}, cympared to controls (Fig 6F, 66, 61 and 6]).
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3.6 Growth factor concentration in the supernatant of scratched cell
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Fig7. Epidermal gmwth facior (EGF), hepatocyte growth factor (HGE), keratinooyte growth fuctor (KGF), soluble E-Cadherin (5 E-Cad) and soluble
N-Cadherin (SM-Cad) concentration in human corneal epithelial cd] (HCE-T) (n = 3), in human corneal fbmblast (HCF) (n= 5) and human
keratoconus fibmblast (KC- HOF) culure supematant (without or with RB-PDT of the scratched HCE-T, HCF or KC-HCF cultures), 24 or 48 howns after
addaition of different CM (2-p)L CM has not been pooled, it has been used sepamtely for different ailtures. Dat are presented as mean + SEM. Signifiantp
values (e 005 ) are indicated.
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previous RB-PDT (p = 0.003) (Fig 7A ). However, both in the supernatant of the scratched
HCE-T cultures with or without RE-PDT, EGF cnomtration was significantly lower using
KC-HCF CM with RB-FDT, than with KC-HCF CM without RE-PDT (p = 0.01 and

p = 0.002) (Fig 7A and 7B). In addition, both in the supernatant of scratched HCE-T cultures
without and with previous RB-PDT, EGF and HGF concentration was significantly lower
using KC-HCF CM without RB-FDT, than using HCF CM without RE-PDT (p=<0.001) (Fig
TA-7D). Bothin the supernatant of scratched HCE-T cultures without and with previons
RE-PDT, EGF and HGF concentration was significan fly lower using KC-HCF CM after
RE-PDT, than with HCF CM after RB-PDT (p<0.002) (Fig 7A-7D).

KGF concentration in the supernatant of the scratched HCE-T cultures after RBE-PDT, was sig-
nificantly lower using KC-HCF CM without RE-PDT than using HCF CM without RB-PDT
(p = 0.02) (Eig 7F). Nevertheless, KGF concentration in the supernatant did not differ significantly
between any of the further scratched HCE-T cultures, using different CM (Eig 7E and 7F).

The soluble E-Cadherin (SE-Cad) concentration remained unchanged in the supernatant
of the scratched HCE-T cultures, with or without RE-PDT, following the addition of HCF and
KC-HCF CM (Eig 7G and 7H).

EGF concentration was significantly lower in the supernatant of the KC-HCF mltures with-
out RB-PDT, than in the supernatant of the HCF cultures without RE-PDT, using HCE-T CM
without RE-PDT (p = 0.02) (Fig 71). Equally, EGF concentration was significantly lower in the
supernatant of the KC-HCF cultures with RB-PDT, than in the supernatant of the HCF cul-
tures with RB-PDT, using HCE-T CM, without RB-PDT (p-<0.0001) (Eig 71). In addition,
EGF and HGF concentration was significantly lower in the supernatant of the KC-HCF cul-
tures without RE-PDT, than in the supernatant of the HCF cultures without RB-PDT, using
HCE-T CM after RE-PDT (p = 0.0004 and p = 0.002) (Fig 71 and 7K). Equally, EGF and HGF
concentration was significantly lower in the supernatant of the KC-HCF cultures with
RE-FDT, than in the supernatant of the HCF cultures with RB-PDT, using HCE-T CM after
RB-PDT (p= 0.002 and p = 0.049) (Fig 7] and 7L).

In the supernatant of the scratched KC-HCF aultures, without RE-PDT, EGF and HGF concen-
tration was ggnificantly lower using HCE-T CM after RB-FDT, than using HCE-T CM without
RB-PDT (p = 0.03 for both) (Fig 71 and 7K). In the supernatant of the scratched HCF ailtures,
with RE-PDT, EGF concentration was signifimntly Jower using HCE-T CM after RB-FDT, than
using HCE-T CM without RE-PDT (p = 0.006) (Eig 71). In the supernatant of the scratched HCF
cultures, without RB-PD'T, HGF concentration was significantly higher using HCE-T CM after
RE-PDT, than using HCE-T CM without RB-PDT (p = 0.02) (Fig 7K). In the supernatant of the
scratched KC-HCF cultures, with RB-PDT, HGF concentration was significantly lower using
HCE-T CM after RE-PDT, than using HCE-T CM without RE-PDT (p = 0.02) (Eig 7L).

In the supernatant of the scratched HCF cultures, without RB-PDT, KGF mncentration
was significantly higher using HCE-T CM after RB-FDT, than using HCE-T CM without
RE-PDT (p = 0.008) (Fig 7M). KGF concentration was significantly lower in the supernatant
of the KC-HCF aultures without RB-PDT, than in the supernatant of the HCF cultures without
RBE-PDT, using HCE-T CM after RB-PDT (p = 0.004) (Fig 7M).

In the supernatant of the scratched HCF cultures, without RB-PDT, SN-Cad concentration
was significantly higher using HCE-T CM after RB-FDT, than using HCE-T CM without
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RE-PDT (p = 0.02) (Fig 70). SN-Cad concentration was significantly higher in the superna-
tant of the KC-HCF arltures with RB-PDT, using HCE-T CM after RB-FDT, than using
HCE-T CM without RB-PDT (p = 0.01) (Fig 7P).

4. Discussion

While RB-PDT hasbeen used as a treatment for corneal pathologies in vivo, the effect of
RE-PDT on human corneal epithelial cells and human corneal fibroblasts has not been ana-
Iyzed in detail, yet.

In contrast to riboflavin-UVA-PDT (crosslinking), which is decreasing corneal fibroblast
viahility with 0.1% riboflavin concentration and 2 J/an® Auence [ 18], a 0.001% rose bengal
concentration already resulted in decreased viability in corneal fibroblasts, using 0.17 Jfem®
fluence [3]. In a previous study, we further demonstrated that the minimum fluenae during
RE-PDT that decreases proliferation for HCE-T, HCF, and KC-HCFis0.14 J/am®, 0.17 Jfan?,
and 0.14 Jfam®, respectively [3]. In this aurrent study, considering the viability data and to
maintain consistency in the preparation of conditioned medium, we used 0.17 Jjem® fluence
for RB-PDT. It is also worth noting that the results of the migration rate reflect the combined
actions of migration and proliferation, both crucial for corneal wound healing [19, 20].

In this study, we observed a dearease in HCE-T, HCF, and KC-HCF migration rate 24
hours after 0.001% RE-PDT, with 0.17 Jfcm® fluence. While there was a decreasing trend, EGF
and HGF concentrations in the cdl culture supernatant did not change significantly across all
cell types. However, KGF concentration significantly decreased in HCF and KC-HCF superna-
tant, 24 hours after the RB-PDT proced ure.

KGF, a well-researched growth factor predominantly produced by corneal fibroblasts, plays
a crucial role in epithdial-stromal interactions by regulating the motility and proliferation of
corneal epithdial cells in a paracrine manner [21, 22]. However, its impact on corneal fibro-
blasts is debated [21, 23-25]. Wilson et al. sugpested that KGF does not stimulate corneal stro-
mal cell proliferation [22], while another study observed a significant increase in keratocyte
density with different KGF concentrations [21]. Recent research by Caiet al. showed that
KGF-2 promotes cell migration in rabbit corneal fibroblasts in vitro [25]. The deaeased KGF
level (Eig 4C) after scratching and RB-PDT in corneal fibroblast cultures may partly explain
the reduced migration rate of HCF and KC-HCF after treatment.

Interestingly, green light ilumination alone also resulted in KGF concentration decrease in
HCF and KC-HCF supernatant, after 24 hours. While previous studies have reported damage
from UVA and green light to human retinal cells [26], the specific impact of green light alone
on cornedl cdls remains unexplored. Further investigation is needed to understand the mecha-
nisms behind the decreased KGF concentration.

During corneal wound healing, interactions between the epithelium and stroma influence
cell proliferation, migration, and differen tiation, with various growth factors plying a role in
this process [2]. To mimic these it ¥ivo interactions, we introduced condiioned medium (Ch)
from RE-PDT-treated stromal cells into scratched corneal epithelial odl cultures, and vice versa.

In HCE-T cultures, using HCF CM after RB-FDT and in HCF cultures, using HCE-T CM
after RB-PDT, the migration rate was signi ficantly higher, than using HCF CMor HCE-T CM
without RB-PDT (Eig 5A and SE). Concurrently, the EGF concentration in HCE-T cultures
using HCF CM after RE-PDT, and the HGF and KGF concentrations in HCF cultures using
HCE-T CM following RB-PDT, were significantly higher, than those using HCF CMor
HCE-T CM without RB-PDT (Fig 7A, 71 and 7K).

EGF plays acrucial role in modulating epithelial-stromal interactions, being secreted by
either epithelial cells or stromal keratocytes [27, 28], Within 30 minutes after wounding, the
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phosphorylation of EGF receptors in corneal epithelial cells has been observed [29]. Numerouws
reports suggest that EGF is essential for both epithelial cell proliferation and migration [24,
30]. The elevated EGFlevel in HCE-T cultures using HCF CM after RB-PD'T may partly
account for the observed differences in migration rates between groups afier 24 hours
(Eig7A).

HGF, like KGF, is secreted by corneal fibroblasts, and both play an important role in fadli-
tating the re-epithelialization process [31, 32]. In the case of an epithelial injury, epithelial cells
rdease tumor necrosis factor-alpha (TNF-w), interleukin-1 (IL-1), and Fas ligand, which, in
turn, stimulate the secretion of HGF and KGF by fibroblasts. These fadors promote the prolif-
eration and migration of corneal epithelial cells [23], potentially explaining the higher levels of
HGF and KGF in HCF cultures after the use of HCE-T CM (Eig 71 and 7K). Furthermore,
HGF is recognized as an anti-fibrotic factor in various organs, as it can counteract the TGF-f
signaling pathway and promote the apoptosis of myofibroblasts [33].

To gain a better understanding of the composition of growth factors in the used CM, we
also assessed EGF, KGF, HGF, FGFb and TGF-B levds in unscratched HCE-T CM, HCF and
KC-HCF CM (Eig 6). We observed that growth factor levels in the aforementioned scratched
cultures (Eig 7) did not entirely mirror the growth factor levels presented in CM, as there was
no change in KGF level in unscratched HCE-T CM, nor EGF change in unscratched HCF CM
(Eig 6C and 6F). Therefore, we suspect that other substances in CM may participate in the reg-
ulation of these growth factors in the scratched cell cultures, such as IL-1ce [34]. Tt is notewor-
thy that in CM ofall cell types, FGFb levels increased and TGF-flevels decreased following
RE-PDT, compared to controls, Both are crucial factors in corneal wound repair. An increase
in FGFb facilitates the activation of epithelial cdls and initiates cell migration, while a decrease
in TGF-f suppresses corneal cell proliferation [34, 35]. Moreover, through the regulation of
cell differen tiation, TGF -f influences the wound healing outcome.

The process of corneal healing following injury involves the collaborative action of various
cell types, inchuding corneal epithelial cells, stromal fibroblasts, bone marrow-derived cells,
immune cells, and cytoldnes [36, 37 ]. Myofibroblasts, characterized by the presence of o-
smooth muscle actin (wSMA), play a crucial role in wound contraction and the secretion of
extracellular matrix (ECM) components. Prolonged presence of myofibroblasts can lead to
cormneal opacity, also known as "haze”. Wilson and Singh described that myofibroblasts can
arise, both from corneal stromal fibroblasts and bone marrow-derived cells in response to
TGF-fand PDGF [38, 39]. In this process, TGF-f can promote the entire developmental pro-
cess of myofibroblast precursor cells to mature myofibroblasts by facilitating the expression of
vimentin and oSMA. Simukaneous presence of TGF-f and PDGF significantly enhances
M A expression, indicating the maturation of myofibroblast precursors. The blockage of
these signals prevents the generation of myofibroblasts after corneal injury [31, 40-43]. Inter-
estingly, a study has suggested that in the presence ofheparin, FGFa and FGFb can reverse
TGF-f mediated myofibroblast generation, leading to a transformation of myofibroblasts into
fibroblasts [44]. In the present study, elevated FGFb levels and decreased TGF-fi levels were
ohserved in all types of CM after RB-PDT treatment. This observation may imply a potential
beneficial role of RB-PDT in preventing excessive myyofibroblast production.

In the healthy comea, E-Cadherin serves as an adhesive molecule among epithelial aells.
Meanwhile, N-Cadherin, functioning as an adhesion molecule for mesenchymal cells, is
expressed in corneal fibroblasts and myofibroblasts [45]. Both E- and N-Cadherin belong to
the Type I mdherin family, named for their dependence on calcium ions (Ca™") [45]. During
wound healing, Cadherin protein expression is intricately regulated due to cell migration and
movement, achieving a dynamic balance [46, 47]. SE-Cad and SN-Cad have different functions
compared to the fullHlength Cadherin, Nevertheless, in different cells types and tissues such as
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in endothelial cells, keratinocytes, pulmonary fibrosis, tumor, and inflammatory diseases, both
SE-Cad and SN-Cad demonstrate a promoting effect on cell migration [47-52].

In this study, SE-Cad levels in scratched HCE-T cultures did not differ between groups (Fig
7H and 7H). Interestingly, in scratched HCF cultures, without RB-PDT, addition of RB-PDT
treated HCE-T CM, increased SN-Cad level of the supernatant (Fig 701, accompanied by an
enhanced migration rate. However, in scratched, RB-PDT treated KC-HCF culture, the addi-
tion of RE-PDT treated HCE-T CM also increased SN-Cad concentration (Eig 7H], but it did
not coincide with an increased migration rate. This might be related to increased susceptibility
of KC-HCF to axidative stress, which might slow down migration, compared to HCF [53]. In
the scratched HCF cultures without the addition of HCE-T CM, we observed deareased
SN-Cad concentration after RB-PDT, compared to untreated controls (Eig 4D, which was
accompanied by a decreased migration rate (Fig 3B). These findings suggest that RB-PDT
influences HCF adhesion and migration behavior by modulating SN-Cad levels, consequently
affecting HCF migration rate.

Interestingly, the impact of PDT on migration and growth factor secretion of corneal cells
differs depending on the photosensitizer/PDT type. Twenty-four hours-conditioned HCF and
KC-HCF supernatant after 0.1% riboflavin CXL increased HCE-T migration [54]. In KC-HCF
cultures, 24 hours after 0. 1% riboflavin CXL, HGF, KGF, FGFb and TGF-f concentration did
not differ significantly from untreated controls [18]. In another study, 24 hours after 100 nbM
chlorin e6 PDT of normal human fibroblasts, KGF secretion sigmificantfly decreased, while
HGF, FGFb and TGF-f concentrations remained unchanged in the cell culture supernatant
155].

In conclusion, the migration rate of HCE-T, HCF, and KC-HCFis reduced 24 hours after
RE-PDT. However, HCE-T migration is enhanced using HCF CM 24 hours after RB-FDT,
and HCF migration rate is increased through HCE-T CM 48 hours following RB-PDT. The
modulation of EGF, HGF, FGFb, TGF-f, and N-Cadherin secretion through RE-PDT may
play a crucial role in corneal wound healing.

Supporting information
51 Fig. The diagram of scratches. Three reference lines were drawn at the bottom of the wells
of the 6-well plates with 5 mm distance. For each well, 4 different scratch areas have been pho-

tographically documented, along the previously drawn reference line
(TIF)
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ABSTRALT

Purpose: To investigate collagen |, collagen W, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB], lysyl oxidase (LOX), tramsforming growth factor @1 (TGF-f1) and interleukin-&
{IL-&6) expression in healthy and keratocomus human comeal fibroblasts (HCFs and KC-HCFs), 24h ORDS
e e R Hurnan cormesl fibroblasts;
Methods: HCFs were isolated from healthy human corneal donors {n= 5} and KC-HCFs from elect- pha amic therapy:
ve pa'lel:ral:i'lq keratoplasties (n=>5L Both cell cultures underwent RB-POT (0.001% RE concentra- Aose Bangak: IL-6; TEF-'ﬁ
tion, 0.17 lem®™ fluence) and 24 h later collagen |, collagen ¥, MF-xB, LOX, TGF-f1 and IL-6 mAMA

and protein expression have been determined using gPCR and Westemn blot, IL-6 concentration in

the cell culture supernatant by ELISA.

Results: TGF-fi1 mAMA expression was significantly lower (p=0.02) and IL-6 mENA expression was

significantly higher in RB-PDT treated HCFs (p=0.01), than in HCF controls. COL1AT, OOLSAT and

TGF-f1 mRAMA expression was significantly lower (p=0.04; p =002 and p=0.0032) and IL-&6 mRMA

expression was significantly higher (p=0.02) in treated KC-HCFs, than in KC-HCF controls. TGF1

protein expression in treated HCFs was significantly higher than in HCF controls (p=0.04). IL-&

protein concentration in the HCF and KC-HCF culture supernatant after RE-POT was significantly

higher than in controls {(p=002; p=0.01L No other analyzed mAMA and protein expression dif-

fered significantly between the RE-POT treated and unireated groups.

Conclusions: Our study demonstrates that RE-PDT reduces collagen |, collagen ¥ and TGFI1

mAMA expression, while increasing IL-& mRAMA and protein expression in KC-HCFs. In HCFs, RE-POT

increases TGF-I1 and IL4 protein level after 24 h.
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Introduction

[n the last decades, photodynamic therapy (PDT) has been
used more and maore frequently in the clinical practice. PDT
is used as antimicrobial or antitumor therapy, or as cross-

extracellular matrix (ECM) components, collagens and cyto-
kines, as response to external stimuli 7

[n ophthalmology, literature data are mainly focusing on
crosslinking (in ectatic corneal diseases) and antibacterial
effect of RB-PDT.>!1

To maintain a healthy corneal shape and the corneal bio-
mechanical properties, the production of collagen in the cor-
neal stroma {mainky type | and type V collagen) is the first
xd.e]:l.:H The covalent bonding between collagen fibers is

linking procedure.'” In ophthalmology, Rose Bengal PDT
{(RB-PDT) has been uwsed as an altermative of riboflavin-
UVA PDT of the cornea®® In RB-FDT, the used photosen-
sitizer is Rose Bengal (RB), which is activated by green light

{wavelength: 500-600nm). During corneal RB-PDT, as a
first step. the epithelium is removed and the Rose Bengal
penetrates into the corneal stroma, before green light illu-
mination.®" The result of RB-PDT, similar to other photo-
dynamic treatments is the formation of the biologically
active singlet oxygen ('05) and formation of covalent bonds
between collagen molecules in a non-enzymatic manner.® In
the corneal stroma, fibroblasts are responsible for mainten-
ance of the stromal homeostasis, through secretion of

important for corneal stiffness and for avoiding the progres-
sion of corneal ectasia. These self-generated connections are
primarily catalyzed by the enzyme lysyl oxidase (LOX)."
Transforming growth factor f§ (TGEF-f) regulates the expres-
sion of multiple components of the extracellular matrix
(ECM). TGF-§ levels have been closely linked to fibroblast
differentiation  into  myofibroblasts,  characterized by
increased expression of x-smooth muscle actin (x-5MA)
along with a concurrent decrease in CD34 lewels.!S!#

CONTACT Mang Chal @ niing.chalguks u g Dr. Aolf M. Schwiete Center for Umksl Stem Cell and Congenital Anindia Research, Saarland University, Kirberger

SEr. 100, Homburg, Saar, 66424, Genmay.
i 1023 Taylor & Frands Groep, LLC
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In case of bacterial keratitis, activation and production of
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and interleukin & (IL-6) is essential during
corneal  inflammatory  response  against  pathogenic
microurganism.'g'm

However, a comprehensive analysis of the impact of RE-
PDT on mRNA and protein expression in human corneal
fibroblasts has not been conducted. yet.

In the present study, our purpose was to determine colla-
gen I, collagen V., NF-xB p65, LOX, TGF-f1. IL-6, x-5MA
and CD34 expression in healthy human corneal fibroblasts
{HCEs) and keratoconus fibroblasts (KC-HCFs), 24h after
RB-PDT.

Materials and methods

This study was approved by the Ethics Committee of
Saarland/Germany (Nr. 217/18). All procedures were per-
formed adhering to the Declaration of Helsinki, an informed
consents were obtained from all participants.

Cell isolation and cell culture

Five healthy human comeal buttons (832431 (79-86)
years; 0% males) were kindly provided by the Klaus Faber
Center for Corneal Diseases, including Lions Eye Bank Saar-
Lor-Lux, TrierWestpfalz. in Homburg. Five human kerato-
conus corneal buttons (48,8 + 18 (29-72) years; 60% males)
were kindly provided by the Department of Ophthalmology
of Saarland University Medicinal Center, from elective pene-
trating keratoplasties.

To isolate keratocytes, healthy and keratoconus corneal
buttons were gently rinsed by PBS (Merck, Sigma-Aldrich,
Taufkirchen, Germany), then these were cut into 3mm
pieces using a surgical blade. Thereafter, tissue pieces were
incubated in a solution containing 1.0mg/ml collagenase A
{Hoffmann-La Roche, Basel, Switzerland) and Dulbecco’s
modified Eagle’s mediuom (DMEM/F12, Thermo Fisher
Scientific, Waltham, MA, USA), which was supplemented by
5% fetal calf serum (FCS, Thermo Fisher Scientific,
Waltham, MA, USA). and 1% penicillin-streptomycin (F/5,
Sigma-Aldrich, 5t Louis, USA) overnight at 37°C
Thereafier, centrifugation has been performed at 1500 rpm
for 5min, and the supernatant was discarded. The cell sedi-
ment was seeded into a T75 flask, containing 13ml of
DMEM/F1Z with 5% FCS, and 1% P/S (basic medium in the
subsequent text). Using FCS containing culture medium,
keratocytes  differentiated into corneal fibroblasts (as
described previously” ™) reaching 80% confluence, these
cells were passaged into T75 flasks for further experiments.

RE-PDT

RB-PDT has been performed, when cells reached approxi-
mately 80% confluence in the T73 flasks. The BB stock pow-
der (C.I. 45440, Carl Roth, Karlsruhe, Germany) was stored
in a light-proved bottle until it was dissolved in basic
medium at 0.001% concentration (miv). After a clear
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solution was obtained, the BB solution was sterilized using a
0.2 pm filter, and was stored at 4°C in darkness up to one
month.

The illomination box was kindly provided by the
Experimental Ophthalmology of Saarland University,
Homburg/5aar, Germany. Within the box, cell coltures
underwent green-light illumination (wavelength: 565 nm) for
600 5, with 0.17 J/em® fluence (LED power: 0.283 mW/cm®).
This was the lowest fluence value affecting corneal fibroblast
viability, according to our previous experiments ™

To perform RE-PDT, the cell colture supernatant was
first removed from the T75 flask. Next, 10ml BB solution
was added to the flask, which was then placed in a 37%C
incubator for 30min. After that, the RE solution was
removed and the cells were gently rinsed twice with 10ml
PBS. Finally, another 10ml PBS was added to the flask
before proceeding with the fdlumination step.

Within the control group, cells were gently rinsed with
10'ml PBS three times, without the use of RE or green light
illumination.

Following RB-PDT or cell rinsing with PBS within the
control group, 13ml serum free culture medium (SFCM)
consisting of DMEM/F12, 1% insulin, transferrin, and selen-
inm (ITS, cat. no. [1884, Sigma-Aldrich, St Louis, USA) and
1% PS5 have been used Cell culture flasks were stored at
37%C for 24h and thereafter, the cells were harvested using
trypsin EDTA (Sigma-Aldrich, St Louis, USA). At the same
time, the supernatant of the cells was collected after a centri-
fugation step (3000 rpm, 4min) to remove cell debris. The
resulting cell pellet and the supernatant were stored at
—80°C before further use.

RNA Isolation and cDNA synthesis

BMNA isolation has been performed using the RMeasy Plus
Mini Kit (cat. no. 74134, QIAGEN., NV, Venlo
Metherlands). following the manufacturer’s protocol. After
gDMNA removal, total ENA concentration has been deter-
mined by a spectrophotometer (Scandrop, Analytik Jena
AG, Jena, Germany). Afterwards, One Tag® RT-PCR Kit
(E53108, New England Biolabs INC, Frankfurt, Germany)
has been used for the reverse transcription process.
Thereafter, the cDNA has been stored at -20°C before fur-

ther measurements.

Quantitative PCR

To detect Collagen 1 (COL1AL) Collagen 5 (COL5AL), NF-
kB pas, LOX, TGE-f1 and IL-6 mRNA expression in cor-
neal fibroblasts following RB-PDT, quantitative PCR (gPCR)
using the CuantStudio 5 Real-Time PCR System {Thermo
Fisher Scientific, Waltham, MA, USA) has been performed.
The used primers are listed in Table 1. qgPCR has been per-
formed in duplicate using an Ace() SYER gqPCR Master Mix
{(Vazyme Biotech, Nanjing, China) and 1 gl cDNA, following
the amplification protocol: 95°C for 10, 60%C for 30s, and
95°C for 155 (in total 40 cycles). We analyzed the relative
expression of genes using the 2% method, with Tata-



binding protein (TBF) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as endogenous controls (using the

mean Cf values of two reference genes).

Western blot

As previously described,™ the collected cell pellet has been
lysed using RIPA buffer (R0278 Sigma-Aldrich, 5t Louis,
USA), and the protein concentration has then been quanti-
fied by Pierce™ BCA Protein Assay Kit (cat. ne. 23227,
Thermo Fisher Scientific, Waltham, MA, USA). The samples
were then stored at -20°C until further use. Before electro-
phoresis, 15ug total protein from each sample was boiled at
95°C for 5min with loading buffer (Cat. #1610747 Bio-Rad
Laboratories, Hercules, USA), and thereafter was loaded to a
precast 4-12% NuPage™ Bis-Tris SD5 Gel (NP0321BOX,
Invitrogen, Waltham, MA, USA). The first lane of the gel
was loaded with 5ul Precision Plus Protein™ Dual Color
Standard (1610374EDU, Bio-Rad Laboratories, Hercules,
USA) as a marker to indicate the molecular weight of the
protein. The proteins were then separated on the gel and
blotted on to 02pm nitrocellulose membrane (Cat
#1704158, Bio-Rad Laboratories. Hercules, USA) using the
Trans-Blot Turbo Transfer System (Bio-Rad). The mem-
branes were then rinsed three times with 5ml Western
Fromx washing solution (5570ML3000 neoFroxx GmbH,
Einhausen, Germany) for 5min, which was followed by
incubation with primary antibody at 4°C. The used antibod-
ies are listed in Table 2. Then. the Western Lightning Plus
Chemiluminescence Reagemt (NEL103001EA, Perkin Elmer
Inc., Waltham, MA, USA) has been used and the signals
were captured by the iBright™ FL1500 Imaging System
({Invitrogen, Waltham, MA, USA). Protein band intensities
were analyzed using the iBright™ Analysis Software 5.0
(Invitrogen Waltham, MA, USA). Finally, the membrane
stripping was performed using the Western Froxx stripping
solution  (1621ML500, neoFroxx GmbH, Einhausen,
Germany). Endogenous f-actin was used as reference pro-
tein for the normalization process.

Table 1. Primers used for gPOA.

Tangeted cOMA Gene symbal  Qlagen Cat. o, Amplicon size bp
Collagen 1 COLIAT QTo003rTes 118
Collagen 5 COLSAT OTo0044527 105
NF-xcB péS HELA QT0EE 24308 136
Lysyl auddase Lo groeaatyan 68
TG TGFE1 QTo00iTIE 108
z-5MA ACTAZ GToO0BRI0Z A3
D34 CC34 GTO00 56457 106
TATA box binding protein  TBP QTo00naTa1 132
GUEP GUSBEFT QTOO0RSI0S 104

Table 2. Antibodies usad for Western blos.
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Enzyme-linked Immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) has been per-
formed to determine IL-6 concentration in the cell culture
supernatant. [L-6 DuoSetw ELISA kit (DY206-05) was pur-
chased from R&D Systems (Minneapolis, USA) and meas-
urements have been performed in duplicate according to the
manufacturer's protocol. In brief, 1001 IL-6 capture amti-
body has been added to 96-well plates. which were incu-
bated overnight at room temperature. After the rinsing and
blocking steps, 100p] cell culture supernatant was added to
each well for 2h, which was followed by the use of the
detection antibody for another 2h. After rinsing the wells
were incubated with 100yl streptavidin, conjugated to
horseradish-peroxidase solution for 20min, and following
addition of the stop solution to the substrate solution, the
quantitative IL-6 concentration value has been measured by
a Tecan Infinite F50 Absorbance Microplate Reader (Tecan
Group AG, Mannedorf, Switzerland). The measured IL-6
concentration value has been divided by the corresponding
total protein concentration value, and this calculated quo-
tient (IL-6 pg/protein mg) has been used for statistical
analysis.

Statistical analysis

The statistical analysis has been performed using GraphPad
Prism 9.2 software (GraphPad Software, S5an Diego. CA)
Data are presented as mean + standard deviation (SD). a
paired Student’s ¢ test has been used. p values below 0.05
were considered statistically significant.

Results

Collagen I, collagen ¥V, NF-xB p63, LOX, TGF-fil and IL-8
mBNA expression in HCFs (n=35) and KC-HCFs (n=3)
24h after 0.17 Jfem® RE-PDT is displayed at Figure 1.

TGF-f1 mRMA  expression was significantly lower
(p=002) and IL-6 mRNA expression was significantly
higher in HCFs 24 h after REB-PDT (p=0.01}, than in HCFs
without RE-PDT (e, f). COL1AL, COL5AL TGF-f1 mBNA
expression was significantly lower (p=0.04; p=0.02 and
p=0.003) and IL-6 mRMNA expression was significantly
higher (p=0.02) in KC-HCFs 24h after RB-PDT, than in
KC-HCFs without RBE-PDT. NF-xB p65 and LOX mBNA
expression did not differ significantly between any of the
RB-PDT treated and untreated groups (Figure 1). z-SMA
and CD34 mRNA had a very low expression level both in
HCFs and KC-HCFs, without and with RB-PDT, compared
to the reference genes) (CT values above 30 in all cases).

Antlbody Cat. no. Manufacturer Dilution Incuhation Hime [4°C)
COLTAT EGASE cell signaling Technology, Ma, Usa 1:1000 Owemikght
COL5SAT zhiods Abcam, Cambridge, UK 11000 Creamikghit
NF-sc s D14E12 cell sigraling Technology, Ma, UsA 1:1000 Owemight

LOX DEFI Cell sigriziing Tech I'IJlI:rgjl'. M&, LA 11000 Creamikgfit
TGER1 ab17o6as Abcam, Cambridge, UK 1:2500 Owermight
-actin zhA127 Abam, Cambridge, UK 1:5000 1 howr
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Figure 1. Collagen |, collagen W, MF-scB p&S, LOX, TGF-#1, I mRMA expression In human comeal fibroblasts (HCFs; n= 5) and human keratoconus fibroblasts (KO-
HCFs; m=35) 24h after 017 1/om® Aosa gengal photodynamic therapy (AB-FOT) a-h). Measurements have besn performed in duplicate. Datz are shown as

mean + standard deviation. Palred ¢ tests have besn

nificantly kower (p = 0.0F) and IL-6 MANA expression was significantly higher (p =

d, and p values below 0,05 were considerad statistically significant. TGF-#1 mANA expression was sig-

0.01) In HOFs 24h after RE-POT, than In HOFs without AB-PDT (e, fl. COL1AN,

COLSA1, TGF-F1 MAMA expressian significantly lower {p = 0.0% p = 0.02 and p = 0003} and IL-6 MAMA expression was significantly higher (p = 0.0Z) In KC-HCFs
24h after RE-POT, than In KC-HCFs without RE-POT (a, b, e, fl. LOX and NF«E p&s mRMA expression did mat difier significantly between any of the groups after

RE-POT fc, d

Collagen L. collagen V, NE-xB p6s. LOX, and TGFE-f1
protein expression in HCFs (n=35) and KC-HCEs (n=3)
and [L-6 protein :’J;pressicln in their cell culture supernatant
24h after 0.17 Ifem™ RB-PDIT is displayed at Figure 2.

TGE-fil protein expression in HCFs was significantly
higher 24h after RB-PDT, than without RE-PDT (p=0.04)
(e). IL-6 protein concentration in the HCF and KC-HCF
culture supernatant was significantly higher 24h after EB-
POT. than without RB-PDT (p=0.02 p=001) (i)
MNevertheless, collagen 1. collagen V, NF-xB p65 and LOX
protein expression did not differ significantly between any
of the RB-PDT treated and untreated groups (Figure 2).

Results are summarized at Table 3.

Discussion

[n the past decade, RE-PDT has emerged as a novel thera-
peutic approach for crosslinking and antimicrobial therapy
in corneal diseases.™ Our aim was to investigate the impact
of RB-PDT on several crucial proteins associated with these

clinical applications. While some studies have examined the
effects of RB-PDT on corneal tissue in animal models,**®

there is limited information available regarding its influence
on corneal stromal cells.

The corneal stroma accounts for 80-90% of the corneal
thickness and is essential for maintaining corneal transpar-
ency.”” Keratocytes within the corneal stroma primarily pro-
duce collagens and proteoglycans, which play a pivetal role
in corneal architecture, biomechanics, and wound healing. ™
When activated by external stimuli such as an epithelial
defect or inflammation, keratocytes can transform into myo-
fibroblasts and fibroblasts, which are more active in collagen
synthesis and cytokine secretion, thereby facilitating the
healing p-ru:l-cess.2 Specifically, collagen 1 is a major compo-
nent of stromal fibrils, while collagen ¥V acts as a regulatory
collagen that assembles with collagen 1 to form properly
sized fibrils.™ In the corneal stroma, collagen fibrils have a
smaller diameter (~25nm) due to the regulation of collagen
V' Collagen V deficient mice exhibit abnormally large
stromal fibrils, resulting in disordered fibril structure and
ultimately the loss of comneal transparency.” Therefore,
healthy secretion and organization of collagens are crucial
for maintaining corneal transparency. particularly in patho-
lngical conditions.
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shown 25 mean + standard deviation. Paired ¢ tests hawe been parformed, and p values below 0.05 were considered statistically significant. TG protein expres-
slon In HCFs was significantly higher 24 b after RE-POT, than without RE-PDT (p = 0u) (). IL-& protein concentration In the HCF and KC-HOF culture supernatant
was significantly higher 24 after RE-POT, than without AE-FOT (p = 002 p = 0.01) (fl. There was no significant differance between any of the other groups.

Table 3. COU, COLS, NFwcB-p6Ss, LOX. TGFE1 and IL-6 mRNA and protein
egpression In human corneal fibrobdasts (HOFs) and keratoconus HOFs (KO-
HCFs) 24h after Rose Bengal photodynamic therapy (RE-FOT), compared to
unirezted contrals.

HC(Fs + RE-POT KC-HOFs + AB-FOT
mANA Froteln mMENA Protein
coLn Unchanged Unchanged Decreasad unchanged
coLs Unchanged Unchanged Decraasad unchanged
MiFaE-phS Unchanged Unchanged Unchanged unichianged
Lo Unchanged Unchanged Unchanged unchanged
TEF{#1 Decremsed Mncregsed Decreasad unchanged
-6 Incremsed Mnireasad ncreased Incremsed

Although RB-PDT has been shown to increase corneal
stiffness,” its impact on collagen synthesis has not been ana-
lyzed, yet. In our current study, although RE-PDT did not
affect collagen production in cell culture, as collagen I and
V' protein expression remained unchanged 24h after treat-
ment, we observed a significant decrease in collagen [ and V
mBNA levels in KC-HCFs 24h after RB-PDT. TGF-f. and
WHNT/fi-catenin pathways may be involved in these gene
expression chan,

After riboflavin-UVA PDT, although one study reported
decreased collagen I, 1II, and V levels in KC-HCFs 12h
after treatment,™ the same treatment did not affect colla-
gen | and V protein levels in keratoconus human corneal
fibroblast cultures after 48 h.™ Timely changes in intracel-
lular collagen synthesis and degradation after photo-
dynamic therapy should be further investigated hath
in vitro and in vive.

Our measurements confirmed that the TGE-§ mBRNA
level was downregulated in both HCFs and KC-HCFs, while
the TGF-f protein level was upregulated in HCFs 24h after
RB-PI¥T. Since TGF-f plays a crucial role in regulating col-
lagen synthesis,™ we suggest that RE-PDT may have a long-
term effect on collagen synthesis, although this effect could
not be wverified in the protein levels of Collagen | and V
within 24h in cell culture. The discordant results between
mBNA and protein levels of TGF-§ in HCFs and KC-HCFs
underscore the complexity of cellular regulatory processes
governing transcription and translation.

Proteins serve as the executors of cellular activities; there-
fore, the processes of transcription and translation are con-
trolled by multiple cellular regulatory mechanisms. There
are several potential reasons for the inconsistency between
the transcription and translation levels of TGE-f. Firstly,
protein levels are influenced not only by mBRNA synthesis
but alse by mRMNA stability. After transcription, mENA
must undergo processes such as splicing, editing. and trans-
portation,”** and numerous post-transcriptional regulatory
mechanisms are involved in this process. For example,
BNA-binding proteins (REPs) can bind to the ¥ or ¥
untranslated regions (UTR) of mENA, influencing its stabil-
ity, subcellular localization, and translation. ™ Therefore,
even though the level of TGF-f1 mRMNA decreased, the pro-
tein level may still be maintained if mBRNA stability
increased after RB-PDT. In addition, from a translation per-
spective, protein levels may differ from mRNA levels due to
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enhanced translation efficdency, which is related to the
secondary structure of mRMA, the size of the tRNA pool,
and the function of ribosomes.” Moreover, protein abun-
dance is determined by both synthesis and degradation, and
the increase in protein levels could also be attributed to
reduced degradation.”

Since TGF-f is critical in the corneal wound healing pro-
cess, the decrease in TGE-f transcription and the upregula-
tion of its protein level in HCFs may indicate a normal
physiological response to RE-PDT as a stimulus. However,
this phenomenon is not chserved at the same time point in
KC-HCFs

TGE-f regulates not only extracellular matrix synthesis
but also influences cell migration and proliferation.'® Studies
have shown that TGF-fi supplementation increases the HCF
proliferation rate but reduces HCF migration."' Song et al
demonstrated that the use of riboflavin-UVA PDT does not
influence TGE-f concentration in the culture of human ker-
atoconus keratocytes at both 5 and 24h after riboflavin-
UVA PDT.™ Similarly, chlorin ef (Ced) as a photosensitizer
and red light {670nm) did not have an impact on TGEF-f
concentration in cultured healthy human keratocytes* In
our study, RB-PDT increased TGE-f protein levels after
24h in HCFs. The elevated TGF-f level can promote fibro-
blast differentiation into myofibroblasts, which are charac-
terized by z-SMA positive cells*® This process is
beneficial for corneal wound healing due to the increased
collagen secretion by these cells in the longer term but may
also lead to corneal haze if TGF-f remains at increased lev-
els for an extended period**"® Nevertheless, our results
revealed that despite the variations in TGF-f levels, there
was no significant change in 2-3MA and CD34 mBNA levels
in any of the cell types following RE-PDT. CT values for
both genes were considerably higher than those for the ref-
erence genes, indicating low transcriptional levels. This sug-
gests that in the short term (24h)., BB-PDT does not
stimulate the transcription of x-5MA and. thus, does not
induce the formation of x-SMA-positive myofibroblasts.
Omne explanation could be that the differentiation of myofi-
broblasts from their precursor cells may take several days."”
Due to the low x-3MA and CD34 transcriptional levels. we
did not investigate protein expression 24h after RE-FDT.
However, the effect of RB-PDT on human corneal cells in
the long term needs further investigation.

RB-PDT can restore corneal stiffness by promoting the
formation of covalent bonds between collagens and proteo-
glycans.™*® Under physiological conditions, LOX is an
important protein that influences corneal stiffness. It cata-
lyzes the synthesis of bonds between neighboring collagen
maolecules using lysine or hydrooylysine groups, contributing
to corneal cross-links.'® Sharif et al. demonstrated that the
use of riboflavin-UVA PDT could increase LOX protein
expression in both humen normal and keratoconus fibro-
blasts 12h after CXL in a 3D model® In our research, we
found that RE-PDT did not affect the expression of LOX at
the mBNA or protein level in normal or keratoconus fibro-
blasts 24 h after RB-PDT. Therefore, it seems that RR-PDT
does not interfere with the cornea’s intrinsic collagen cross-
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linking mechanism, in 2D} cultures. Further research is
needed to clarify the exact short- and long-term effects of
RE-PDT on corneal crosslinks.

pi3 (RelA) is one of the subunits of the NF-xB complex,
which is widely recognized as a pro-inflammatory factor
that regulates various proteins associated with cell survival
and senescence, including IL-6, IL-1f, and tumor necrosis
factor I{I'MF]."I ME-kB activation and its translocation into
the nucleus are closely linked to oxidative stress and the
production of reactive oxygen species (R05,5 and UV

osure is a common cause of ROS formation in the cor-
nea*™* Berger et al. proved that riboflavin-UVA PDT trig-
gers a significant increase in NF-xB transcription in human
healthy fibroblasts but not in human keratoconus fibroblasts,
suggesting that riboflavin-UVA PDT may enhance the
inflammatory response within  the cornea.”™  However,
although RB-PDT can also generate ROS and therefore may
induce cellular hypoxia, our study did not verify changes in
MWE-kB expression, neither at the transcriptional nor at the
translational level. Interestingly. the inflaimmatory cytokine
IL-6 showed a significant increase at the transcriptional and
translational levels in both HCFs and KC-HCFs, 24h after
RB-PDT. NF-xB serves as a tramscription factor located
upsiream; its presence may not be continuously sustained
over time. Mevertheless, IL-6, as an effector molecule, may
be synthesized later and may maintain an increased level
even I4h after RB-PDT. A similar phenomenon was
observed by Berger et al. as NF-xB protein levels did not
increase after riboflavin-UVA PDT. However, a significant
increase in IL-6 concentration was observed at the same
time point in cell culture.® Therefore, similar to riboflavin-
UVA PDT. FB-PDT can enhance the inflammatory response
in both HCFs and KC-HCFs through IL-6 stimulation. In
contrast, Cefi FDT may have an inhibitory effect on the
inflammatory response in the human cornea, as the secre-
tion of IL-6 and IL-8 in keratocytes decreases 5h after treat-
ment and returns to the same level as the control group
after 24h.*" Further research is needed to investigate the
effect of IL-6 after RE-PINT.

It is important to acknowledge the limitations of our
research. Although we collected primary cells from corneal
donors and keratoconus subjects, we obtained measurement
results 24h after RB-PDT. Future studies should include
long-term observations in cell culture and in corneal tissue
after RE-PDT.

In conclusion, our study demonstrates that RE-PDT
reduces collagen [, collagen V., and TGFE-f#1 mBNA expres-
sion while increasing IL-6 mENA and protein expression in
KC-HCFs. In HCFs, RB-PDT increases TGF-f and IL-6 pro-
tein levels after 24 h. These observations may provide a basis
for future research in this field.
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