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2. Zusammenfassung

Kongenitales Aniridie ist eine panokuldre Erkrankung, die durch Iris-Hypoplasie und
aniridieassoziierte Keratopathie (AAK) gekennzeichnet ist, mit einer Prévalenz von
1:40.000 bis 1:100.000. AAK fiihrt zu fortschreitender Hornhauttriibung und
anschlieBendem Sehverlust. Die Stammzellnische der Limbusregion, bestehend aus
verschiedenen Zelltypen und Strukturen, spielt eine entscheidende Rolle bei der
Aufrechterhaltung des Mikroumfelds und der Funktion der Stammzellen des limbalen
Epithels. Basale limbale Epithelzellen, limbale Stromazellen, Nervenenden,
BlutgefiBle, extrazellulire Matrix (ECM) und mikroumwelte Signale tragen zur
Integritdt und Funktion der Nische bei. Keratozyten produzieren hauptsdchlich
ECM-Komponenten wie Kollagene. In AAK-Korneas sind verdnderte
ECM-Komponenten und die Expression fibrotischer Marker (z. B. a-SMA) an der

Entwicklung und Progression von AAK beteiligt.

In der ersten Studie haben wir die potenziellen Auswirkungen des Spenderalters, der
postmortalen Zeit, der Mediumzeit, der Groe des verwendeten Corneoskleralrings,
der  Endothelzellendichte (ECD), des Geschlechts, der Anzahl der
Kulturmediumwechsel wihrend der Organinkultur und des Spenderursprungs auf das
Wachstum limbaler Epithelzellen (LECs) analysiert. Mit einem schrittweisen linearen
Regressionsalgorithmus haben wir festgestellt, dass erfolgreiches LEC-Wachstum mit
niedrigerem Spenderalter, weniger Kulturmediumwechseln wéhrend der Lagerung,
kiirzerer Mediumzeit in der Organinkultur und kleinerer Grofe des

Corneoskleralrings zunimmt.

In der zweiten Studie haben wir die Expression von PAX6 und keratzytenspezifischen
Markern, einschlieBlich Kollagen I (COL1A1), Kollagen IIT (COL3A1), Kollagen V
(COL5A1), a-glatter Muskelaktin (ACTA2), Aldehyddehydrogenase



3-Familienmitglied A1 (ALDH3A1), Keratokan (KER), Lumikan (LUM) und CD34,
in limbalen Stromazellen von AAK-Subjekten bewertet. Wir haben auch die
Auswirkungen von normalem  Glukose-Serum-haltigem  Zellkulturmedium
(NGSC-Medium) und serumfreiem Zellkulturmedium mit niedrigem Glukosegehalt
(LGSF-Medium) auf die Markerexpression in Kontroll-Limbalstromazellen (LSCs)
und Aniridie-Limbalstromazellen (AN-LSCs) untersucht. Es gab eine verdnderte
Expression von PAX6 und keratzytenspezifischen Markern in AN-LSCs im Vergleich
zu denen in gesunden Kontrollen. Untersuchungen zeigten unterschiedliche
Auswirkungen sowohl auf LSCs als auch auf AN-LSCs durch NGSC- und
LGSF-Medium. Die festgestellten Unterschiede in der Expression von PAX6 und
keratzytenspezifischen Markern innerhalb von AN-LSCs konnten potenziell als
entscheidende Faktoren dienen, die den Beginn und Fortschritt von AAK

beeinflussen.

In der dritten Studie haben wir die Auswirkungen der Antipsychotika Ritanserin und
Duloxetin auf die Genexpression in LSCs und AN-LSCs unter Verwendung von
NGSC- und LGSF-Medium in vitro untersucht. Die Ergebnisse ergaben folgende

Schliisselpunkte:

LGSF-Medium und NGSC-Medium haben unterschiedliche Auswirkungen auf die
Genexpression in AN-LSCs und LSCs nach Behandlung mit Ritanserin und
Duloxetin.

Die Behandlung mit den Antipsychotika Ritanserin und Duloxetin verdndert die
PAX6- und TGF-B1-Genexpression in AN-LSCs, die in LGSF-Medium kultiviert
wurden.

Die Behandlung mit Ritanserin und Duloxetin beeinflusst die retinoische
Séure-Signalgebung und die Expression keratozytenspezifischer Marker in AN-LSCs
und LSCs. Diese Behandlungen konnen die Heilung von Hornhautstroma bei

gesunden und angeborenen Aniridie-Korneas beeinflussen.



Um ein umfassendes Verstindnis der Auswirkungen von Antipsychotika auf
angeborene Aniridie-Korneas zu erlangen, ist eine weitere Untersuchung unerlésslich.
Beispielsweise sollten die Auswirkungen unterschiedlicher Glukosekonzentrationen
in zwei konditionierten Medien auf LSCs und AN-LSCs untersucht werden, sowie die
Leistung von Antipsychotika in einem Tiermodell der
PAX6-Haploinsuffizienz-Kornea evaluiert werden. Zusidtzlich konnte eine
multizentrische, randomisierte klinische Studie weitere Aufschliisse {iber Vor- und

Nachteile der Verwendung von Antipsychotika bei der Behandlung von AAK liefern.



2.1 Summary

Congenital aniridia is a panocular disorder characterized by iris hypoplasia and
aniridia-associated keratopathy (AAK), with a prevalence ranging from 1:40,000 to
1:100,000. AAK leads to progressive corneal opacity and subsequent vision loss. The
limbal stem cell niche, comprised of various cell types and structures, plays a crucial
role in maintaining the microenvironment and function of limbal epithelial stem cells.
Basal limbal epithelial cells, limbal stromal cells, nerve endings, blood vessels,
extracellular matrix (ECM), and microenvironmental signals contribute to niche
integrity and function. Keratocytes primarily produce ECM components such as
collagens. In AAK corneas, altered ECM components and expression of fibrotic

markers (e.g., e-SMA) may contribute to the development and progression of AAK.

In the first study, we analyzed the potential effects of donor age, postmortem time,
medium time, size of the corneoscleral ring used, endothelial cell density (ECD),
gender, number of culture medium changes during organ culture, and donor origin on
the outgrowth of limbal epithelial cells (LECs). Using a stepwise linear regression
algorithm, we found that successful LEC outgrowth increases with lower donor age,
fewer organ culture medium changes during storage, shorter medium time in organ

culture, and smaller corneoscleral ring size.

In the second study, we evaluated the expression of PAX6 and keratocyte-specific
markers, including Collagen I (COL1Al), Collagen III (COL3Al), Collagen V
(COL5A1), a-smooth muscle actin (ACTA2), aldehyde dehydrogenase 3 family
member Al (ALDH3A1), keratocan (KER), lumican (LUM), and CD34, in limbal
stromal cells of AAK subjects. We also examined the effects of normal-glucose
serum-containing cell culture medium (NGSC-medium) and low-glucose serum-free
cell culture medium (LGSF-medium) on marker expression in control limbal stromal
cells (LSCs) and aniridia limbal stromal cells (AN-LSCs). There was altered

expression of PAX6 and keratocyte-specific markers in AN-LSCs compared to those



in healthy controls. Investigations revealed distinct impacts on both LSCs and
AN-LSCs by both NGSC- and LGSF-medium. The identified differences in PAX6
and keratocyte-specific marker expression within AN-LSCs could potentially serve as

crucial factors influencing the onset and advancement of AAK.

In the third study, we investigated the effects of the anti-psychotropic drugs ritanserin

and duloxetine on gene expression in LSCs and AN-LSCs using NGSC- and

LGSF-medium in vitro.

The results revealed the following key points:

1. LGSF-medium and NGSC-medium have differing effects on gene expression in
AN-LSCs and LSCs following ritanserin and duloxetine treatment.

2. Treatment with the anti-psychotropic drugs ritanserin and duloxetine alters PAX6
and TGF-B1 gene expression in AN-LSCs cultured in LGSF-medium.

3. Ritanserin and duloxetine treatment affects retinoic acid signaling and the
expression of keratocyte characteristic markers in AN-LSCs and LSCs. These
treatments may impact corneal stromal wound healing in both healthy and

congenital aniridia corneas.

To gain a comprehensive understanding of the effects of anti-psychotropic drugs on
congenital aniridia corneas, further investigation is imperative. For example,
examining the impact of different glucose concentrations in two conditioned mediums
on LSCs and AN-LSCs, as well as evaluating the performance of anti-psychotropic
drugs in a PAX6 haploinsufficiency animal cornea model, should be explored in
future studies. Additionally, a multicenter, randomized clinical trial could further
clarify the advantages and disadvantages of using anti-psychotropic drugs in the

treatment of AAK.



3. List of abbreviations
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ROS
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transforming growth factor-beta 1

5-Hydroxytryptamin
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4. Introduction and motivation

With a prevalence ranging from 1:40,000 to 1:100,000, congenital aniridia, often
associated with Paired Box 6 (PAX6) syndrome, is a rare disease that affects multiple
parts of the eye including the cornea, anterior chamber, iris, lens, retina, macula, and
optic nerve head [1]. Aniridia-associated keratopathy (AAK) represents a progressive
opacification and vascularization in the cornea, mainly due to limbal stem cell
deficiency (LSCD). This condition poses a significant risk to vision and is commonly
observed in individuals with congenital aniridia. AAK typically initiates in the first
decade of life and advances in early adulthood. Its severity is classified using the
Lagali grading, with the progression rate often linked to distinct PAX6 mutations [2].
Understanding the pathogenesis of aniridia is imperative for treatments and

interventions for those affected by this condition.

The cornea is the window to the eye, responsible for two-thirds of its refractive power.
It comprises three distinct layers of cells: a non-keratinized stratified squamous
epithelium, a keratocyte-containing collagen-rich stroma, and a posterior monolayer
of specialized endothelial cells, separated by Bowman's layer and Descemet's

membrane, respectively.

In cases of limbal stem cell deficiency (LSCD), the population of Limbal Epithelial
Stem Cells (LESCs) becomes depleted, dysfunctional, or their supportive
microenvironment undergoes damage. Consequently, this condition manifests as a
distinctive keratopathy with epithelial erosions, persistent epithelial defects, or more
severe complications. The breakdown in limbal barrier function precipitates the
compensatory ingrowth of an inflamed, opaque pannus, accompanied by the
infiltration of conjunctival cells [3, 4]. The application of ex-vivo cultured limbal
epithelial cells (LECs) in addressing LSCD has been thoroughly delineated, elevating
ophthalmology to a leading position in the realm of regenerative medicine [5, 6].

Numerous methodologies for ex-vivo expansion of LESCs have emerged in recent
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years [7-9]. The culture protocols can be categorized into two primary groups: those
employing the explant culture system and those utilizing single-cell suspensions
obtained through alternative enzymatic isolation methods. The techniques utilized in
cultivating LEC exhibit diversity across several dimensions, including the preparation
techniques applied to the harvested tissue, selection of appropriate culture medium,
duration of culture, types of substrates employed, and the incorporation of
supplementary methodologies such as feeder layer utilization, manipulation of oxygen
levels (hypoxia), and the application of airlifting techniques. A better understanding
of the potential factors affecting human LEC outgrowth in vifro may help optimize

LEC culture in vitro.

Limbal stromal cells, situated in close proximity to the limbal epithelial stem cells,
wield significant influence within the limbal stem cell microenvironment [10-12]. In
vivo, stromal cells contribute to the synthesis of extracellular matrix (ECM) like
collagens [13-15]. Previous research has indicated dysregulated expression of ECM
constituents and fibrotic indicators, such as alpha smooth muscle actin (a-SMA), in

AAK corneas [16].

Limbal keratocytes exhibit distinct characteristics compared to limbal fibroblasts,
including differences in appearance, gene expression patterns, transparency, ECM
remodeling, and neuroregulatory capabilities [17-19]. In common commercial media
solutions like Dulbecco’s Modified Eagle’s Medium (DMEM), the glucose
concentration of 4.5 g/L—1 is notably elevated, surpassing physiological levels
observed in the human cornea by 5 to 9 times [20, 21]. Glucose plays a vital dual
function as both a primary nutrient and energy provider for cells, while also serving as
a foundational regulator of cell phenotype in vitro. Its impact extends across various
signaling pathways, orchestrating key cellular responses [22-24]. Consequently, when
grown in vitro using common media compositions such as DMEM supplemented with
1000 mg/L glucose, limbal keratocytes demonstrate an inability to maintain their

typical phenotype as seen in the uninjured cornea or upon initial isolation. Instead,
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they undergo a transformation process resembling differentiation into fibroblasts.
Under normal circumstances, the primary cell type found in the limbal corneal stroma
is the keratocyte, which typically exhibits a dendritic shape [25, 26]. However, in
response to corneal injury or inflammation, these normally inactive keratocytes
transform into myofibroblasts and fibroblasts to aid in the healing process [14, 27, 28].
Previous studies have identified distinctive markers associated with keratocytes, such
as Collagen Type I Alpha 1 Chain (COL1Al), Collagen Type 3 Alpha 1 Chain
(COL3A1), Collagen Type 5 Alpha 1 Chain (COL5A1), Actin Alpha 2Al
(ACTA2A1), Aldehyde Dehydrogenase 3 Family Member Al (ALDH3Al),
Keratocan (KER), Lumican (LUM), and CD34, which demonstrate positivity when
the keratocyte phenotype is present [29]. Moreover, it has been demonstrated that the
exclusion of serum from the culture medium leads to a partial reversion of corneal
fibroblasts to their native keratocyte phenotype in vitro [30, 31]. CD34 serves as an
alternative marker for keratocytes [32] and has been observed to undergo
downregulation following exposure to conventional tissue culture conditions [33].
Throughout the process of keratocyte phenotype restoration, there is an upsurge in the

expression of markers characteristic of keratocytes.

Vicente et al. showed that corneal stromal sections exhibited an anomalous
arrangement of collagen lamellae in AAK [16]. Their research also revealed a
modified expression pattern of extracellular matrix constituents such as COL1A1 and
COLSAL, alongside an increased expression of ACTA2A in untreated AAK corneas
as well as in transplanted corneas. Marta Stoniecka et al. developed an in vitro AAK
model by inducing a mutation in the PAX6 gene via CRISPR/Cas9 technology.
Subsequently, their experimentation revealed a notable reduction in the expression

levels of ALDH3A1 and KER within their model [34].

Ritanserin and duloxetine are both medications used to treat depression. Ritanserin
functions as a potent and targeted antagonist of the 5-Hydroxytryptamin (5-HT)

receptor, also known as the serotonin receptor, helping to alleviate symptoms
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associated with depression [35]. Duloxetine functions as a dual-action antidepressant,
working by impeding the reuptake of both serotonin (5-HT) and norepinephrine (NE)
neurotransmitters within neuronal synapses [36]. Recent studies have discovered that
ritanserin and duloxetine exhibit significant efficacy in restoring endogenous PAX6
expression in mutant limbal epithelial stem cells [37, 38]. While the precise
connection between PAX6 and ritanserin or duloxetine remains uncertain, it is

plausible that these compounds may influence PAX6 expression.

Grewal et al. elucidated that 5-HT possesses the capability to stimulate the
proliferation of renal mesangial cells by directly activating extracellular
signal-regulated kinase (ERK) and triggering a persistent fibrotic response through the
upregulation of transforming growth factor-beta 1 (TGF-f1) expression [39]. They
suggested the following signaling cascade: 5-HT 2A receptor — protein kinase C (PKC)
— NAD(P)H — Oxidase/ Reactive Oxygen Species (ROS) — MEK — ERK — TGF-B1
mRNA. Kim et al. elucidated the pivotal involvement of the 5-HT 2A receptor in the
activation pathway of hepatic stellate cells, triggering their transformation into
myofibroblasts via the activation of TGF-B1. This cascade instigates a series of
deleterious events including lipid peroxidation, mitochondrial impairment, cellular
damage, sustained inflammation, and eventual fibrosis [40]. Numerous prior
investigations have highlighted a correlation between the expression of PAX6 and
TGF-B1. For example, PAX6, acting as a transcriptional regulator, is observed within
the nucleus of both the outer and inner nuclear layers of the mouse retina, where it
co-localizes and engages in interactions with TGF-B1 [41]. Additionally, Yenan Feng
et al. illustrated that utilizing siRNA transfection to suppress PAX6 expression
effectively fosters an increase in both mRNA and protein expression of TGF-$1

within cardiac fibroblasts [42].

In a study by Gao et al., it was observed that in instances of vascular injury, there was
a notable rise in NE levels. This surge in NE was linked to the activation and

proliferation of vascular adventitial fibroblasts, leading to their differentiation into
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myofibroblasts. This differentiation process was accompanied by an increase in levels
of ACTA2A1, TGF B1, and SMAD?3 [43]. In a prior investigation, it was revealed that
the activation of NE prompts the transition of lung cancer cells into a more invasive
and metastatic state by triggering epithelial-mesenchymal transition. This process is
facilitated through the modulation of the TGF B1 signaling cascade [44]. All these
studies strongly suggest that ritanserin and duloxetine, through their antagonism of the
5-HT2 receptor and inhibition or antagonism of NE reuptake, may hold promise in
facilitating the reinstatement of PAX6 expression, potentially linked to the TGF 1

signaling pathway.

However, as far as we know, there hasn't been any analysis conducted on the impact
of ritanserin and duloxetine on the expression of PAX6, TGF-B1, retinoic acid
signaling components, and keratocyte-characteristic markers in limbal stromal cells of
individuals with congenital aniridia. Investigating the effect of ritanserin and
duloxetine on the expression of PAX6, TGF-B1, retinoic acid signaling components,
and keratocyte-characteristic markers of primary human aniridia limbal stromal cells
(AN-LSCs) and limbal stromal cells (LSCs), in vitro, using low glucose serum-free
(LGSF) and normal-glucose serum-containing (NGSC) culture medium, could
provide a comprehensive understanding of the pathogenesis and development of AAK,

and the effect of anti-psychotropic drugs on congenital aniridia limbal stromal cells.



16

4.1 Culturing Limbal Epithelial Cells of Long-term Stored Corneal
Donors (Organ Culture) In Vitro — A Stepwise Linear Regression

Algorithm (Publication 1)[45]

In the study, researchers initially analyzed the potential effects of various factors on
LEC outgrowth using a stepwise linear regression algorithm. These factors included
donor age, postmortem time, medium time, size of the corneoscleral ring, endothelial
cell density (ECD), gender, number of culture medium changes during organ culture,
and the origin of the donor. The analysis involved 304 donor tissues sourced from 29
distinct donating entities, processed and stored at the Klaus Faber Center for Corneal
Diseases. These specimens, obtained from LIONS Cornea Bank Saar-Lor-Lux,
Trier/Westpfalz in Homburg, were utilized for corneal transplantation procedures at
the Department of Ophthalmology of Saarland University and for LEC culturing at
the Dr. Rolf M. Schwiete Center for Limbal Stem Cell and Aniridia Research.

The findings revealed that factors such as donor age, frequency of culture medium
changes during organ culture, duration of medium exposure in organ culture, and the
dimensions of the corneoscleral rim utilized significantly impacted the proliferation of

LEC cultures.

This foundational research provides essential insights for optimizing LEC cultures in

vitro, thereby laying the groundwork for further investigations..
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4.2 Expression of PAX6 and keratocyte-characteristic markers in
human limbal stromal cells of congenital aniridia and healthy

subjects, in vitro (Publication 2)[46]

In vivo, keratocytes primarily produce extracellular matrix (ECM) components such
as collagens [13-15]. Previous studies have indicated altered expression of ECM
components and fibrotic markers, such as a-smooth muscle actin (a-SMA), in corneas
affected by aniridia-associated keratopathy (AAK) [16]. However, gene expression
analysis of limbal stromal cells in individuals with congenital aniridia has not yet
been conducted. Therefore, the aim of this study was to investigate the expression of
PAX6 and keratocyte-specific markers, including Collagen I (COL1AT1), Collagen III
(COL3A1), Collagen V (COL5A1), a-SMA (ACTA?2), aldehyde dehydrogenase 3
family member A1 (ALDH3A1), keratocan (KER), lumican (LUM), and CD34, in
limbal stromal cells of AAK subjects. Additionally, we evaluated the impact of
NGSC-medium and LGSF-medium on the expression of these markers in both LSCs
and AN-LSCs.

In this study, primary human LSCs were isolated from individuals with aniridia
(AN-LSCs) (n=8) and healthy corneas (LSCs) (n=8). We found that PAX6 mRNA
expression significantly decreased in AN-LSCs compared to LSCs in both NGSC-
and LGSF-medium. Furthermore, AN-LSCs exhibited a marked reduction in COL5A41
mRNA expression and notably higher KER and ALDH3A41 mRNA levels compared to
LSCs when cultured in NGSC-medium. Conversely, in LGSF-medium, AN-LSCs
showed a significant increase in COLIAI and COL5A1 mRNA expression compared
to LSCs. Moreover, COL1Al and oa-SMA protein expression were significantly
elevated in AN-LSCs compared to LSCs in LGSF-medium. Additionally, in
LGSF-medium, the COL5A1 protein level in AN-LSCs was significantly higher than
in NGSC-medium.
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These findings suggest that variations in PAX6 and keratocyte-specific marker
expression in AN-LSCs may play a pivotal role in the development and progression
of AAK. Furthermore, both NGSC- and LGSF-medium exerted distinct effects on
both LSCs and AN-LSCs. Further investigations are warranted to explore the
pathogenesis and potential therapeutic strategies for rescuing PAX6 gene expression

and altering keratocyte characteristic markers in AN-LSCs.
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4.3 Effect of the anti-psychotropic drugs ritanserin and duloxetine on
gene expression of primary aniridia and healthy human limbal

stromal cells, in vitro (Publication 3)[47]

Based on the previous study, we know that altered PAX6 and keratocyte-specific
marker expression exist in AN-LSCs, and both NGSC- and LGSF-medium exert
distinct effects on both LSCs and AN-LSCs. In this study, we investigated the effect
of the anti-psychotropic drugs ritanserin and duloxetine on gene expression of
primary human limbal stromal cells from congenital aniridia and healthy subjects, in

vitro.

Ritanserin and duloxetine, both with significant efficacy in restoring endogenous
PAXG6 expression in mutant limbal epithelial stem cells, are medications used to treat
depression [37, 38]. Ritanserin acts as a potent antagonist of the 5-HT2 receptor, also
known as the serotonin receptor, alleviating symptoms associated with depression
[35]. Duloxetine, a dual-action antidepressant, inhibits the reuptake of serotonin

(5-HT) and norepinephrine (NE) neurotransmitters within neuronal synapses [36].

Previous studies have shown that serotonin (5-HT) can stimulate the proliferation of
renal mesangial cells by directly activating extracellular signal-regulated kinase (ERK)
and triggering a persistent fibrotic response through the upregulation of TGF-B1
expression [39]. Additionally, elevated NE levels in vascular injury instances are
associated with the activation and proliferation of vascular adventitial fibroblasts,
leading to their differentiation into myofibroblasts, accompanied by increased levels
of ACTA2A1, TGF B1, and SMAD3 [43]. Numerous research endeavors have
elucidated the correlation between PAX6 and TGF-B1 expression [41, 42].

In this study, primary human limbal stromal cells from aniridia (AN-LSCs) (n=8) and
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healthy corneas (LSCs) (n=8) were -cultured in either LGSF-medium or
NGSC-medium. The expression of PAX6, FOS-like antigen 2 (FOSL2), TGF-f1,
ACTA2A1, LUM, COL1A1, COL5A1, Desmoglein-1 (DSG1), Fatty Acid Binding
Protein 5 (FABPS), Alcohol dehydrogenase 7 (ADH7), and ATP-binding cassette
sub-family G member 2 (ABCG2) was determined by qPCR and Western blot.

The results revealed that in AN-LSCs cultured in LGSF-medium, ritanserin treatment
significantly increased PAX6 mRNA expression while significantly decreasing
TGF-f1 and FOSL2 mRNA expression. Additionally, ritanserin treatment
downregulated TGF-B1 protein level and upregulated FABPS protein level. In LSCs
cultured in LGSF-medium, both ritanserin and duloxetine treatments significantly
downregulated 4CT4241 mRNA expression, while ritanserin treatment significantly
upregulated FABP5 mRNA expression. Duloxetine treatment downregulated a-SMA
protein and upregulated FABPS protein. In LSCs cultured in NGSC-medium,
ritanserin treatment significantly increased LUM, FABPS5, and ADH7 mRNA and

protein expression.

These findings demonstrate that the anti-psychotropic drugs ritanserin and duloxetine
alter PAX6 and TGF-B1 gene expression in AN-LSCs cultured in LGSF-medium and
impact retinoic acid signaling pathways and keratocyte characteristic markers in both

LSCs and AN-LSCs, depending on the culture media used.
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ABSTRACT

Purpose To assess various potential factors on human limbal
epithelial cell (LEC) outgrowth in vitro using corneal donor tis-
sue following long-term storage (organ culture) and a step-
wise linear regression algorithm.

Methods Of 215 donors, 304 corneoscleral rings were used
for our experiments. For digestion of the limbal tissue and iso-
lation of the limbal epithelial cells, the tissue pieces were incu-
bated with 4.0 mg/mL collagenase A at 37°C with 95% rela-
tive humidity and a 5% CO; atmosphere overnight. There-
after, limbal epithelial cells were separated from limbal kera-
tocytes using a 20-um CellTricks filter. The separated human
LECs were cultured in keratinocyte serum-free medium me-
dium, 1% penicillin/streptomycin (P/S), 0.02% epidermal
growth factor (EGF), and 0.3% bovine pituitary extract (BPE).
The potential effect of donor age (covariate), postmortem
time (covariate), medium time (covariate), size of the used
corneoscleral ring (360°, 270°180°, 120°, 90°, less than 90°)
(covariate), endothelial cell density (ECD) (covariate), gender
(factor), number of culture medium changes during organ
culture (factor), and origin of the donor (donating institution
and storing institution, factor) on the limbal epithelial cell out-
growth was analyzed with a stepwise linear regression algo-
rithm.

Results The rate of successful human LEC outgrowth was
37.5%. From the stepwise linear regression algorithm, we
found out that the relevant influencing parameters on the
LEC growth were intercept (p <0.001), donor age (p =0.002),
number of culture medium changes during organ culture
(p<0.001), total medium time (p=0.181), and size of the
used corneoscleral ring (p=0.007), as well as medium time x
size of the corneoscleral ring (p = 0.007).

Conclusions The success of LEC outgrowth increases with
lower donor age, lower number of organ culture medium
changes during storage, shorter medium time in organ cul-
ture, and smaller corneoscleral ring size. Our stepwise linear
regression algorithm may help us in optimizing LEC cultures
in vitro.

heilkd | © 2023, Thieme. All rights reserved.
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ZUSAMMENFASSUNG

Hintergrund Um verschiedene potenzielle Faktoren auf das
Wachstum humaner limbaler Epithelzellen (LEC) aus Horn-
hautspendergewebe nach Langzeitlagerung (Organkultur) in
vitro zu untersuchen, wurde ein schrittweiser linearer Regres-
sionsalgorithmus verwendet.

Methoden Fiir unsere Experimente wurden 304 Hornhautrin-
ge von 215 Spendern verwendet, Zundchst wurden die Ge-
webestiicke mit 4,0 mg/mL Kollagenase A bei 37 °C mit 95%
relativer Luftfeuchtigkeit und 5% CO,-Atmosphére iber Nacht
inkubiert. Danach wurden die limbalen Epithelzellen mithilfe
eines 20 pm CellTricks-Filters von den limbalen Keratozyten
getrennt. Die humanen LECs wurden in KSFM-Medium, 1%
Penicillin/Streptomycin (P[S), 0,02% epidermalem Wachs-
tumsfaktor (EGF) und 0,3% Rinderhypophysenextrakt (BPE)
kultiviert. Der potenzielle Einfluss des Spenderalters (Kovaria-
te), der postmortalen Zeit (Kovariate), des Mediums (Kovaria-
te), der Gréle des verwendeten korneoskleralen Rings (360°,
270°180°, 120°, 90°, weniger als 90°; Kovariate), der Endo-
thelzelldichte (ECD; Kovariate), Geschlecht (Faktor), Anzahl
der Kulturmediumwechsel wihrend der Organkultur (Faktor)

und Herkunft des Spenders (spendende Institution und auf-
bewahrende Institution, Faktor) auf das Wachstum der LEC
wurde mit einem schrittweisen linearen Regressionsalgorith-
mus analysiert,

Ergebnisse Die Rate der erfolgreichen Kultivierung humaner
LEC betrug 37,5 %. Die mit dem schrittweisen linearen Regres-
sionsalgorithmus berechneten relevanten Einflussparameter
auf das LEC-Wachstum waren: Intercept (p <0,001), Spender-
alter (p=0,002), Anzahl der Kulturmediumwechsel wihrend
der Organkultur (p <0,001), Gesamtmediumzeit (p =0,181),
Grifke des verwendeten korneoskleralen Rings (p=0,007)
sowie Mediumzeit und GroRe des korneoskleralen Rings
(p=0,007).

Schlussfolgerungen Der Erfolg der LEC-Kultivierung steigt
mit abnehmendem Alter des Spenders, der geringeren Anzahl
von Wechseln des Organkulturmediums wahrend der Lage-
rung, der kiirzeren Mediendauer in der Organkultur und der
kleineren Grée des korneoskleralen Rings. Dieser von uns be-
rechneter schrittweiser linearer Regressionsalgorithmus kann
uns bei der Optimierung der LEC-Kultur in vitro helfen.

Introduction

The cornea is the window to the eye, responsible for two-thirds of
its refractive power. It consists of three cellular layers: a non-kera-
tinized stratified squamous epithelium, a keratocyte containing
collagen-rich stroma, and a posterior monolayer of specialized en-
dothelial cells, separated by Bowman's layer and Descemet’s
membrane, respectively [1, 2]. Corneal epithelial cells are continu-
ously lost through aging, environmentally induced dryness, and
by the simple act of blinking [3,4]. The putative location of cor-
neal epithelial stem cells (SCs) is the limbus; a 1-2 mm wide tran-
sition zone that separates the cornea from the conjunctiva. The
epithelial SCs of the cornea are located almost exclusively in the
basal layer of the limbus, hence termed limbal epithelial stem cells
(LESCs) [S-8]. Only a small proportion (<10%) of basal limbal
epithelial cells (LECs) are considered to be SCs [4]. The epithelial
SC's function is to replenish and maintain an intact corneal sur-
face, which is essential for clear vision.

In limbal stem cell deficiency (LSCD), LESCs are depleted, be-
come dysfunctional, and/or their niche microenvironment is dam-
aged. This leads to the development of a whorl-like keratopathy,
epithelial erosions, persistent epithelial defects, or worse, with a
breakdown in limbal barrier function and subsequent compensa-
tory ingrowth of an inflamed, opaque pannus with conjunctival
cells [9,10].

The treatment of limbal SC failure using ex vivo expanded or in
situ transplants of LESC grafts has been an important therapeutic
advancement. The use of ex vivo cultured LECs in the treatment of
LSCD is well characterized, and this procedure has placed ophthal-
mology at the forefront of regenerative medicine [11,12]. Many
protocols of ex vivo LESCs expansion have been developed in the
past years [13-15]. These culture protocols could be divided into
two main groups: the ones using the explant culture system or,
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alternatively, the ones in which single-cell suspensions obtained
by a different kind of enzymatic isolation are used. Additionally,
these two main culture systems have some variants.

Thus, explants or cell suspensions could be cultured on differ-
ent surfaces. Culture methods for LEC vary with respect to prepa-
ration of the harvested tissue, choice of culture medium, culture
time, substrates, and supplementary techniques, including the
use of a feeder layer, hypoxia, and airlifting. Ex vivo expansion of
LECs involves the culture of LECs harvested either from the patient
[11], aliving relative [16], or a cadaver [17]. It has been suggested
that limbal tissue that is taken from a cadaver donor should be
placed onto the recipient’s eye within 72 hours of the donor’s
death in order to maintain cell viability [18,19]. However, it is a
common practice in the United Kingdom and Europe to store cor-
neoscleral discs intended for corneal transplantation for up to
4 weeks in an organ culture medium at 28-37 °C [20]. Other stor-
age methods are common in other countries; for example, hypo-
thermic storage at 4°C is used widely in the United States and
Asia. Due to the limited availability of fresh ocular tissue and the
logistic advantages of stored tissue, corneoscleral rings have been
used to generate limbal epithelial cultures for transplantation
[21 -23], usually as explant cultures. The methods used for stor-
ing corneas, however, have been designed to maintain endothelial
cell health. Several studies have shown that the epithelium is
harmed in organ culture and hypothermic storage media, result-
ing in a loss these cells [20, 24] and changes in protein expression
in the limbal epithelium [25]. In addition, there is in vitro a re-
duced proliferative potential of LECs following storage, in organ
culture medium [26-28].

The objective of our present work was to assess various poten-
tial factors on human LEC outgrowth in vitro using corneal donor
tissue following long-term storage (organ culture) and a stepwise
linear regression algorithm.

Klin Monatsbl Augenheilkd | © 2023. Thieme. All rights reserved.



Materials and Methods

Ethical approval

This study was performed in accordance with the Declaration of
Helsinki and followed international ethic requirements for human
tissues. The study was approved by the Ethics Committee of Saar-
land/Germany (No. 41/18).

Donor corneal tissues

Three-hundred and four donor tissues of 215 donors [age:
74.3£26.7 (7-101) years; 80.8% males] were obtained from
29 different donating institutions and were transferred to the
Klaus Faber Center for Corneal Diseases, including LIONS Cornea
Bank Saar-Lor-Lux, Trier/Westpfalz in Homburg for storage. All do-
nor tissues had long-term storage before culture.

Donor corneoscleral rings, which had not been used during
corneal transplantation (remnant tissues, which would have oth-
erwise been thrown away), have been used for our experiments.
Donor postmortem time was 11.6 + 12.4 (0.03-24) hours, me-
dium time was 22.4+15.6 (13.3-38) days, and endothelial cell
density (ECD) before transplantation was 2476 +2255 (1024~
4731)/mm? (» Table 1). We also collected data on the cause of
death of donors and subgrouped these data as follows: (1) heart
disease, (2) lung disease, (3) tumor, (4) sepsis, and (5) other.

Cell culture

The donor corneoscleral rims were first rinsed in phosphate-buf-
fered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA). Then,
round limbal excisions were performed using a 1.5-mm diameter
disposable biopsy punch (Kai Europe GmbH, Solingen, Germany).
Removal of the small, punched, limbal tissue pieces were com-
pleted using surgical microscissors. These tissue pieces reached
approximately half of the cornealfscleral thickness.

For digestion of the limbal tissue and isolation of the LECs, the
tissue pieces were incubated with 4.0 mg/mlL collagenase A (Hoff-
mann-La Roche, Basel, Switzerland) at 37 °C with 95% relative hu-
midity and 5% CO; atmosphere overnight. Thereafter, LECs were
separated from limbal fibroblasts using a 20-um CellTricks filter
(Sysmex Partec, Gorlitz, Germany). The separated human LECs
were cultured in a medium containing keratinocyte serum-free
medium (KSFM; Life Technologies, Paisley, UK), 1% penicillin/
streptomycin (P/S; Sigma-Aldrich, St. Louis, MO, USA), 0.02% epi-
dermal growth factor (EGF; Life Technologies, Grand Island, NY,
USA), and 0.3% bovine pituitary extract (BPE; Life Technologies,
Grand Island, NY, USA). The cells were seeded into a 24-well cul-
ture plate containing 0.5 mL of cell culture medium for each well.
Medium was changed first after 4-5 days, then every 2-3 days un-
til the primary cells attached to the bottom of the plate. When the
cells with LEC morphology reached about 90-95% confluence,
within 7-14 days, these were detached by trypsin digestion
(Sigma-Aldrich, St. Louis, MO, USA) using 0.5g trypsin and 0.2 g
EDTA. The detached cells were divided into 6-well plates for pas-
saging. We defined these LEC cultures as cultures with successful
LEC growth (LEC1 group). Some LEC cultures only reached 50-
90% confluence after 7-14 days. In case of epithelial cell morphol-
ogy, we also included those in the LECT group.
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» Table 1 Baseline characteristics of the 304 donor tissues.

N 304

Age (years) 74.3+26.7 (7-101)

Gender

Male 246 (80.9)

Female 58 (19.1)

Size of the corneoscleral rings

» <90° 7(2.3%)

- 90° 2(0.6%)

= 120° 3(0.9%)

= 180° 115 (37.8%)

= 270° 49 (16.1%)

= 360° 128 (42.1%)

The cause of death of donors

= Heart disease 103 (33.9%)

= Lung disease 29(9.5%)
- Tumor 45 (14.8%)
- Sepsis 28(9.2%)
= Other 99 (32.6%)

Number of culture medium

changes during organ culture

=3 19 (6.2%)

"4 158 (52.1%)

=5 121 (39.5%)

-6 6(2.3%)

11.6£12.4 (0.03-24)
22.4+15.6 (13.3-38)

Postmortem time (hours)
Medium time (days)

ECD (/mm?) 2476+2255 (1024-4731)

Number of donating institutions 29

ECD: endothelial cell density

However, we could not always observe successful LEC growth
in these primary cultures. Some of the cultures did not show out-
growth at all and some others stopped growing at less than about
50% confluence. In some cultures, the epithelial cell morphology
seemed to be destroyed within approximately 14-21 days, as the
growth of fibroblasts LEC outgrowth. These unsuccessful cultures
without sufficient epithelial cell growth or with more than 30% fi-
broblasts were discarded (LEC2 group).

Statistical analysis

There are several competing options to generate prediction mod-
els [29]. The most commonly used setup in this context is a linear
prediction model, which is trained with a set of predictor variables
to mimic the output variables. With large datasets, we could use,

Klin Monatsbl Augenheilkd | © 2023. Thieme. All rights reserved.
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e.g., machine learning tools for built-up prediction models, which
could - dependent on the complexity of the neural network struc-
ture - tend to overfitting. In machine learning applications, the
(typically very large) dataset is split into training, validation, and
test set, and with comparing the performance in the training and
test set, the prediction model is evaluated for potential overfitting
[29].

In contrast, with (linear) regression prediction models - espe-
cially in medical applications - such a split into training and test
set is not performed, and the entire dataset is used to define the
prediction model and later on to evaluate the performance. If
based on a larger dataset, strategies such as hold-out or k-fold
subsampling could be used [29].

In the present paper, the predictor variables were not known a
priori. Therefore, we decided to implement a stepwise linear re-
gression approach, which balances the complexity of the model
with the predictability (the amount of variance that is described
by the model). Such a stepwise linear approach starts with a con-
stant model, and stepwise adds and removes potential predictor
variables based on the statistical significance. In a first step, we
defined all the potential predictors, and the algorithm succes-
sively identified the predictors that have the most impact on the
output variable. This stepwise linear regression approach could
deal with metric as well as categorical variables, and after a couple
of iteration steps, the final model is documented together with
the metrics for the performance. To our understanding, this ap-
proach is suitable for such tasks where a priori, the model predic-
tors are unknown. Beside linear effects of the predictors, we also
included interactions of predictors to consider potential correla-
tions.

The effect of donor age (covariate), postmortem time (covari-
ate), medium time (covariate), size of the used corneoscleral ring
(360°, 270°180°, 120°, 90°, less than 90°; covariate), ECD (covari-
ate), gender (factor), number of culture medium changes during
organ culture (factor), and origin of the donor (donating institu-
tion and storing institution, factor) on the LEC outgrowth was an-
alyzed with a stepwise linear regression algorithm. Initialized with
a constant model, we stepwise included potential parameters, as
outlined above, based on a significance level of p<0.05, and we
excluded parameters if the effect in the linear model was no lon-
ger statistically significant (p 2 0.05). With the relevant influenc-
ing parameters derived from the stepwise linear regression algo-
rithm, a linear estimation equation was set up, which describes
the effect of the above listed covariates and factors (effect sizes)
on the LEC growth (LEC1 or LEC2 groups; target).

Results

The rate of successful human LEC outgrowth was 37.5% [114 tis-
sues grew well (LECT group)], 190 tissues were discarded (LEC2
group). Results of the stepwise multiple linear regression algo-
rithm method are summarized at » Table 2.

Donor age (p<0.001) and the number of culture medium
changes during organ culture (p <0.0001) had a significant nega-
tive effect on successful human LEC outgrowth. However, gender
(p=0.468), postmortem time (p=0.409), medium time
(p=0.662), size of the used corneoscleral ring (360°, 270°, 180°,
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» Table 2 Multivariable linear regression with stepwise variable
selection for the outgrowth of LEC culture. Included variables for
stepwise selection were age, gender, donating institution, post-
mortem time, medium time, number of culture medium changes
during organ culture, the cause of death of donors, and the size of
the used corneoscleral ring. Donor age, number of culture medium
changes during organ culture, and the size of the used corneo-
scleral ring were highly correlated (p <0.05).

B p value
Donor age -0.006 0.003
Number of culture medium -0.282 <0.001
changes during organ culture
Medium time 0.024 0.181
Size of the used corneoscleral ring -0.361 0.007
Medium time * size of the used 0.013 0.015

corneoscleral ring

90°, less than 90°) (p=0.160), ECD (p =0.534), donating institu-
tion (p=0.323), and cause of death of donors (p =0.496) did not
have a significant effect on successful human LEC outgrowth.

From the stepwise linear regression algorithm, we found out
that the relevant influencing parameters on the LEC growth were
intercept (p<0.001), donor age (p=0.002), number of culture
medium changes during organ culture (p<0.001), total medium
time (p=0.181), and size of the used corneoscleral ring
(p =0.007), as well as medium time x size of the corneoscleral ring
(p =0.007). The stepwise linear regression algorithm required, in
total, 3 iterations for convergence.

The resulting linear estimation equation reads:

LEC growth =

2.859 (intercept)

- 0.006147 x donor age

-0.28238 x number of culture medium changes during organ
culture

+0.024394 x medium time

-0.36067 x size of the used corneoscleral ring

+0.013123 x medium time x size of the used corneoscleral ring

The root-mean squared prediction error was 0.431, and the R?
was 0.215. The prediction model significantly outperformed the
constant model [p = 1.5e-12 (F = 14.5)].

The performance of the linear prediction model in terms of
prediction vs. observed LEC growth is shown in the violin plot in
» Fig. 1. In this plot, the kernel distribution of the predicted LEC
growth is plotted for both groups of observed LEC growth (LEC1
and LEC2 groups). The accuracy rate, false-positive rate, and
false-negative rate for the stepwise regression statistical model
are shown in » Fig. 2. With a threshold of around 1.6, the predic-
tion model yields the highest overall accuracy rate.

Klin Monatsbl Augenheilkd | © 2023. Thieme. All rights reserved.
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> Fig. 1 The performance of the linear prediction model in terms of
prediction vs. observed LEC growth. In these violin plots, the kernel
distribution of the predicted LEC growth is plotted for both groups
of observed LEC growth (LEC1 and LEC2 groups).

Discussion

The present study analyzed various potential factors effecting hu-
man LEC outgrowth in vitro using donor corneal tissue following
long-term storage (organ culture). Three-hundred and four donor
tissues of 29 different donating institutions have been included,
which have been processed/stored at the Klaus Faber Center for
Corneal Diseases, including LIONS Cornea Bank Saar-Lor-Lux,
Trier/Westpfalz in Homburg, used for corneal transplantation at
the Department of Ophthalmology of Saarland University and for
LEC culturing at the Dr. Rolf M. Schwiete Center for Limbal Stem
Cell and Aniridia Research. The number of studies analyzing LEC
outgrowth in culture following long-term storage is limited.

Our results showed the influence of donor age, number of cul-
ture medium changes during organ culture, medium time in or-
gan culture, and the size of the corneoscleral rim used on the out-
growth of LEC culture as main factors.

The first important influencing factor was donor age. It has
previously been suggested that there may be a poorer limbal epi-
thelial culture outcome in older donors [27]. This age-related de-
cline may be explained by the age-related decrease in the amount
of stem cell populations at the corneoscleral limbus [30]. Clinical
studies have shown similar results in elderly patients, where epi-
thelial healing may be delayed, in contrast to younger subjects
[31-33]. Notara et al. examined the limbal niche changes with
age using scanning electron microscopy. She described that lim-
bal epithelial crypts and their focal stromal projections appear to
deteriorate with age [30] and this may have a critical effect on lim-
bal stem cell density, phenotype, and regenerative capacity.

Interestingly, exposure of stem cells from older individuals to a
“younger*’ stem cell niche can rejuvenate stem cell function [34].
In our own experience, rather younger donors should be consid-
ered whenever possible. Nevertheless, age-related changes of

Li Zet al. Culturing Limbal Epithelial...

25

80 T T

— Accuracy in %
70 w— False Posilivesin %
— [ alse Negatives in %

Accuracyin %
& 8 8

a8

» Fig. 2 The accuracy rate (blue), false-positive rate (orange), and
false-negative rate (yellow) for the stepwise regression statistical
model. With a threshold of around 1.6, the prediction model yields
the highest overall accuracy rate.

the corneoscleral limbus still should be studied more in detail in
the future.

In the Klaus Faber Center for Corneal Diseases, including LIONS
Cornea Bank Saar-Lor-Lux, Trier/Westpfalz in Homburg, the cor-
neoscleral buttons were stored for up to 28 days. First, medium |
was used, which is an isotonic medium (307 mOsmol/kg) con-
taining 10% minimum essential medium, antibiotics (1% P/S and
1% amphotericin B), 1% L-Glutamin, 1.25% Hepes puffer, 3%
NaHCO3, and 2% fetal calf serum) and this was changed every 7-
10 days. Thereafter, as a second step, before corneal transplanta-
tion and before initiation of the LEC cultures, corneoscleral but-
tons were stored up to 4 days in medium Il (with the same ingre-
dients as medium | but with the addition of dextran T500 6%).
With dextran T500 6%, the osmolarity of the organ culture me-
dium changed from 307 to 353 mOsmol/kg, turning the medium
to a hyperosmotic solution that allows deswelling of the donor
corneal tissue [35-39]. Along our results, the number of culture
medium changes during organ culture should be as low as possi-
ble for a successful in vitro limbal stem cell culture. To date, most
studies only deal with improving corneal organ culture conditions,
focusing on endothelial cells [40-42]. Nevertheless, previous
studies did not describe the possible LEC damage through me-
dium |, or changes of the medium (with its osmotic stress) [43].
Logically, frequent medium change, with repeat cell stress, may
also result in the loss of LECs [44]. Interestingly, Valtink et al. ob-
served that corneal epithelial cells may be more susceptible to cul-
ture medium composition than corneal endothelial cells [45]. In
addition, potential pH changes may also play an important role
in corneal LEC loss in culture, which could also be studied in the
future.

In contrast to number of culture medium changes in organ cul-
ture, medium time alone did not have a significant effect on hu-
man LEC outgrowth. It has been proven that high melecular
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weight dextran is intracellularly absorbed by the epithelial cells,
but extracellular dextran will also remain in the cornea in organ
culture [38,40,46,47]. Damage to basal epithelial cells has been
observed from the third day in organ culture medium containing
dextran [40]. Nevertheless, during corneal banking, not more
than 4 days before use for transplantation, corneal transplants will
not be stored in organ culture medium containing dextran [40,
46,47]. The exact role of dextran and medium time has to be clari-
fied in the future, increasing the sample size.

In our study, we also observed that the size of the used cor-
neoscleral ring was inversely correlated with the LEC culture out-
come, which contradicted our expectations. Nevertheless, pre-
vious research has found an inverse relationship between the cor-
neal button size and the swelling tendency in culture, which may
also influence the peripheral diffusion of culture medium [43]. In
addition, Molvaer et al. described that the limbal epithelial crypts
were predominantly located in the superior limbal region [48].
Therefore, the success of LEC outgrowth could also be correlated
with the origin of the limbal tissue piece (superior vs. inferior re-
gion, etc.), which has to be further analyzed in detail.

Although we expected better LEC outgrowth properties in do-
nors with a sudden death (i.e., cerebrovascular causes or cardio-
vascular disease with a shorter morbidity period), similar to the
previous results of Robert et al. [49] and Spelsberg et al. [51], we
also did not find a relationship between the cause of death of do-
nors and successful LEC outgrowth. There was also no significant
effect of donor gender [50] or postmortem time [31] on LEC out-
growth, similar to previous reports.

ECD decreases at an average rate of 0.6% per year, with a grad-
ual increase in endothelial polymegethism and pleomorphism
[20]. Numerous studies have demonstrated the potential toxicity
of dextran on endothelial cells in medium Il during organ culture
[49,51,52]. Although we analyzed the effect of ECD on LEC out-
growth, our results did not indicate ECD as an influencing factor.

Numerous studies have shown that LSCD can be treated and
healed by transplantation of cultured LECs [53 -56]. Thus, we in-
vestigated factors influencing LEC outgrowth in culture using do-
nors from long-term storage organ culture. The success of LEC
outgrowth increased with lower donor age, lower number of or-
gan culture medium changes during storage, greater medium
time in organ culture, and with the use of smaller corneoscleral
ring sizes for LEC culture. We could develop a stepwise linear re-
gression algorithm, which may help us in optimizing LEC culture
in vitro. Nevertheless, besides these laboratory findings, the suc-
cess in clinical use of these cultures has to be evaluated in order
to improve limbal stem cell therapy in the future.

In summary, the success of LEC outgrowth increases with lower
donor age, lower number of organ culture medium changes dur-
ing storage, shorter medium time in organ culture, and smaller
corneoscleral ring size. Our stepwise linear regression algorithm
may help us in optimizing LEC culture in vitro.

Li Z et al. Culturing Limbal Epithelial...

CONCLUSION BOX

Already known:

= Due to the limited availability of fresh ocular tissue and the
logistic advantages of stored tissue, corneoscleral rings
have been used to generate limbal epithelial cell (LEC) cul-
tures for transplantation, usually as explant cultures.
Nevertheless, the effect of potential factors on LEC out-
growth in vitro has not been previously analyzed using a
stepwise linear regression algorithm.

= Our present work assessed various potential factors on
human LEC outgrowth in vitro using corneal donor tissue
following long-term storage (organ culture) and a stepwise
linear regression algorithm.

Newly described:

= The success of LEC outgrowth increases with lower donor
age, lower number of organ culture medium changes dur-
ing storage, shorter medium time in organ culture, and
smaller corneoscleral ring size.

= Our stepwise linear regression algorithm may help us in
optimizing LEC culture in vitro.
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ABSTRACT

Purpose: Our aim was to examine the expression of PAX6 and keratocyte-specific markers in human
limbal stromal cells (LSCs) in congenital aniridia (AN) and in healthy corneas, in vitro.

Methods: Primary human LSCs were extracted from individuals with aniridia (AN-LSCs) (n=8) and
from healthy corneas (LSCs) (n=8). The cells were cultured in either normal-glucose serum-containing fibroblasts; limbal keratocytes;
cell culture medium (NGSC-medium) or low-glucose serum-free cell culture medium (LGSF-medium). aniridia-associated keratopathy;
Analysis of PAX6 and keratocyte-specific markers was conducted using gPCR and Westem blotting. PAX6

The keratocyte-specific markers included Collagen | (COL1A1), Collagen Ill (COL3A1), Collagen V

(COL5A1), a-smooth muscle actin (ACTA2), Aldehyde Dehydrogenase 3 Family, Member A1l

(ALDH3A1), Keratocan (KER), Lumican (LUM), and CD34.

Results: PAX6 mRNA expression exhibited a significant decrease in AN-LSCs compared to LSCs in

both NGSC- and LGSF-medium (p=0.04; p=0.014). There was a marked reduction in COL5AT mRNA

expression (p=0.011), accompanied by notably higher ALDH3AT and KER mRNA levels (p=0.007;

p=0.013) in AN-LSCs compared to LSCs when using NGSC-medium. In LGSF-medium, AN-LSCs

showed a significant increase in COLTAT and COL5AT mRNA expression compared to LSCs (p=0.048;

p=0.002). Moreover, COL1A1 and a-SMA protein expression were significantly elevated in AN-LSCs

compared to LSCs in LGSF-medium (p=0.048, p=0.008).

Conclusions: Our investigation affirms the altered expression of PAX6 and keratocyte-specific

markers in AN-LSCs relative to healthy controls. Both NGSC- and LGSF-medium exerted distinct

effects on both LSCs and AN-LSCs. The observed variations in PAX6 and keratocyte-specific marker

expression in AN-LSCs may play a pivotal role in the development and progression of

aniridia-associated keratopathy.

Introduction

With an incidence of 1:40,000 to 1:100,000, congenital
aniridia caused by PAX6 mutations is a rare panocular dis-
order impacting the cornea, anterior chamber, iris, lens, ret-
ina, macula, and optic nerve head.!-* PAX6, a DNA-binding
transcription factor, directly regulates various upstream and
downstream transduction pathwa),fs,“'5 In congenital aniridia,
PAX6 haploinsufficiency in most cases leads to pre- and
postnatally altered PAX6 gene expression, resulting in struc-
tural changes in different eye components.

Probably the most significant clinical sign, affecting visual
acuity of congenital aniridia patients is aniridia associated
keratopathy (AAK). PAX6 plays a crucial role in guiding the
migration and differentiation of corneal epithelial cells,
influencing the process of corneal wound healing.** In AAK,
there is progressive limbal epithelial stem cell deficiency,

with impaired corneal epithelial cell differentiation,

migration and adhesion, corneal conjunctivalization and
development of a vision-threatening, thick, corneal vascular-
ized pannus.®® This is accompanied by recurrent corneal
erosions and chronic irritation.™"”

The limbal stem cell niche, consisting of several types of
cells and structures plays a decisive role in maintaining lim-
bal epithelial stem cell microenvironment and function.
Basal limbal epithelial cells, limbal stromal cells, nerve end-
ings, blood vessels, extracellular matrix and microenviron-
mental signals play an important role in niche integrity and
function.'-'¢

Limbal stromal cells, in close proximity to the limbal epi-
thelial stem cells, have an important role to play in the lim-
bal stem cell niche.""="*"" There are limbal fibroblasts and
keratocytes, which produce cornea-specific extracellular
matrix (ECM,)'”" and have unique properties of self-renewal,
plasticity and a role in modulation of immune responses.’*-*
Nevertheless, only a few studies analyzed gene expression of
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limbal keratocytes and fibroblasts in the past-% In vivo,
the main role of keratocytes is production of ECM compo-
nents such as collagens.”-*° Previous studies have shown
that there is an altered expression of ECM components and
fibrotic markers (e.g. a-SMA) in AAK corneas.>® Nevertheless,
to the best of our knowledge, gene expression of limbal stro-
mal cells in congenital aniridia subjects has not been ana-
lyzed, yet.

In our current study, we aimed to examine the expression
of PAX6 and keratocyte-specific markers, including Collagen
I (COL1A1), Collagen III (COL3A1), Collagen V (COL5AL),
a-smooth muscle actin (ACTA2), aldehyde dehydrogenase 3
family member A1 (ALDH3A1), keratocan (KER), lumican
(LUM), and CD34, in both control limbal stromal cells
(LSCs) and aniridia limbal stromal cells (AN-LSCs).

Materials and methods
Ethical approval and consent to participate

Our study was approved by the Ethics Committee of Saarland,
Germany (No. 172/20). We performed our work according to
the Principles of the Declaration of Helsinki. All aniridia sub-
jects signed an informed consent before surgery.

Cell culture

Limbal stromal cell culture

1.5mm limbal biopsies of eight healthy normal control eyes
(age: 73.5+15.5 (58-89) years; 3 (37.5%) males) and 1.5mm
limbal biopsies of 8 aniridia eyes (age: 34.5%+29.5 (5-64)
years; 3 (37.5%) males) have been used for our experiments.
Aniridia samples have been obtained from patients of the
Department of Ophthalmology, Saarland University Medical

Table 1. Age and gender of healthy donors.

Healthy Donor No. Age (years) Gender

1 89 Male

2 64 Female

3 76 Male

4 82 Female

5 66 Female
6 58 Female

7 72 Male

8 72 Female
Mean+SD (min-max) 735+15.5 (58-89) 37.5% Male

30

Center, Homburg/Saar, Germany. Control limbal biopsies
were obtained from corneal donor eyes of the LIONS Cornea
Bank Saar-Lor-Lux, Trier/Westpfalz, Homburg/Saar, Germany.

Before surgery, all aniridia patients underwent slittamp
examination bilaterally, in order to Grade AAK, according to
Lagali et al33? Descriptive data of healthy and aniridia
samples are summarized in Tables 1 and 2.

Limbal stromal cells were isolated as described by Chai
et al.¥ Both healthy and aniridia human limbal biopsies
were first incubated in 0.5mg/ml collagenase A (Hoffmann-La
Roche, Basel, Switzerland) overnight at 37°C. Then, the sus-
pensions were filtered through 40pm Flowmi cell strainers
(Cat-No.: H13680-0040, Bel-Art, Wayne, USA) into one 24
well plate, to remove limbal epithelial cells and incompletely
dissociated cells. To obtain the limbal stromal cells, the
strainer was washed with 500pul PBS and 500p 0.05%
trypsin-EDTA, which was followed by an incubation for
5min to separate cell clusters. Thereafter, the enzyme reac-
tion was stopped using DMEM supplemented by 5% FCS.
The filtrate was subsequently centrifuged at 1500¢g for 5min
to sediment stromal cells and the supernatant was removed
afterwards. The stromal cells were seeded into one 6 well
using DMEM supplemented by 5% FCS. Cells were incu-
bated at 37°C with 95% relative humidity and 5% CO,, and
the medium was changed every 2 to 3days until stromal
cells reached confluence. Thereafter, the cells were cultured
in 75cm? culture flasks following dispersal with 0.05%
trypsin-EDTA for 5min.

The first two days, cell cultivation was performed using
DMEM/F12, 5% FCS and 1% P/S (standard procedure for
fibroblast cultures) to obtain typical fibroblast cell morphol-
ogy. This culture medium will be later on referred as
normal-glucose serum-containing cell culture medium
(NGSC-medium) in the text. NGSC medium has been
proven to be effective for culturing corneal fibroblasts, as
described by Foster et al?*¥ As limbal epithelial cells are
extremely sensitive to specific components of the culture
medium and hardly grow in culture medium for stromal
cells, this step further assured us (beside the use of 40um
Flowmi cell strainers for filtering the cells according to their
size) to grow purely fibroblast cultures.®*%

To induce the keratocyte-specific phenotype, NGSC-medium
was replaced with low-glucose serum-free cell culture medium
(LGSF-medium) after 2days (at approximately 20% cell con-
fluence), as described by Foster et al3® The LGSF-medium

Table 2. Age, gender, aniridia associated keratopathy (AAK) stage (according to Lagali et al. [32,33]) and genetic information details of aniridia subjects in our

study.
Aniridia
Patient No. Age (years) Gender AAK stage Genetical information details
1 50 F 4 PAX6 missense mutation (c.1268A>T)
2 16 F 4 PAX6 deletion (c. 753_754delGC)
3 2 F 4 PAX6 deletion (21422.12q22.2(36,472,360-39,889,694) x1
4 64 F 4 PAX6 deletion (c. 753_754delGC)
5 30 M 3 PAX6 mutation (c. 1191T (g227X))
[ 12 M 4 PAX6 missense mutation (c. 607C>T)
7 46 k 5 PAX6 deletion (c. 753_754delGC)
8 1 M 2 PAX6 deletion (c. 753_754delGC)
Total 289+295 (2-64) 3 (37.5%) Male 2 (12.5%);
3 (12.5%);
4 (62.5%);

5 (12.5%)




comprised low-glucose DMEM (Cat-No.: D6046, Sigma
Aldrich, St. Louis, MO, USA), supplemented with 1 mM
L-ascorbic acid (Cat-No.: A8960, Sigma Aldrich, St
Louis, MO, USA), 2g/l D-glucose (Cat-No.: X997, Carl
ROTH, Karlsruhe, Baden-Wiirttemberg, DE), 2.5g/l
D-mannitol (Cat-No.. 8883.1, Carl ROTH, Karlsruhe,
Baden-Wiirttemberg, DE), 1% insulin transferrin selenite
(ITS, No. 1884, Sigma-Aldrich, St. Louis, Missouri, USA),
and 1% P/S.

Subsequent cell culture procedures involved the use of
NGSC-medium for fibroblasts or LGSF-medium for kerato-
cytes, as described by Foster et al.’® Keratocytes were culti-
vated for a minimum of 14days with bi-weekly medium
changes before harvesting. Cell passages 3 to 8 were utilized
for the experiments.

As the growth of corneal stromal cells suppresses corneal
epithelial cell growth in vitro, the use of cells from passage
3 to 8 for our experiments further supported us with purely
fibroblast cultures, as limbal epithelial cells do not survive in
direct co-culture with stromal cells using low FCS concen-
tration culture medium for an extended period of time.***

Our measurements were conducted using healthy limbal
stromal cells (LSCs) and aniridia limbal stromal cells
(AN-LSCs) in NGSC-medium and in LGSF-medium. Stable
cultured cells in LGSF-medium at approximately the 14th
day were included in our experiments. The cell pellet was
frozen at -80°C until further use.

Central stromal cell culture

1.5mm central corneal biopsies of 8 healthy normal donor
corneas (age: 30.9+20.2 (2-64) years; 2 (25%) males) under-
went the same isolation and culturing procedure, as described
above, both in NGSC and LGSF culture media. These cor-
neas were also obtained from the LIONS Cornea Bank
Saar-Lor-Lux, Trier/Westpfalz, Homburg/Saar, Germany and
their cultures were used as controls for characteristic stromal
cells markers.

Morphological analysis

In order to observe limbal stromal cell morphology in NGSC
or LGSF culture medium, phase contrast images have been
taken at day 7 for NGSC and at day 7 for LGSF culture
medium groups, using a Carl Zeiss Microscope with 10x
objectives. Images were taken using an AxioCam ERc5s camera.

Cell proliferation and live/dead assay

Cell proliferation was assessed with the Cell Proliferation
ELISA BrdU (colorimetric) Kit, following the manufacturer’s
instructions. All cell types were reseeded in 96-well plates.
In the NGSC medium group, LSCs and AN-LSCs were
seeded at a density of 1.0x 107 cells/cm? (100 pl/well) (n=4).
Cells were cultured for 7days until reaching 70% conflu-
ence, then 10ul/well of BrdU labeling solution was added,
and the cells were incubated at 37°C for 6h for BrdU
incorporation.
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In the LGSF medium group, LSCs and AN-LSCs were
first seeded at a density of 1.0x10* cells/cm?® (100 pl/well)
(n=4) in NGSC medium, for 24h. Then, the NGSC medium
was replaced by LGSF medium (at this time-point, there was
about 20% cell confluency) and cells were cultured for 7 days
until reaching 70% confluence. Thereafter, 10pl/well BrdU
labeling solution was added, which was followed by 6h
incubation time at 37°C, for BrdU incorporation.

For both NGSC and LGSF culture medium groups, after
removing the medium, cells were fixed with FixDenat solu-
tion from the test kit and were incubated with an anti-BrdU-
POD monoclonal antibody (100ul/well) for 90min to bind
the incorporated DNA. Subsequently, the solution was
removed, and all wells were rinsed three times with washing
buffer (200ul/well for each washing step). Next, 100 ul/well
tetramethyl-benzidine substrate solution was added, followed
by 50ul/well of 1-N sulfuric acid to stop the reaction after
sufficient color development for photometric detection
(10-30min). Plates were analyzed using a Tecan Infinite
Reader (Tecan Group AG, Minnedorf, Switzerland) at
450nm wavelength, with a reference wavelength of 690 nm.

We further used the trypan blue assay to analyze the ratio
of live and dead cells in culture. LSCs and AN-LSCs were har-
vested using trypsin EDTA and were centrifuged at 2000rpm
for 4min. Thereafter, we removed the supernatant, and added
30pl NGSC medium or LGSF medium and 30pl trypan blue
solution. Then, 10pl NGSC medium or LGSF medium was
added in order to resuspend the cells, incubated at room tem-
perature for 5 mins, and to calculate the percentage of dead
cells in a hemocytometer (W(Q-0344, Neolab, Germany).

Evidence on limbal stromal cell culture purity

Limbal stromal cell purity was supported by the use of 40 um
Flowmi cell strainers, to separate limbal epithelial cells from
limbal stromal cells. In addition, the use of NGSC medium
supported limbal stromal cell growth, enabling only limbal
stromal cells to survive in our cultures. As we used limbal
stromal cells from passage 3 to 8 for our experiments, poten-
tial growth of limbal epithelial cells in our cultures was again
made impossible, as limbal epithelial cells do not survive in
direct co-culture with stromal cells using low FCS concentra-
tion culture medium for an extended period of time?***”

Nevertheless, to further assure presence of limbal stromal
cells in our cultures, ALDH3Al, keratocan, and CD34
mRNA expression has been determined in the used cell cul-
tures, both with NGSC and LGSF culture media.?® These
gene expressions were also compared to those in cultures of
purely central stromal corneal cells.®® In addition, ABCG2,
p63 and keratin 19 (KRT19) mRNA expression has been
determined in LSCs, using both culture media.

RNA isolation and cDNA synthesis

RNA isolation followed the manufacturer’s protocol using
the Total RNA Purification Plus Micro Kit (Norgen Biotek,
Ontario, Canada). Eluted RNA was stored at -80°C until
c¢DNA synthesis, which was performed using the One Taq"
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RT-PCR Kit (New England Biolabs INC, Frankfurt,
Germany). A total of 200ng of total RNA served as a tem-
plate for all samples during ¢cDNA synthesis. The resulting
cDNA was then stored at -20°C.

Quantitative PCR

Table 3 summarizes the used primers for gPCR. The quan-
titative Polymerase Chain Reaction (qPCR) mixture (total
volume: 9pl) comprised 1pl of the specific primer solution,
5ul SYBR Green Mix (Vazyme, Nanjing, China), and 3l
nuclease-free water. Following the manufacturer’s instruc-
tions, samples were processed in a 9yl volume with 1pl
c¢DNA. The QuantStudio 5 real-time PCR system (Thermo
Fisher Scientific, Waltham, MA, USA) was employed for
qPCR, utilizing amplification conditions of 95°C for 10s,
60°C for 30s, and 95°C for 15s (40 cycles). Each sample
underwent duplicate measurements, and values were normal-
ized using Tata-binding protein (TBP) and Beta-glucuronidase
(GUSB) as endogenous control genes through the AACT
method. For statistical analysis, fold changes (2-**“"-value)
were calculated, with LSCs in NGSC-medium as the refer-
ence (fold change = 1).

Protein quantification

Upon reaching confluence, cells from a 75-cm? flask were
lysed in 80ul RIPA buffer (Thermo Fisher Scientific,
Waltham, MA, USA), and the protein concentration was
assessed using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The measurement
took place with the Tecan Infinite F50 Absorbance Microplate

Table 3. Primer pairs used for qPCR.

Primer sequence or Manufacturer {company,

Primer QIAGEN catalog number city, country)
PAX6 QT00071169 Qiagen NV, Venlo, the
Netherlands
Collagen 1A1 (COL Q100037793 Qiagen N.V., Venlo, the
1A1) Netherlands
Collagen 3A1 (COL QT00058233 Qiagen N.V., Venlo, the
Netherlands
Collagen 5A1 (COL QT00044527 Qiagen N.V., Venlo, the
5A1) Netherlands
ACTA 2A1 QTO0088102 Qiagen NV, Venlo, the
Netherlands
ALDH 3A1 QT00097636 Qiagen N.V., Venlo, the
Netherlands
Keratocan (KER) QT00021280 Qiagen N.V., Venlo, the
Netherlands
Lumican (LUM) QT00058982 Qiagen N.V., Venlo, the
Netherlands
(D34 QT00056497 Qiagen NV, Venlo, the
Netherlands
ABCG2 QT00073206 Qiagen N.V., Venlo, the
Netherlands
P63 Q02424251 Qiagen N.V., Venlo, the
Netherlands
Keratin (KRT19) QT00081137 Qiagen N.V., Venlo, the
Netherlands
MKi67 (Ki67) Qr00014203 Qiagen N.V., Venlo, the
Netherlands
TBP QT00000721 Qiagen N.V., Venlo, the
Netherlands
GUSB QT00046046 Qiagen N.V., Venlo, the
Netherlands
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Reader (Tecan Group AG, Minnedorf, Switzerland) at a
wavelength of 560nm. Bovine serum albumin served as the
standard, and measurements were conducted in duplicate.

Western blot analysis

For Western blot analysis, 20 g total protein samples were
boiled in 5pl Laemmli-Buffer for 5min at 95°C and loaded
onto a precast 4-12% NuPage™ Bis-Tris SDS Gel (Invitrogen,
Waltham, MA, USA). The first well included 2.5 pl Precision
Plus Protein™ Dual Color Standard (Bio-Rad Laboratories,
Hercules, USA) for molecular weight determination.
NuPAGE™ MOPS SDS Running Buffer (20x) (Thermo Fisher
Scientific, Waltham, MA, USA) served as the electrophoresis
buffer. After protein separation, semi-dry blotting on a
nitrocellulose membrane was conducted using the Trans-Blot
Turbo Transfer System (Bio-Rad Laboratories, Hercules,
USA) following the pre-installed blotting protocol for
high-molecular-weight proteins.

The membrane was incubated with No-Stain™ Protein
labeling reagent (ThermoFisher Scientific® GmbH, Dreieich,
Germany) to determine the total protein amount per lane for
normalization. The membrane underwent three washes with
10ml Western Froxx washing solution (BioFroxx GmbH,
Einhausen, Germany) for 5min, followed by overnight pri-
mary antibody incubation at 4°C. The utilized antibodies are
detailed in Table 4. Primary antibodies were diluted in a com-
bined blocking and secondary antibody solution (WesternFroxx
anti-Rabbit HRP; BioFroxx GmbH, Einhausen, Germany).
After removing the antibody solution, the membrane was
washed three times with 10ml washing solution.

Protein band detection utilized the Western Lightning
Plus Chemiluminescence Reagent (PerkinElmer Inc,
Waltham, MA, USA), and the iBright™ CL1500 Imaging
System (Cat-No.: A44114, Thermo Fisher Scientific, Waltham,
MA, USA) was employed for chemiluminescence detection.
Subsequently, membrane stripping was carried out using the
Western Froxx stripping solution (BioFroxx GmbH,
Einhausen, Germany) for further antibody incubation.

Statistical analysis
Statistical analysis and diagram preparation were performed

using GraphPad Prism 9.2.0. Quantitative PCR data were

Table 4. Antibodies used for Western blot.

Manufacturer (company,

Antibody Catalog number city, country) Dilution
PAX6 AB2237 Millipore, Watford, UK 1:200
Collagen 1A1 84336 Cell Signaling Technology, 1:1000
(COL1AT) MA, USA
Collagen 5A1 ab7046 Abcam, Cambridge, UK 1:5000
(COL5A1)
a-SMA (ACTA 2A1) 19245 Cell Signaling Technology, 1:1000
MA, USA
Keratocan (KER) PA5-79552 Thermo Fisher Scientific, 1:2000
Waltham, MA, USA
Lumican (LUM) MA5-35135 Thermo Fisher Scientific, 1:1000
Waltham, MA, USA
CD34 26233 Cell Signaling Technology, 1:1000

MA, USA




presented as the geometric mean with geometric standard
deviation, while western blot data were expressed as
mean + standard deviation (SD). The Mann-Whitney U-test
was employed for comparing two groups, One-way ANOVA
was used to compare three or more groups, with P values
<0.05 considered statistically significant.

Results
Limbal stromal cell morphology

Phase-contrast images depicting corneal stromal cells in
NGSC- or LGSF-medium are presented in Figure 1(A-D). On
the initial day in culture, cell morphology remained consistent
in both NGSC- and LGSF-medium. However, thereafter, both

NGSC-medium
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healthy and AN-LSCs exhibited distinct morphologies depend-
ing on the culture medium type (NGSC- vs LGSF-medium).
In NGSC-medium, fusiform-shaped cells typical of fibroblasts
were observed (Figure 1(A,C)). Corneal LSCs in NGSC-medium
reached confluence on day 7, maintaining their fusiform
shape and subsequently initiating stratification.

Conversely, LGSF-medium displayed dendritic cell mor-
phology indicative of the presence of keratocytes (Figure
1(B,D)). In LGSF-medium, dendritic-shaped corneal LSCs
ceased proliferation on the 7th day in culture. Although
dendritic-shaped corneal LSCs retained their morphology, a
significant cell loss was observed on the 21st day in culture.
Morphological differences between corneal LSCs of aniridia
and healthy subjects were not evident, regardless of the cul-
ture medium used.

LGSF-medium

LSCs

AN-LSCs|

Proliferation, BrdU assay
NGSC-medium LGSF-medium

0.4

03

0.2

0.1

0.0
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LGSF medium

NGSC medium LGSF medium
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Figure 1. Corneal limbal stromal cell {(LSCs) and aniridia limbal stromal cell (AN-LSCs) morphology, proliferation and viability (trypan blue assay) using normal-glucose
serum-containing cell culture medium (NGSC-medium) or low glucose serum free medium (LGSF-medium) for 7days (A-J). E and F show LSCs and aniridia LSCs
(AN-LSCs) proliferation using NGSC medium (E) or LGSF medium (F) for 7 days, using the BrdU assay (n=4), G-J display results of the trypan blue assay on the

7th day in culture.

At the above time-points, there was a stable L5Cs (A, B) and AN-LSCs morphology in culture (C, D), both in NGSC and LGSF culture media. In NGSC-medium, there were fusiform shaped
«cells characteristic for fibroblasts (A, C). Using LGSF-medium, there was a dendritic cell morphology indicating the presence of keratocytes (B, D).

LSCs and AN-LSCs proliferation did not differ significantly using NGSC (E) or LGSF (F) culture medium (p=0.549, p=0.661). Following 7 days in culture using NGSC medium, there was
trypan blue positivity in 2.1% of LSCs and 2.4% of AN-LSCs, without a significant difference in both cell types (p=0.639) (G, I). Following 7 days in culture using LGSF medium, there

was trypan blue positivity in 4.6% of scale bar: 50pm.
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Limbal stromal cell proliferation and live-dead assay

LSCs and AN-LSCs proliferation in NGSC and LGSF
medium is displayed in Figure 1(E,F). LSCs and AN-LSCs
proliferation did not differ significantly using NGSC or
LGSF culture medium (p=0.549, p=0.661).

Live-dead assay of LSCs and AN-LSCs using NGSC- and
LGSF-medium is displayed at Figure 1(G-J). Following
7days in culture using NGSC medium, there was trypan
blue positivity in 2.1% of LSCs and 2.4% of AN-LSCs, with-
out a significant difference in both cell types (p=0.639).
Following 7days in culture using LGSF medium, there was
trypan blue positivity in 4.6% of LSCs and 4.4% of AN-LSCs,
without a significant difference in both cell types (p=0.800).

Limbal stromal cell culture purity - Keratocyte-
characteristic marker expression of limbal vs Central
stromal cells

In NGSC-medium, there was no significant difference in
ALDH3Al and CD34 mRNA expression between central
stromal cells and LSCs (p=0.517; p=0.183). However, KER
mRNA expression was significantly higher in central stromal
cells compared to LSCs (p=0.006) (Figure 1(A)).

Similarly, in LGSF-medium, ALDH3A1 and CD34 mRNA
expression did not show a significant difference between cen-
tral stromal cells and LSCs (p=0.517; p=>0.999). Nevertheless,
KER mRNA expression was significantly higher in central
stromal cells compared to LSCs (p=0.002) (Figure 1(B)).

ABCG2, p63 and KRT19 mRNA expression in LSCs did
not differ significantly, using NGSC or LGSF culture medium
(p=0.158) (Supplemental Figure 1).

mMRNA expression of limbal stromal cells, in vitro

PAX6 mRNA expression of healthy vs aniridia limbal
stromal cells

PAX6 mRNA expression exhibited a notable decrease in
AN-LSCs compared to LSCs using both NGSC-medium
(p=0.04) and LGSF-medium (p=0.014). While PAX6 mRNA
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expression showed no significant difference in LSCs using
NGSC or LGSF medium, it was significantly elevated in
AN-LSCs using NGSC-medium compared to LGSF-medium
(p=0.007) (Figure 3(A)).

Keratocyte-characteristic marker expression of healthy vs
aniridia limbal stromal cells

Under NGSC-medium conditions, there were no significant
differences in COLIAI, COL3Al1, LUM, and CD34 mRNA
expression between AN-LSCs and LSCs (p>0.999; p=0.209;
p=0.536; p=0.165) (Figure 3B(C,H,I)). However, AN-LSCs
exhibited significantly higher ALDH3Al and KER mRNA
expression compared to LSCs (p=0.007; p=0.013) (Figure
3(EG)), while COL5A1 and ACTA2 mRNA expression were
significantly lower in AN-LSCs than in LSCs (p=0.011;
p=0.041) (Figure 3(D,E)).

In LGSF-medium, there were no significant differences in
COL3Al1, ACTAZ2AI, ALDH3Al, KER, LUM, and CD34
mRNA expression between AN-LSCs and LSCs (p=0.165;
p=0165 p=090% p=0536; p=0232 p=0620) (Figure
3(C,E-I)). Nonetheless, COLIAI (p=0.048) and COL5AI
(p=0.002) mRNA expression was significantly higher in
AN-LSCs than in LSCs (Figure 3(B,D)).

Keratocyte-characteristic marker expression of LSCs and
an-L5Cs using NGSC- vs LGSF-medium

In LSCs, there were no significant differences in COLIAIL,
ACTA2, and ALDH3A1 mRNA expression between NGSC-
and LGSF-medium (p=0.343; p=0.456; p=0.209) (Figure
3(B,E,F)). However, COL3A 1, KER, LUM, and CD34 mRNA
expression was markedly lower in NGSC-medium compared
to LGSE-medium (p=0.002; p=0.001; p=0.003; p=0.001)
(Figure 3(C,G,H,I)), while COL5AI mRNA expression was
significantly higher with NGSC-medium than LGSF-medium
(p=0.002) (Figure 3(D)).

In AN-LSCs, there was no significant difference in
ALDH3A1 mRNA expression between NGSC- and
LGSF-medium (p=0.165) (Figure 3(F)). Nevertheless,
LUM mRNA expression was significantly higher with
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Figure 2. Keratocyte phenotype marker ALDH3A1, KER and CD34 mRNA expression in healthy limbal stromal cells (LSCs) and in healthy central stromal cells
(CSCs), using normal-glucose serum-containing (NGSC-) cell culture medium (A) and low-glucose serum- free (LGSF)-medium (B) (n=8). Values are shown using a

logarithmic scale (Log 2), as geometric mean and SD. Mann-Whitney U test has been used. Significant p values (< 0.05) are highlighted.
ALDH3AT and CD34 mRNA expression did not differ significantly in LSCs and in C5Cs, neither in NGSC, nor in LGSF medium. Nevertheless, KER mRNA expression was significantly higher

in central stromal cells, than in LSCs, both in NGSC and LGSF medium (p=0.06; p=0.002).
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Figure 3. PAX6, COL 1A1, COL 3A1, COL 5A1, ACT2A1, ALDH3A1, KER, LUM and CD34 mRNA expression in healthy limbal stromal cells (LSCs) and in aniridia
limbal stromal cells (AN-LSCs), using normal-glucose serum-containing (NGSC-) cell culture medium (A) and low-glucose serum- free (LGSF}-medium (B). Expression
of the same genes in LSCs (C) and in AN-LSCs (D), using NGSC or LGSF culture medium. Values are shown using a logarithmic scale (Log 2), as geometric mean
and SD. A Mann-Whitney U test has been used. Significant p values (< 0.05) were highlighted in the diagrams.

In NGSC medium, PAX6, COLSAT and ACTA 2A1 mRNA expression was significantly lower in AN-LSCs and ALDH3AT and KER mRNA expression was significantly higher in AN-LSCs, than
in LSCs (p<0.013). In LGSF medium, COLTAT and COLSAT mRNA expression was significantly higher in AN-LSCs, than in LSCs (p <0.048).

NGSC-medium than LGSF-medium (p=0.001) (Figure
3(H)). Conversely, COLIAI, COL3AI, COL5A1, ACTA2,
KER, and CD34 mRNA expression was significantly lower in

NGSC-medium compared to LGSF-medium (p=0.019;
p=0.001; p=0.026; p=0.001; p=0.038 p=0.001) (Figure
3(B,C,DEG.I)).
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Figure 4. Protein expression of keratocyte-characteristic molecular markers in healthy limbal stromal cells (LSCs) in normal-glucose serum-containing cell culture
medium (NGSC)- and low-glucose serum- free (LGSF)-medium, and in aniridia limbal stromal cells (AN-LSCs) in NGSC- and LGSF-medium (n=8) (A-E). Values are
expressed as mean+standard deviation (SD). Representative COL1A1, COL5A1, a-SMA, KER and LUM blots are shown at Figure (F). COL1A1 was detected as double
band at 243 and 196kDa. Total protein normalization (TPN) factors are presented below each lane. Significant p values (< 0.05) were highlighted in the

diagrams.

In LGSF medium, COLTA1 and a-SMA protein expression was significantly higher in AN-LSCs, than in LSCs (p<0.048). Nevertheless, none of the analyzed protein expressions differed

significantly between LSCs and AN-LSCs neither in NGSC medium (p=0.105).

mRNA expression levels in passages 4 to 6 in LSCs and
an-LSCs, using NGSC-medium

To verify that varying cell passages in LSCs and AN-LSCs
do not affect outcomes, we analyzed the mRNA expres-
sion levels of PAX6 and keratocyte-specific markers
(COL1AI, COL5A1, ACT2A1, KER, and LUM) in LSCs
and AN-LSCs from passages 4 to 6, using NGSC medium.
Our results showed no significant differences in gene
expression levels for either LSCs or AN-LSCs (p=0.157;
p=0.128) (Supplemental Figure 2). In addition, Ki67 pro-
liferation marker expression alse did not differ signifi-
cantly between passages 4 to 6 in AN-LSCs and LSCs
(p=0.156; p=0.555).

Protein expression of healthy and aniridia limbal
stromal cells using NGSC- and LGSF medium, in vitro

Figure 4 illustrates the protein expression patterns of the
analyzed genes. Notably, PAX6 and CD34 bands were not
discernible despite escalating protein amounts to 30ug and
extending incubation time up to 72h for gel electrophoresis
in all analyzed cell cultures (data not shown).

In NGSC-medium, no significant differences were
observed in COL1Al, COL5A1, a-SMA, KER, and LUM
protein expression between LSCs and AN-LSCs (p=0.485;
p=0505; p=0.852; p=0.853 p=0336). Similarly, under
LGSF-medium, there were no significant differences in
COL5A1, KER, and LUM protein expression between LSCs
and AN-LSCs (p=0.105 p=0.833; p=0.524) (Figure
4(A-E)).

For LSCs, protein expression of COLIAI, COL5AI,
a-SMA, and KER did not significantly differ between NGSC
and LGSF culture medium (p=0.548; p=0.798 p=0.699;
p=0662). In AN-LSCs, no significant differences were
observed in COLIA1l, a-SMA, KER, and LUM protein
expression between the two culture media (p=0.589;
p=0.336; p=0.442; p=0.645) (Figure 4(A-E)).

However, LUM protein expression was significantly higher
in LSCs using NGSC-medium than with LGSF-medium
(p=0.018). COLIA]l and a-SMA protein expression were
significantly elevated in AN-LSCs compared to LSCs when
utilizing LGSF-medium (p =0.048; p=0.008). Notably, a dou-
blet molecular band at 243 and 196kDa was detected for
COL1Al. Additionally, COL5Al protein expression was



significantly lower wusing NGSC-medium than with

LGSF-medium (p=0.003) (Figure 4(F)).

Discussion

The role of limbal stromal cells in AAK development is
poorly understood or analyzed, yet. In our present study,
PAX6 and keratocyte-characteristic marker expression of pri-
mary limbal stromal cells of AAK subjects has been evalu-
ated, using NGSC- and LGSF-medium. According to Foster
et al’®> NGSC medium promotes fibroblast growth, while
LGSF medium is supportive for keratocytes.

Initially, we aimed to clarify, whether there are limbal
epithelial cells, limbal fibroblasts/limbal keratocytes in our
cultures. Therefore, we assessed gene expression of kerato-
cyte phenotype markers, including ALDH3Al, KER, and
CD34, in our limbal stromal cell cultures. In our study, both
in LSCs cultured using NGSC- or LGSF-medium, keratocyte
phenotype marker ALDH3A1l, and CD34 gene expression
did not differ from central corneal stromal cells (Figure 2).
Therefore, we could demonstrate, that our cultured limbal
stromal cells did not belong to epithelial stem cells*
Additionally, in both LSCs and AN-LSCs, the mRNA expres-
sion levels of PAX6, keratocyte-specific markers COLIAI,
COL5A1, ACT2A1, KER and LUM and proliferation marker
Ki67 remained consistent from passages 4 to 6 (Supplemental
Figure 2). Interestingly, we also detected a significantly
upregulated KER mRNA expression in central stromal cells,
compared to LSCs, with both used culture media. Whether
KER plays an important role in central corneal stromal cell
differentiation, still needs further research.

We found that both LSCs and AN-LSCs cultured in LGSF
medium acquired a flattened, dendritic-shaped morphology,
showing pronounced differences from cells cultured in NGSC
medium, which had fusiform shape. Regarding cell morphol-
ogy, there were no differences between AN-LSCs and healthy
controls, regardless of the culture medium used (Figure 1(E)).
Cell proliferation and live/dead cell ratio did not differ signifi-
cantly between LSCs and AN-LSCs using NGSC- or LGSF
medium (Figure 1), therefore, both stromal cell types were
well comparable for our further measurements.

NGSC and LGSF culture media showed different
impacts on the phenotype of LSCs and AN-LSCs. Tt has
been established that the omission of serum from the
culture medium induces a partial restoration of the native
keratocyte phenotype in corneal fibroblasts under in vitro
conditions.**#? CD34 is regarded as an alternate kerato-
cyte marker*' and was found to be downregulated upon
exposure to standard tissue culture conditions.*? During
the keratocyte-phenotype-recovery, expression of keratocyte-
characteristic markers increases. Our measurement series have
shown similar changes, as the expression of two major types
of collagens (I and III) and KER and CD34 expression were
upregulated in limbal stromal cells cultured in LGSF-medium
(Figure 3(B,C,G.I)), both in healthy and aniridia limbal stro-
mal cells.

Nevertheless, there was a reverse COL5A1 and LUM
expression using different culture medium for healthy limbal
stromal cells and aniridia limbal stromal cells. In healthy
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limbal stromal cells, COL5A1 mRNA expression was down-
regulated (Figure 3(D)), and LUM mRNA expression was
upregulated using LGSF medium (Figure 3(H)), instead of
NGSF medium. This pattern was reversed in aniridia limbal
stromal cells. In aniridia limbal stromal cells, COL5AI
mRNA expression was upregulated (Figure 3(D)), and LUM
mRNA expression was downregulated using LGSF medium
(Figure 3(H)), instead of NGSF medium. This phenomenon
may be related to the interaction of LUM and COL5A1. It
has been reported that LUM is able to inhibit TGF-p1, and
TGE-B1 is able to elicit a 2.5-fold COL5A] mRNA level
increase in bone matrix during osteogenesis.* Boya Zhou
et al. found significantly upregulated TGF-B1 expression in
case of LUM knockdown, which might explain the COL5A1
upregulation in case of LUM knockdown.**

In healthy limbal stromal cells, there was no significant
PAX6 expression change using the two different culture
mediums. Nevertheless, there was a significant PAX6 mRNA
expression downregulation using LGSF medium, in aniridia
limbal stromal cells (Figure 3(A)). Several previous studies
have demonstrated the relationship between PAX6 and
TGF-B1 expression. For instance, PAX6 as a transcriptional
regulator, localized in the nucleus of the outer nuclear layer
and the inner nuclear layer of the murine retina, is
co-localized and interact with TGF-P1.** Yenan Feng et al.
demonstrated that suppression of PAX6 expression by siRNA
transfection promoted TGF-fI mRNA and protein level.* In
our study, a lower PAX6 mRNA expression in AN-LSCs
using LGSF-medium may induce upregulation of COL5AI
and downregulation of LUM mRNA expression (Figure
3(DH)).

We also aimed to investigate the role of PAX6 in aniridia
limbal stromal cells and the keratocyte-characteristic mark-
ers, by comparing limbal stromal cells of healthy and aniridia
corneas. It has been demonstrated that PAX6 controls a
numbers of target genes.*” Consequently, reduced PAX6 pro-
tein amount alters the expression of several genes and influ-
ences development of cells and tissues. Recent research
demonstrated that there is PAX6 downregulation in fibrotic
hearts and that PAX6 downregulation has an inhibitory
effect on cardiac fibroblast differentiation and ECM synthe-
sis.*® Ming Ying et al. reported that inherited PAX6 gene
mutations result in congenital fibrosis of the extraocular
muscles,*® supporting the hypothesis that PAX6 plays an
essential role in preventing fibrosis of several tissues. In our
study, we demonstrated a significantly downregulated PAX6
gene expression in aniridia limbal stromal cells, inde-
pendently from the culturing conditions. We hypothesize
that the decreased PAX6 gene expression may also be related
to the stromal fibrosis and pannus formation in aniridia
patients.

A previous study demonstrated that there is an altered
expression of extracellular matrix components COL1A1 and
COLS5A1 and an increased expression of ACTA2A1 in naive
AAK corneas, without any previous treatment, and in trans-
planted corneas.® Interestingly, in our research, we also
observed a significantly decreased COL5A1 and ACTA2AI
expression (Figure 3(D,E)) and a slightly decreasing trend of
COLIAI gene expression in AN-LSCs, cultured in
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NGSC-medium. On the other hand, COLIAI and COL5AI
mRNA levels were significantly increased in AN-LSCs, in
LGSF culture medium (Figure 3(B,D)), even though there
was no obvious difference in ACTA2A1 mRNA level (Figure
3(E)), between healthy and AN-LSCs. ACTA2A1 (a-SMA)
protein level was significantly upregulated in AN-LSCs,
using LGSF-medium (Figure 4(C)). This suggests a potential
differentiation of the cells into myofibroblasts.

Nevertheless, our study used based an in vitro analysis,
and it is still unclear how PAX6 and keratocyte-characteristic
marker expression behave in limbal stromal tissue of aniridia
patients. Histological analysis of keratocyte-characteristic
markers and PAX6 expression in subjects with congenital
aniridia should be performed in the future.

Conclusions

Our study demonstrates altered PAX6 and keratocyte-
characteristic marker expression in aniridia limbal stromal
cells compared to healthy controls, suggesting a potential
role in the development and progression of AAK. These
findings shed new light on AAK pathogenesis, highlighting
the role of sustained PAX6 expression in preventing the dif-
ferentiation of aniridia limbal stromal cells and the exces-
sive synthesis of extracellular matrix proteins.
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ABSTRACT

Introduction: In congenital aniridia caused
by mutations in paired box 6 (PAX6), PAX6
influences the migration and differentiation of
limbal epithelial cells (LECs), thereby playing a
pivotal role in aniridia-associated keratopathy.
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The antidepressants ritanserin and duloxetine
affect PAX6 expression in LECs. Limbal stromal
cells, which support limbal epithelial stem cells,
are crucial in the limbal stem cell niche. This
study explores how ritanserin and duloxetine
influence gene expression in primary human
limbal stromal cells from subjects with congeni-
tal aniridia and from healthy subjects, in vitro.
Methods: Primary human limbal stromal cells
from corneas affected by aniridia (AN-LSCs)
(n=8) and from healthy corneas (LSCs) (n=8)
were isolated and cultured in either low-glucose
serum-free (LGSF) or normal-glucose serum-con-
taining (NGSC) media. Cells were treated with
4 pM ritanserin or duloxetine for 24 h. Quanti-
tative PCR (gPCR) and western blot were used
to assess the expression of PAX6, FOSL2, TGF-
p1, ACTAZA1, LUM, COL1A1, COL5A1, DSG1,
FABPS and ADH7.

Results: In AN-LSCs with LGSF-medium, ritan-
serin increased PAX6 messenger RNA (mRNA)
(p=0.007) and decreased TGF-p1 and FOSL2
mRNA levels (P=0.005, P=0.038). In addition,
TGF-B1 protein levels decreased with both treat-
ments (P=0.02, P=0.007), and FABPS protein
level increased, using ritanserin (P=0.019). In
LSCs with LGSF-medium, ACTA2A1 mRNA lev-
els decreased using ritanserin and duloxetine
(P=0.028; P=0.031), while FABP5 mRNA levels
increased with ritanserin treatment (P=0.003).
Also, duloxetine use reduced a-SMA protein
(P=0.013) and increased FABPS protein levels
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(P=0.029). In LSCs with NGSC-medium, ritan-
serin elevated LUM, FABPS and ADH7 mRNA
and protein levels (P=0.025, P=0.003, P=0.047,
P=0.024, P=0.013, P=0.039).

Conclusions: The results of our study con-
firmed that the antipsychotropic drugs ritan-
serin and duloxetine alter PAX6 and TGF-B1
gene expression in AN-LSCs cultured in LGSF-
medium. These drugs were found to have an
impact on retinoic acid signaling pathways and
keratocyte characteristic markers both in LSCs
and AN-LSCs, using different culture media.

Keywords: Ritanserin; Duloxetine; PAX6;
Limbal stromal cells; Limbal fibroblasts; Limbal
keratocytes; Aniridia associated keratopathy

Key Summary Points

Why carry out this study?

Our previous research demonstrated altered
Paired Box 6 (PAX6) expression and changes
in keratocyte markers (a-smooth muscle
actin [ACTAZA1], collagen 5 [COL5A1] and
collagen 1 [COL1A1]) in aniridia limbal
stromal cells (AN-LSCs), compared to healthy
limbal stromal cells (LSCs).

While ritanserin and duloxetine rescue
PAX6 in mutant limbal epithelial cells

via the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/
ERK) pathway, their effects on LSCs and

the effect on the sight-threatening aniridia-
associated keratopathy (AAK) remain
unexplored.

We examined how ritanserin and duloxetine
affect PAX6, transforming growth factor 1
(TGEF-1), retinoic acid signaling and kerato-
cyte markers in primary AN-LSCs and LSCs,
in vitro.

What was learned from the study?

Ritanserin and duloxetine change P4X6 and
TGF-f1 gene expression in AN-LSCs, in low
glucose serum-free (LGSF)-medium and
affects retinoic acid signaling and keratocyte
characteristic marker expression of LSCs and
AN-LSCs, likely via the ERK pathway.

Ritanserin and duloxetine treatment might
impact corneal stromal wound healing

in both healthy and congenital aniridia
corneas, presumably affecting the MAPK/ERK
pathway.

INTRODUCTION

With a prevalence ranging from 1:40,000 to
1:100,000, paired box protein 6 (PAX6) haplo-
insufficiency-related congenital aniridia is a rare
panocular disorder affecting the cornea, ante-
rior chamber, iris, lens, retina, macula and optic
nerve head [1, 2]. Aniridia-associated keratopa-
thy (AAK) is a progressive opacification and vas-
cularization of the cornea, with limbal stem cell
deficiency. It is one of the most sight-threaten-
ing manifestations of congenital aniridia, start-
ing in the first decade of life and progressing
in early adulthood. AAK is classified using the
Lagali grading, and the rate of progression is
associated with the specific PAX6 mutations [3].

PAX6 is a DNA-binding transcription factor
that is able to directly regulate several upstream
and downstream transduction pathways [4, 5].
In AAK limbal epithelial cells (LECs), the expres-
sion of retinoic acid signaling components
ADH?7 (all-trans-retinol dehydrogenase 7) and
FABPS (fatty acid-binding protein 5) is impaired
[6, 7]. DSG1 (Desmoglein-1), which is a cellu-
lar junction protein, has also been reported to
be downregulated in aniridia LECs [7, 8]. Alto-
gether, reduced PAX6 expression influences
the migration and differentiation of LECs and,
therefore, corneal wound healing [4, 5].

It is also known that limbal stromal cells
(LSCs), including limbal fibroblasts and kerato-
cytes, in close proximity to the limbal epithelial
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stem cells, also have an important role in the
limbal stem cell niche [9-12]. Our previous
study demonstrated altered PAX6 messenger
RNA (mRNA) expression in aniridia limbal stro-
mal cells (AN-LSCs), compared to healthy LSCs,
in vitro (Li Z, Stachon T, Fries FN, et al. Expres-
sion of PAX6 and keratocyte-characteristic
markers in human limbal stromal cells of con-
genital aniridia and healthy subjects, in vitro.
Curr Eye Res. 2024;.under review.). In addition,
parallel to lower PAX6 mRNA expression in AN-
LSCs, keratocyte-characteristic marker expres-
sion, such as that of a-smooth muscle actin
(ACTA2A1), collagen 5 (COLSA1) and collagen
1 (COL1AL1), is also altered. In stromal wound
healing and in stromal inflammatory processes,
in addition to a-smooth muscle actin expres-
sion, transforming growth factor p1 (TGF-g1)
expression plays a pivotal role, with several
previous studies demonstrating the relation-
ship between PAX6 and TGF-B1 expression [13,
14]. In addition, Fos-related antigen 2 (FOSL2),
as a novel downstream mediator of TGF-B1, is
also involved in fibrosis pathogenesis of many
organs (e.g. cardiac, pulmonary and renal tis-
sues) [15-18].

A previous study screened for small molecules
that could rescue PAX6 protein of mutated
limbal epithelial stem cells. In this study, the
antipsychotropic compounds ritanserin and
duloxetine were able to efficiently rescue endog-
enous PAX6 and other target gene expressions
in mutated limbal epithelial cells after 24 h,
and affected cell migration [19, 20]. Ritanserin
and duloxetine are both antidepressant drugs.
Ritanserin is a potent and specific 5-hydroxy-
tryptamine (5-HT or serotonin) antagonist [21],
and duloxetine is a dual antidepressant drug
that inhibits the neuronal reuptake of 5-HT and
norepinephrine (NE) [22]. Both have been used
in clinical trials as potential treatments of schiz-
ophrenia and substance dependence [23].

Ritanserin and duloxetine may rescue endog-
enous PAX6 in mutant limbal epithelial stem
cells through the non-genomic mitogen-acti-
vated protein kinase/extracellular signal-regu-
lated kinase (MAPK/ERK) pathway [19, 20]. Itis
very important to emphasize that both drugs do
not have a direct effect on PAX6 expression, but

on the MAPK/ERK pathway, and further affect
gene expression of the cells, involving several
pathways.

To the best of our knowledge, the effect of
ritanserin and duloxetine on AN-LSCs, which are
in direct proximity of the LECs in the limbal stem
cell niche, has not yet been analyzed. Based on
our previous work, in which we characterized the
expression of PAX6, TGF-B1, retinoic acid sign-
aling components and keratocyte-characteristic
markers in AN-LSCs, we aimed to determine the
effect of ritanserin and duloxetine on these mark-
ers. Expression of all of these markers is directly
or indirectly related to the MAPK/ERK pathway,
which is affected by ritanserin and duloxetine.
To observe the effect of the treatment, we have
chosen the timeframe of 24 h, similar to previ-
ous studies analyzing the effect of ritanserin and
duloxetine on mutated LECs [19, 20].

The purpose of the present study was to inves-
tigate the effect of ritanserin and duloxetine on
the expression of PAX6, TGF-p1, retinoic acid
signaling components and keratocyte-char-
acteristic markers of primary human AN-LSCs
and LSCs, in vitro. Keratocytes in the cornea are
usually quiescent cells. In the case of keratocyte
activation, for example through inflammatory
stimuli, keratocytes transform into fibroblast-
like cells. In order to evaluate gene expression
in both corneal stromal keratocytes and fibro-
blasts, different culture media can be used, as
described by Foster et al. [24]. Therefore, in the
present study, we used low glucose serum-free
(LGSF)-medium, which supports the keratocyte
phenotype, and normal glucose serum-contain-
ing (NGSC) culture medium, which supports the
fibroblastic phenotype [24].

METHODS

Ethical Approval and Consent to Participate

Our study was approved by the Ethics Com-
mittee of Saarland, Germany (No. 172/20). All
work was performed according to the Principles
of the Declaration of Helsinki. All subjects with
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aniridia who participated in the study signed an
informed consent before surgery.

Cell Culture

Aniridia samples were collected from patients
of the Department of Ophthalmology, Saarland
University Medical Center, Homburg, Saarland,
Germany. Control limbal biopsies were obtained
from corneal donors of the LIONS Cornea Bank
Saar-Lor-Lux, Trier/Westpfalz, Homburg/Saar,
Germany. Limbal biopsies (1.5 mm) of eight
congenital aniridia eyes from donors (mean
age [+ standard deviation] 34.5+29.5 years,
range 5-64 years; 3 [37.5%] males) and of eight
healthy eyes from donors (age 32.5+£17.1, range
2-50 years; 3 [37.5%] males) were used in our
experiments. Before surgery, all patients with
aniridia in our study underwent slit lamp exami-
nation in order to grade the AAK according to
Lagali et al. [25, 26]. The mean age of the eight
patients with congenital aniridia in our study
was 32.50+17.07 (range 2-50) years. Among
these eight patients, three (37.5%) were male,
two (25%) had AAK grade 3 and six (75%) had
AAK grade 4 (according to Lagali et al. [25, 26]).
Four (50%) subjects had a PAX6 missense muta-
tion (c.1268A>T; c. 1226-2A>G; c. 607C>T;
c.266A> C), three (37.5%) had a PAX6 deletion

Table 1 Age and gender of healthy donors

Healthy donor no. Age (years) Gender
1 89 Male
2 64 Female
3 76 Male
4 82 Female
5 66 Female
6 58 Female
74 72 Male
8 72 Female
Summary Mean age (+ SD) 3 (37.5%) males
73.5+15.5; range
58-89

(21922.12q22.2(36,472,360-39,889,694) x 1;
€.959_960delCA; c. 753_754delGC) and one
(12.5%) had another type of PAX6 mutation (c.
1191 T (q227X)). Description data of healthy
samples are summarized in Table 1.

Isolation of primary LSCs was performed as
described by Chai et al. [27]. Both congenital
aniridia and healthy human limbal biopsies were
first incubated in 0.5 mg/ml collagenase A (Hoff-
mann-La Roche, Basel, Switzerland) overnight at
37 °C, following which the suspensions were fil-
tered through 40-pm Flowmi cell strainers (Cat.
no.: H13680-0040; Bel-Art, Wayne, NJ, USA) into
one 24-well plate, to remove LECs and incom-
pletely dissociated cells. To obtain the LSCs, the
strainer was washed with 500 pl phosphate-
buffered saline and 500 pl 0.05% trypsin—-EDTA,
followed by incubation for 5 min to separate
cell clusters. Thereafter, the enzyme reaction
was stopped using Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% fetal
calf serum (FCS). The filtrate was subsequently
centrifuged at 1500 g for 5 min to sediment stro-
mal cells and the supernatant was removed after-
wards. The stromal cells were seeded into one
6-well plate using DMEM supplemented with
5% FCS. Cells were incubated at 37 °C with 95%
relative humidity and 5% CO,, and the medium
was changed every 2-3 days until stromal cells
reached confluence. Thereafter, the cells were
cultured in 75-cm? culture flasks following dis-
persal with 0.05% trypsin-EDTA for 5 min. Dur-
ing the first 2 days, cell culturing was performed
using DMEM/F12, 5% FCS and 1% penicillin/
streptomycin (P/S) (standard procedure for fibro-
blast cultures) to obtain typical fibroblast cell
morphology, as described by Foster et al. [24].
This culture medium is subsequently referred to
in the text as normal glucose serum-containing
cell culture medium (NGSC-medium).

To obtain the keratocyte-specific phenotype,
the NGSC-medium was removed after 2 days
(approximately 20% cell confluence) and
replaced with a low glucose serum-free cell cul-
ture medium (LGSF-medium), as described previ-
ously (Li Z, Stachon T, Fries FN, et al. Expression
of PAX6 and keratocyte-characteristic markers
in human limbal stromal cells of congenital
aniridia and healthy subjects, in vitro. Curr
Eye Res. 2024;.under review.). LGSF-medium
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consisted of low-glucose DMEM (Cat. no.
D6046; Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 1 mM r-ascorbic acid (Cat.
no. A8960; Sigma-Aldrich), 2 g/l p-glucose (Cat.
no. X997;, Carl ROTH, Karlsruhe, Baden-Wtirt-
temberg, Germany), 2.5 g/l p-mannitol (Cat.
no. 8883.1; Carl ROTH), 1% insulin transferring
selenite (ITS; Cat. no. 1884; Sigma-Aldrich) and
1% P/S. Further cell culture work was performed
either using LGSF-medium for keratocytes or
with NGSC-medium for fibroblasts [24]. The
medium for all corneal stromal cells cultures was
changed twice weekly before harvesting, and cell
passages 3-8 were used for the experiments.

In our previous study, we characterized AN-
LSCs and LSCs in in vitro culture, using either
NGSC-medium for 7 days or LGSF-culture
medium for 14 days (LGSF cultures reach con-
fluency much slower) (Li Z, Stachon T, Fries
FN, et al. Expression of PAX6 and keratocyte-
characteristic markers in human limbal stromal
cells of congenital aniridia and healthy subjects,
in vitro. Curr Eye Res. 2024;.under review.). LSCs
could be isolated without contamination (Li Z,
Stachon T, Fries FN, et al. Expression of PAX6
and keratocyte-characteristic markers in human
limbal stromal cells of congenital aniridia and
healthy subjects, in vitro. Curr Eye Res. 2024;.
under review.). PAX6 mRNA expression was sig-
nificantly reduced in AN-LSCs compared to LSCs
in both NGSC- and LGSF-medium. Additionally,
COL5A1 mRNA expression was lower, while
ALDH3A1 and KER mRNA levels were elevated in
AN-LSCs compared to LSCs in NGSC-medium.
In LGSF-medium, AN-LSCs displayed a signifi-
cant increase in COLIAI and COL5A1 mRNA
expression compared to LSCs. Furthermore,
AN-LSCs exhibited significantly higher COL1A1
and alpha-smooth muscle actin (a-SMA) protein
levels compared to LSCs in LGSF-medium. Both
AN-LSCs and LSCs retained their characteristics
across three to eight passages (Li Z, Stachon T,
Fries FN, et al. Expression of PAX6 and kerat-
ocyte-characteristic markers in human limbal
stromal cells of congenital aniridia and healthy
subjects, in vitro. Curr Eye Res. 2024;. under
review.).

XTT Assay

Cell viability was assessed by the XTT assay.
AN-LSCs and LSCs were plated in 96-well cul-
ture plates with NGSC-medium. Once the cells
reached approximately 80% confluence, the
medium was replaced with fresh medium con-
taining 1, 2, 3, 4 or 5 pM of either ritanserin or
duloxetine, and the cells were incubated for a
further 24 h. XTT solution was then added to
each well. A well with XTT solution but no cells
served as a background control. Absorbance was
measured at 550 nm after 30-60 min of incuba-
tion using a 96-well microplate reader (Infinite
F50 absorbance microplate reader; Tecan Group
AG, Miannedorf, Switzerland).

Drug Treatment

Ritanserin and duloxetine were first dissolved
in dimethylsulfoxid (DMSO) (10.1 mg/ml), and
then prior to treatment they were diluted in
LGSF- or NGSC-medium to reach the desired
concentration treatment. The control cultures
were treated using DMSO for the same incuba-
tion period.

After reaching approximately 80% conflu-
ence in 75-cm? culture flasks with 10 m1 LGSF-
or NGSC-medium, each individual AN-LSC or
LSC culture was treated for 24 h with 4 pM
ritanserin (Cat. no. R103; Sigma-Aldrich) or
duloxetine (Cat. no. SML0474; Sigma-Aldrich).
Our measurements were conducted using AN-
LSCs and healthy LSCs in LGSF- or NGSC-
medium. The cell pellet was frozen at —80 °C
until further use.

RNA Isolation and complementary DNA
Synthesis

RNA was isolated following the protocol pro-
vided by the manufacturer (Total RNA Purifi-
cation Plus Micro Kit; Norgen Biotek, Thor-
old, ON, Canada). The isolated RNA was then
stored at — 80 °C until complementary DNA
(cDNA) synthesis was performed (One Taq®
RT-PCR Kit; New England Biolabs Inc., Frank-
furt, Germany). For the synthesis of cDNA,
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Table 2 Primer pairs used for quantirative PCR

Primer Primer sequence or QIAGEN catalog Manufacturer (company, city, country)
number
PAX6 QT00071169 Qiagen N.V,, Venlo, Netherlands
FOSL2 QT01000881 Qiagen N.V,, Venlo, Netherlands
TGEBI QT00000728 Qiagen N.V., Venlo, Netherlands
ACTA2AL1 QT00088102 Qiagen NV, Venlo, Netherlands
LUM QT00058982 Qiagen N.V,, Venlo, Netherlands
COLIAl QT00037793 Qiagen NV, Venlo, Netherlands
COL5A1 QT 00044527 Qiagen N.V,, Venlo, Netherlands
DSG1 QT00001617 Qiagen N.V,, Venlo, Netherlands
FABPS QT00225561 Qiagen NV, Venlo, Netherlands
ADH?7 QT00000217 Qiagen N.V,, Venlo, Netherlands
ABCG2 QT00073206 Qiagen N.V, Venlo, Netherlands
5-HT2A QT 00054306 Qiagen N.V., Venlo, Netherlands
TBP QT 00000721 Qiagen N.V,, Venlo, Netherlands
GUSB QT00046046 Qiagen N.V,, Venlo, Netherlands

PAX6 Paired box 6, FOSL2 Fos-related antigen 2, TGF-f1 transfurming gmwth factor-Bl, ACTA2A1 a-smooth muscle
actin, LUM lumican, COL1A41 cnllagen 1A1, COL5AI coHagen 5Al1, DSG1 desmogjein—l, EABPS fatty acid binding pro-
tein 5, ADH7 all-trans-retinol dchydrogcnasc 7, ABCG2 ATP—binding cassette sub-family G member 2, 5-HT2A4 5-hydroxy-
tryptamine 2A, TBP TATA—binding protein, GUSB beta—glucumnidasc

200 ng of total RNA was used as the template
for each sample. The resulting cDNA was stored
at -20 °C.

Quantitative PCR

An overview of the primers used for quantitative
PCR (qPCR) is provided in Table 2. The qPCR
reaction mix (total volume 9 ul) included 1 pl of
the specific primer solution, 5 ul of SYBR Green
Mix (Vazyme, Nanjing, China) and 3 ul of nucle-
ase-free water. Following the manufacturer’s
guidelines, the samples were prepared in a 9-pl
volume with 1 pl of cDNA. gPCR was conducted
using the QuantStudio 5 real-time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA).
The amplification protocol involved an initial
step at 95 °C for 10 s, followed by 30 s at 60 °C

and a final step at 95 °C for 15 s, repeated for 40
cycles. Each sample was analyzed in duplicate,
with data normalized using the TATA-binding
protein (TBP) and Beta-glucuronidase (GUSB) as
reference genes, employing the AACT method.
For statistical analysis, fold changes (2724¢T)
were calculated, using AN-LSCs and LSCs in
LGSF- or NGSC-medium without any treatment
as the baseline (fold change=1).

Protein Quantification

After the cells reached confluence in 75-cm?
flasks, eight samples each of AN-LSCs and LSCs
were lysed in 80 pl of ice-cold RIPA lysis buffer
(Thermo Fisher Scientific). The lysed cell sus-
pension was then centrifuged at 15,000 g for
5 min at 4 °C to remove cell debris and unbro-
ken cells. The supernatant, which contains the
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soluble proteins, was collected. Protein concen-
tration was measured using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific). In
accordance with the kit’s instructions, Reagent
A and Reagent B were mixed in a 50:1 ratio.
Subsequently, 5 pl of the standard protein solu-
tions or samples were added to the wells of a
96-well plate, followed by 40 pl of the working
reagent. The plate was then incubated at 37 °C
for 2 h. Absorbance was measured at 560 nm
using the Infinite F50 absorbance microplate
reader (Tecan Group AG). Bovine serum albu-
min served as the standard, and all measure-
ments were performed in duplicate.

Western Blot Analysis

For Western blot analysis, eight samples from
each group, each containing 20 pg of total pro-
tein, were boiled in 5 pl of Laemmli sample
buffer for 5 min at 95 °C. The samples were then
loaded onto a precast 4-12% NuPage™ Bis-Tris
sodium dodecyl sulfate gel (Invitrogen, Thermo
Fisher Scientific). To determine the molecular
weight, the first well was loaded with 2.5 pl

Table 3 Antibodies used for Western blot

of Precision Plus Protein™ Dual Color Stand-
ard (Bio-Rad Laboratories, Hercules, CA, USA).
Electrophoresis was performed using NuPAGE™
MOPS SDS Running Buffer (20x) (Thermo Fisher
Scientific). Following protein separation, the
proteins were transferred onto a nitrocellulose
membrane using the Trans-Blot Turbo Transfer
System (Bio-Rad Laboratories), following the sys-
tem’s pre-installed protocol for high-molecular-
weight proteins.

The membrane was then stained with No-
Stain™ Protein labeling reagent (Thermo Fisher
Scientific GmbH, Dreieich, Germany) to deter-
mine the total protein amount per lane for nor-
malization. The membrane was washed 3 times
with 10 ml of Western Froxx washing solution
(BioFroxx GmbH, Einhausen, Germany) for
5 min each. It was then incubated with primary
antibodies at 4 °C overnight, as summarized in
Table 3. The primary antibodies were diluted in
a combined blocking and secondary antibody
solution (WesternFroxx anti-Rabbit HRP; Bio-
Froxx GmbH). After removing the antibody
solution, the membrane was washed 3 times
with 10 ml of washing solution. Protein bands
were detected using the Western Lightning

Antibody Caralog number Manufacturer (company, city, country) Dilution
PAXG6 AB2237 Millipore, Watford, UK 1:200
FOSL2 15832-1-AP Proteintech, Chicago, Rosemont, IL USA 1:200
TGEF-B1 21898-1-AP Proteintech, Chicago, Rosemont, IL, USA 1:1000
a-SMA (ACTA2A1) 19245 Cell Signaling Technology, MA, USA 1:1000
LUM MAS5-35135 Thermo Fisher Scientific, Waltham, MA, USA 1:1000
COLI1AI 84336 Céll Signaling Technology, Danvers, MA, USA 1:1000
COL5A1 ab7046 Abcam, Cambridge, UK 1:1000
DSG1 SC-59904 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000
FABP5 12348-1-AP Proteintech, Chicago, Rosemont, IL, USA 1:500
ADH7 PA5-98484 Thermo Fisher Scientific, Waltham, MA, USA 1:5000
PERK 4370 Cell Signaling Technology, Danvers, MA, USA 1:1000
ERK 4695 Cell Signaling Technology, Danvers, MA, USA 1:1000

a-SMA (ACTA 241) a-smooth muscle actin, pERK phosho-extracellular signalfregulated kinase, £RK extracellular signalv
regulated kinase; for other abbreviations, see footnote to Table 2
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Plus Chemiluminescence Reagent (PerkinElmer
Inc., Waltham, MA, USA) and visualized with
the iBright™ CL1500 Imaging System (Cat. no.
A44114; Thermo Fisher Scientific). Finally, mem-
brane stripping was carried out using Western
Froxx stripping solution (BioFroxx GmbH) for
further antibody incubation.

In additions to LSCs, we used different cells as
positive controls of western blot analysis: LECs
as positive controls for PAX6 protein, mouse cer-
ebellar cells as positive controls for [24] protein
and central corneal epithelial cells (CECs) and
a human cervical cancer cell line (HeLa cells) as
positive controls for DSG1 protein.

Statistical Analysis

GraphPad Prism 9.2.0 (GraphPad Software, San
Diego, CA, USA) was used for statistical analysis
and for preparation of the diagrams. XTT data
were expressed as mean+SD, qPCR data were
expressed as geometric mean with geometric SD,
viability and western blot data were expressed
as the mean+SD. For all treatment types (ritan-
serin and duloxetine), viability, mRNA expres-
sion values (24T values) and protein level were

150

% Viability

o
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Fig.1 XTT assay of primary limbal stromal cells (healthy
control cultures) 24 h after treatment with different con-
centrations (1-5 M) ritanserin or duloxetine (1-5 pM).
Values are expressed as the mean#standard deviation
(SD). One-way analysis of variance was used. Treat-
ment with 1-5 pM ritanserin and 1-4 uM duloxetine did
not change the viability of primary limbal stromal cells
after 24 h. However cell viability was significanty lower
using 5 uM duloxetine concentration than in controls

(P=0.001) (n=3)

compared to the controls using one-way analysis
of variance (ANOVA). Baseline gene expression
was analyzed using the unpaired ¢-test. P val-
ues<0.05 were considered to indicate statistical
significance.

RESULTS

Cell Viability Assay After Ritanserin or
Duloxetine Treatment, In Vitro

Although cell viability slightly decreased with
increasing ritanserin and duloxetine concen-
trations, treatments with ritanserin concentra-
tions (1-5 pM) and duloxetine concentrations
(1-4 pM) did not change the viability of primary
LSCs after 24 h (Fig. 1a, b). Nevertheless, cell via-
bility was significantly lower using 5 pM dulox-
etine than in the controls (P=0.001) (Fig. 1b).

mRNA Expression in AN-LSCs and LSCs,
Following Ritanserin or Duloxetine
Treatment, In Vitro

PAX6 and TGF-p1 mRNA expression in AN-LSCs
and LSCs without treatment is shown in Fig. 2a.
PAX6 mRNA expression was significantly lower
and TGF-BI mRNA expression was significantly
higher in AN-LSCs than in LSCs, using LGSF-
medium. Nevertheless, PAX6 and TGFf1 mRNA
expression did not differ between AN-LSCs and
LSCs using NGSC-medium.

5-HTZ2A receptor mRNA expression in LSCs
and AN-LSCs, in LGSF- and in NGSC-medium is
shown in Fig. 3. 5-HT2A receptor mRNA expres-
sion did not differ significantly between LSCs
and AN-LSCs, either using LGSF or using NGSC-
medium (P=0.265).

mRNA expression in aniridia and control
limbal stromal cells after treatment is sum-
marized in Fig. 4a-d. DSGI mRNA expression
was extremely low in all untreated and treated
samples and, therefore, CT values could not be
determined during qPCR in any of the analyzed
groups.

Using LGSF-medium, PAX6 mRNA expres-
sion was significantly upregulated (P=0.007)
and TGF-BI and FOSLZ mRNA expression were
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Fig.2 Paired box 6 (PAX6) messenger RNA (mRNA) and
transforming growth factor Bl (7GF-1) mRNA (a) and
PAX6 and TGF-P1 protein (b-d) levels in aniridia limbal
stromal cells (AN-LSCs) and in healthy limbal stromal
cells (LSCs). PAX6 mRNA expression was downregulated
and TGF-f1 mRNA expression was upregulated in AN-
LSCs compared to controls, using low-glucose serum-free
cell culture medium (LGSF medium), but not in normal-

significantly downregulated in AN-LSCs after
ritanserin treatment (P=0.005, P=0.038). Using
LGSF-medium, TGF-p1 and ACTA2A1 mRNA
expression tended to decrease in AN-LSCs

glucose serum-containing cell culture medium (NGSC
medium). In addition, the TGF-P1 protein level tended ro
be higher in AN-LSCs than in LSCs (P=0.051) in LGSF
medium. PAX6 protein level was below the detection level
in both LSCs and AN-LSCs (Electronic Supplementary
Material Fig. 1). TPN LB Corr. Val. Total lanc protein local
background corrected volume at the Y-axis

after duloxetine treatment (P=0.052, P=0.055)
(Fig. 4a).

Using LGSF-medium, FABPS was significantly
upregulated (P=0.020) and ACTA2A1 was signifi-
cantly downregulated in LSCs after duloxetine
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Fig.3 S-hydroxytryptamine 2A recepror (S-HT124 R)
mRNA expression in healthy limbal stromal cells (LSCs)
and in aniridia limbal stromal cells (AN-L8Cs), cultured
in low-glucose serum-free cell culture medium (LGSF)
(a) and in normal-glucose serum-containing cell culture
medium (NGSC) (b). Values are shown using a logarithmic
scale (Log 2), as geometric mean with geometric standard
deviation. There was no significant difference between

groups using the unpaired #-test (P = 0.265)

treatment (P=0.028). In addition, ACTA2A1 was
also significantly downregulated using ritanserin
(P=0.031) (Fig. 4¢).

Using NGSC-medium, ritanserin and dulox-
etine did not have an effect on the mRNA
expression of AN-LSCs (P>0.082) (Fig. 4b).
Using NGSC-medium, FABPS5, ADH7 and lumi-
can (LUM) mRNA expression were significantly
upregulated in LSCs after ritanserin treatment
(P=0.003, P=0.047 and P=0.025). Neverthe-
less, duloxetine did not show an effect on the
analyzed mRNA expressions in LSCs (P>0.088)
(Fig. 4d).

Protein in AN-LSCs and LSCs, Following
Ritanserin or Duloxetine Treatment, In Vitro

PAX6 and TGF-B1 protein levels in AN-LSCs and
LSCs without treatment are shown in Fig. 2b-d.
TGF-B1 protein level tended to be higher in AN-
LSCs compared to LSCs using LGSF-medium
(P=0.051), without any treatment.

Protein of the analyzed markers following
ritanserin or duloxetine treatment are shown
in Fig. 5. Even increasing the protein amount

to 30 pg and extending the incubation time of
antibodies up to 72 h for gel electrophoresis
in all analyzed cell cultures, there were no vis-
ible PAX6, FOSL2 and DSG1 bands in primary
human LSCs and AN-LSCs, although clearly
visible bands were present in the positive con-
trol cells (see ESM Fig. 1).

Using LGSF-medium, TGF-B1 protein level
was significantly downregulated (P=0.007) and
FABPS protein level was significantly upregu-
lated (P=0.019) in AN-LSCs, after ritanserin
treatment. The TGF-B1 protein level was also
significantly downregulated after duloxetine
treatment (P=0.020), in AN-LSCs (Fig. 5a—c).

Using LGSF-medium, a-SMA protein was
significantly downregulated (P=0.013) and
FABPS protein level was significantly upregu-
lated (P=0.029) in LSCs, after duloxetine treat-
ment (Fig. Se-g). pERK/ERK protein level in
LSCs and AN-LSCs in LGSF-medium is shown
in ESM Fig. 2. pERK/ERK protein level did not
differ significantly in any of the duloxetine
and ritanserin treated LSC and AN-LSC groups
(P=20.145).

Using NGSC-medium, we did not observe
protein changes in AN-LSCs following the treat-
ments with ritanserin or duloxetine. Neverthe-
less, LUM protein level tended to be signifi-
cantly downregulated using ritanserin (P=0.061)
(Fig. 5d).

Using NGSC-medium, LUM, FABPS5 and ADH7
protein levels were significantly upregulated
(P=0.024, P=0.013 and P=0.039) in LSCs after
ritanserin treatment (Fig. Sh—j).

DISCUSSION

PAX6 haploinsufficiency-related AAK is known
to result in progressive visual loss. Yet, there is to
date still no proven clinical treatment option to
prevent its progression. In our previous experi-
ments, we demonstrated an altered PAX6 and
keratocyte-characteristic marker (KER, COL5A1
and ALDH3A1 mRNA, COL1Al and a-SMA
protein) expression—in the absence of con-
tamination—in isolated primary aniridia lim-
bal stromal cells, compared to healthy controls,
in vitro, with these characteristics maintained
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over several passages (Li Z, Stachon T, Fries
FN, et al. Expression of PAX6 and keratocyte-
characteristic markers in human limbal stromal
cells of congenital aniridia and healthy subjects,
in vitro. Curr Eye Res. 2024;.under review.).
Recent research found that ritanserin and dulox-
etine, two anti-psychotropic compounds, were
able to effectively rescue endogenous PAX6 in
mutant limbal epithelial stem cells through the
non-genomic MAPK/ERK pathway [19, 20]. ERK
may also further affect retinoic acid (RA) signal-
ing components through PAX6 expression and,
in addition, ERK affects the TGF-f1 signaling
pathway (Fig. 6). Both pathways may interact
in AAK development and progression [6, 7]. In
our present work, we aimed to analyze the effect
of ritanserin and duloxetine in rescuing PAX6
expression and other related gene expressions
in human congenital aniridia and healthy con-
trol LSCs cultured in LGSF- and NGSC-medium,
in vitro. Figure 6 illustrates the pathways
involved with ritanserin and duloxetine treat-
ment and the analyzed gene expressions in the
current study.

Effect of Ritanserin on AN-LSCs and LSCs,
Using LGSF-Medium

Ritanserin, which is characterized as a seroto-
nin (5-HT) receptor (5-HTR) antagonist, has
been used in clinical trials treating schizophre-
nia, alcoholism and insomnia [23, 28, 29].
Grewal et al. reported that 5-HT could lead to
proliferation of renal mesangial cells via direct
ERK activation and the generation of a sus-
tained fibrotic stimulus by inducing TGF-p1
expression [30]. These authors suggested the
following signaling cascade: 5-HT 2A recep-
tor-protein kinase C (PKC)-NAD(P)H-Oxidase/
ROS-MEK-ERK-TGF-BI mRNA [30] (Fig. 6). Kim
et al. demonstrated that the 5-HT2A receptor
has a crucial role in activating hepatic stellate
cells, leading to transdifferentiation of these into
myofibroblasts, through TGF-p1 activation. This
process results in lipid peroxidation, mitochon-
drial damage, cellular injury, chronic inflamma-
tion and, ultimately, fibrosis [31].

Several previous studies have demonstrated
that there is a relationship between PAX6 and

TGF-B1 expression. For example, PAX6 as a tran-
scriptional regulator, localized in the nucleus of
the outer nuclear layer and the inner nuclear
layer of the murine retina, is co-localized and
interacts with TGF-g1 [13]. In addition, Yenan
Feng et al. demonstrated that suppression of
PAX6 expression by small interfering RNA
(siRNA) transfection promotes TGF-B1 mRNA
and protein levels in cardiac fibroblasts [14].
Therefore, ritanserin as 5-HT2A receptor antago-
nist may play an important role in preventing
the transformation of limbal stromal cells into
myofibroblasts by regulating PAX6 expression,
through the TGF-B1 signaling pathway. The
MAPK/ERK pathway may play here an impor-
tant role.

In our present study, using LGSF-medium,
PAX6 mRNA expression was lower in AN-LSCs
than in LSCs (Fig. 2a), and in parallel, TGF-
B1 mRNA expression was higher and TGF-pl
protein level tended to be higher in AN-LSCs
(Fig. 2a—c).

Our study could also confirm using LGSF-
medium that TGF-f1 mRNA and protein levels
were downregulated in AN-LSCs after ritanserin
treatment, coinciding with upregulated PAX6
mRNA expression. Nevertheless, we could only
observe this phenomenon in AN-LSCs, in LGSF-
medium. In parallel, with ritanserin treatment,
PERK/ERK protein levels were slightly decreased
in AN-LSCs, without reaching statistical signifi-
cance (ESM Fig. 2). In healthy limbal stromal
cells, PAX6 mRNA expression was not upregu-
lated, even though a slight tendency to upregula-
tion could be observed after ritanserin treatment
and PAX6 protein level remained unchanged. In
our opinion, the basically very low PAX6 mRNA
expression in AN-LSCs could result in its signifi-
cant increase after ritanserin treatment, being
more sensitive to treatment, than in LSCs with
probably slightly higher PAX6 levels.

Saurabh et al. observed the antifibrotic effects
of 5-HT, and 5-HT, inhibition on 5-HT/TGF-g1-
stimulated fibroblasts [32], suggesting that SHT,
acts directly through the SHT,R, leading to acti-
vation of the guanosine triphosphatase (GTPase)
and ERK pathways, which further regulate ACTA2
expression. In this study, we demonstrated that
ritanserin decreased ACTAZA1 mRNA expres-
sion in LSCs but not in AN-LSCs, a result that is
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«Fig. 4 Paired box 6 (PAX6), Fos-rclated antigen 2
(FOSL2), tansforming growth factor-Bl (7TGFB1),
a-smooth muscle actin (4CTA2A41), lumican (LUM), col-
lagen 1 (COL1A1), collagen S (COLSA1), farty acid bind-
ing protein 5 (FABPS), all-trans-retinol dehydrogenase 7
(4DH?7) and ATP-binding cassette sub-family G member
2 (ABCG2) messenger RNA expression in aniridia limbal
stromal cells (AN-LSCs) (a, b) and in healthy limbal stro-
mal cells (LSCs) (. d). using low-glucose serum-free cell
culture medium (LGSF medium) (a, c) or normal-glucose
scrum-containing cell culture medium (NGSC medinm)
(b, d) and 24 h after 4 uM ritanserin or duloxetine treat-
ment. Values are shown using a logarithmic scale (Log 2),
as the geometric mean with geometric standard deviation.
One-way analysis of variance was used. Significant P values

(<0.05) are highlighted on the diagrams (= 8)

consistent with the findings reported by Saurabh
et al. [32]. However, there were highly variant
CT values of ACTA2A1 mRNA expression 24 h
after ritanserin treatment, which might indicate
a possibly significant decrease using a prolonged
ritanserin treatment. This aspect requires further
measurements.

FOLS2 has also been shown to play an impor-
tant role in fibrogenesis [15-18]. Our previous
research demonstrated that FOSL2, as a direct
PAX6 target gene, is a novel candidate associ-
ated with corneal opacity [33]. Minal Jaggar et al.
found that a selective serotonin reuptake inhibi-
tor could induce a robust baseline downregula-
tion of FOSL2 gene expression in stress-responsive
brain regions [34]. Our results are largely in agree-
ment with those of these authors. In parallel with
PAX6 mRNA upregulation after ritanserin treat-
ment, FOSL2 mRNA expression also significantly
decreased in AN-LSCs. Nevertheless, this phenom-
enon could not be observed in healthy LSCs, in
which ritanserin treatment did not trigger PAX6
mRNA expression changes. In addition, FOSL2
protein could not be verified neither before or
after treatment in LSCs or AN-LSCs in our in vitro
measurements, providing evidence against the
role of FOSL protein in AAK fibrogenesis.

Effect of Ritanserin on AN-LSCs and LSCs,
Using NGSC-Medium

NGSC-medium is the most commonly used
culture medium for corneal stromal cells. This
medium has a glucose concentration of 4.5 g 17},
which corresponds to a five- to ninefold higher
concentration compared to that in the human
cornea [35, 36]. The 5-HT, antagonist ritanserin
decreases TGF-B1 expression [30]; nevertheless,
in the case of a higher glucose concentration,
TGF-p1 expression increases [37]. Therefore, in
NGSC-medium, with its higher glucose concen-
tration, we found a relatively higher expression
of TGF-B1 mRNA in AN-LSCs, which was also
related to the observed limited upregulation
of PAX. Therefore, PAX6 mRNA upregulation
and TGF-1 and ACTA2A1 downregulation are
only significant in AN-LSCs cultured in LGSF-
medium, but not in NGSC-medium (Fig. 4).
These effects of glucose concentration may also
be associated with the behavior of limbal or
more central corneal stromal cells, depending on
the glucose concentration in their environment.
In addition, several studies have described the
effect of serum in cell culture, which must also
have played a role in our study. Using serum-free
culture medium, most cells will express a kerato-
cyte-like phenotype, whereas in culture medium
with serum, these cells show a fibroblast-like
phenotype (Li Z, Stachon T, Fries FN, et al.
Expression of PAX6 and keratocyte-characteristic
markers in human limbal stromal cells of con-
genital aniridia and healthy subjects, in vitro.
Curr Eye Res. 2024;.under review.) [38—40]. The
exact effect of serum on AN-LSCs remains to be
analyzed more in detail in future studies.
Interestingly, we observed a significant
upregulation of FABP5 and ADH7 mRNA and
protein in healthy limbal stromal cells treated
with ritanserin, which could not be verified in
AN-LSCs. pERK/ERK protein levels were slightly
decreased in LSCs through ritanserin treatment,
but without reaching statistical significance
(ESM Fig. 2). We consider that a relative lower
PAX6 mRNA expression level in AN-LSCs still did
not reach the trigger threshold for FABPS and
ADH7 mRNA upregulation in AN-LSCs. On the
other hand, it is still not clear whether there are
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Fig.5 Protein levels in aniridia limbal scromal cells (AN-
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medium (NGSC medium) (d, h—j). In AN-LSCs, trans-
forming growth factor 1 (TGF-A1I) protein level was sig-
nificantly lower after ritanserin and duloxetine treatment
(P=0.007, P=0.02) and farty acid-binding protein 5
(EABPS) protein level was significantly higher after ritan-
serin trearment (£=0.019), using LGSF-medium (a—c). In
LSCs, FABPS, all-trans-retinol dehydrogenase 7 (ADH?7)
and lumican (LUM) protein levels were significantly
higher after ritanserin treatment (P2 0.013), using NGSC

any unknown interfering factors between PAX6
and RA signaling that might explain the upreg-
ulation of FABP5 and ADH7 mRNA expression
through ritanserin treatment in healthy LSCs,
but not in AN-LSCs. Using an siRNA-based PAX6
LEC model with a strong PAX6 knockdown,
both FABPS5 and ADH7 mRNA expression were
significantly downregulated, which also indi-
cates the interaction of the PAX6 and retinoic
acid signaling pathways in human cells [7, 41].

Our previous study demonstrated that LUM
mRNA expression was significantly lower in
LSCs using NGSC-medium, compared to LGSF-
medium (Li Z, Stachon T, Fries FN, et al. Expres-
sion of PAX6 and keratocyte-characteristic mark-
ers in human limbal stromal cells of congenital
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medium (h—j). In LSCs, FABPS protein level was signifi-
cantly higher (2=0.029) and a-smooth muscle actin (a-
SMA) protein level was significancly lower (P=0.013) after
duloxetine treatment, using LGSF medium (e-g). Total
protein normalization (TPN) was performed using Invie-
rogen™ No-Stain™ Protein Labeling Reagent (¢, g, j). Values
are expressed as the mean + standard deviation, using one-
way analysis of variance. TPN factors arc presented below
cach lane. Representative western Blots are shown for sig-
nificantly altered proteins. Significant 2 values (< 0.05) are
highlighted (n=8). TPN LB Corr. Vol. Total lane protein

local background corrected volume at the Y-axis

aniridia and healthy subjects, in vitro. Curr Eye
Res. 2024;.under review.). In addition, it has
been reported that LUM interacts with TGF-p1
expression, as TGF-pB1 is able to suppress LUM
expression [42-44]. In the present study, there
was an increase in LUM mRNA and protein lev-
els through ritanserin treatment in LSCs, but not
in AN-LSCs, using NGSC-medium. We consider
that through the relative lower TGF-B1 expres-
sion level in healthy LSCs, which might be
further supported by ritanserin treatment, the
suppression effect on LUM expression further
decreases, resulting in an increased LUM level.
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Fig. 6 Hypothetical metabolism of 5-hydroxytryptamine
(5-HT or serotonin) in human corneal limbal stromal
cells (LSCs) disp]aying the canonical and non-canonical
transforming growth factor Bl (TGF-S1) signaling path-
ways. Activation of 5-HT,-receptors (5-HT, R) stimulates
TGF-B1 and decreases Paired Box 6 (PAX6) transcription
in the cell nucleus. a-smooth muscle actin (4CTA2A41)
transcription can be further activated by extracellular
signal-regulated kinase (ERK) or the canonical TGF-B1-
dependent pathway. TGF-B1 also stimulates Fos-related
antigen 2 (FOSL2) activation [16]. Retinoic acid signal-
ing component (RA) farry acid-binding protein 5 (E4BPS)
and all-trans-retinol dehydrogenase 7 (4DH?7) transcrip-

Effect of Duloxetine on AN-LSCs and LSCs,
in LGSF and NGSC Culture Medium

Duloxetine is an antidepressant drug inhibiting
the neuronal reuptake of 5-HT and norepineph-
rine (NE) [22]. Dorot et al. generated a PAX6
haploinsufficient cell line by genome editing
of healthy LECs in vitro, inserting a nonsense
mutation in one allele of the PAX6 gene. In

ACTA2AL 1

\/

TGFpI

Cytoplasm
=
COL 1A11 — st Nucleus
COL SA1T
LUM |

tion are reduced parallel to a reduced PAX6 expression.
Through drug trearment, keratocyte-characteristic marker
expression, such as ACTA2AL, collagen 5 (COL5A1) and
collagen 1 (COL1AI) levels are upregulated and lumican
(LUM) level is downregulated. In this process, TGF-f1
and Small mother against decapentaplegic (Smad) compo-
nents play an important role. Ritanserin, as 5-HT, receptor
antagonist, blocks 5-HT receptors and duloxetine inhibits
5-HT receptors, which can lead to decreased TGF-f1 and
increased PAXG6 expression, as confirmed by our data. All
these components play an important role in extracellular
marrix formation. NE R Norepinephrine receptor

these cells, using 1 pM duloxetine treatment
for 48 h, PAX6 expression returned to the previ-
ously recorded amounts in the original wild-type
healthy LECs [20].

Our previous study confirmed a significantly
increased a-SMA (ACTA2A1) protein level
in aniridia limbal stromal cells, compared to
healthy controls, using LGSF culture medium (Li
Z, Stachon T, Fries FN, et al. Expression of PAX6
and keratocyte-characteristic markers in human
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limbal stromal cells of congenital aniridia and
healthy subjects, in vitro. Curr Eye Res. 2024;
under review.). Therefore, ACTA2A1 may play
an important role in AAK development and
progression. During vascular injury, Gao et al.
found an increased NE level, which induced acti-
vation and proliferation of vascular adventitial
fibroblast differentiation into myofibroblasts,
with parallel increases in ACTAZA1, TGF-B1 and
Smad3 levels [45]. In the present study, using the
NE inhibitor duloxetine for 24 h, we observed a
tendency for decreased ACTAZA1 mRNA expres-
sion in AN-LSCs (P=0.055) and significantly
decreased ACTAZA1 mRNA and protein levels in
healthy LSCs, using LGSF-medium. Using dulox-
etine, TGF-p1 mRNA expression also tended to
decrease (P=0.052) and TGF-B1 protein signifi-
cantly decreased in AN-LSCs, but not in LSCs,
in LGSF-medium. These slight differences in the
response to duloxetine treatment between AN-
LSCs and LSCs need further clarification, but
are probably regulated by Smads through the
canonical TGF-1 signaling pathway.
Duloxetine is able to enhance dopamine lev-
els by inhibiting NE transporters. Dopamine
increase specifically takes place in the prefrontal
cortex, where dopamine transporters are scarce,
and dopamine reuptake relies more heavily on
NE transporters. Interestingly, dopamine inacti-
vation in the retina also induces keratoconus. In
addition, PAX6 expression is decisive in devel-
opment of the dopaminergic phenotype in the
olfactory bulb [26]. A previous study demon-
strated that NE induces epithelial-mesenchy-
mal transformation of lung cancer cells and
promotes invasion and metastasis of lung can-
cer through the TGF-B1 signaling pathway [46].
The results from all of these studies strongly sug-
gest that duloxetine, by inhibiting NE reuptake,
could have a potential role in the restoration
of PAX6 expression, in relation to the TGF-p1
signaling pathway. In our present study, even
though we did not see significant changes in the
levels of PAX6 and TGF-p1 mRNA expression in
any of the duloxetine-treated groups, there was
still a slight trend in PAX6 upregulation and
TGF-p1 downregulation after duloxetine treat-
ment in all groups. In addition, TGF-p1 mRNA
expression tended to decrease (P=0.052) and

TGF-B1 protein was significantly downregulated
in AN-LSCs, following duloxetine treatment.

Duloxetine treatment also resulted in a signifi-
cant increase in FABP5 mRNA and protein levels
in LSCs using LGSF-medium, after 24 h. Not only
PAX6 expression levels, but also other factors may
have an important role in the regulation of FABPS
level; for example environmental inflammatory
stimuli. In addition, once again the ERK pathway
may play a pivotal role.

Differentiation marker DSG1 expression was
altered in aniridia mouse models and upon PAX6
knockdown in primary human corneal epithe-
lial cells [8, 47]. Rubelowski et al. described high
DSG1 expression levels in central differentiated
corneal epithelial cells, but not in LECs [41, 48].
Therefore, we suggest that by increasing PAX6 lev-
els and therefore cell differentiation using ritan-
serin and duloxetine treatment, DSG1 expression
may also increase in LSCs. Although DSG1 expres-
sion could be detected in epithelial cells, and skin
keratinocytes in previous studies [41, 49], DSG1
mRNA and protein were not detectable either in
AN-LSCs or LSCs, using LGSF- or NGSC-medium,
even using ritanserin or duloxetine treatment.
Most probably, human corneal fibroblasts express
extremely low DSG1 levels.

A previous study demonstrated that the
expression of extracellular matrix components
COL1A1 and COLS5A1 is altered in corneas with
AAK, without any previous treatment, and also
in transplanted corneas [50]. In a previous study,
we observed significantly increased COLIAI
and COL5SAI mRNA levels in AN-LSCs, using
LGSF -medium, and significantly decreased
COL5A1 mRNA expression in AN-LSCs, in NGSC-
medium (Li Z, Stachon T, Fries FN, et al. Expres-
sion of PAX6 and keratocyte-characteristic mark-
ers in human limbal stromal cells of congenital
aniridia and healthy subjects, in vitro. Curr Eye
Res. 2024;.under review.). LUM is able to inhibit
TGF-B1, and TGF-1 is able to elicit an increase in
COLS5A1 mRNA level in bone matrix during osteo-
genesis [42]. Boya Zhou et al. found significantly
upregulated TGF1 expression in the case of LUM
knockdown [43]. There is a strong relationship
between extracellular matrix components and
TGF-p1 expression, which also plays an impor-
tant role in AAK development and progression.
Nevertheless, duloxetin treatment did not change
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COLIA1 and COL5SAI mRNA or protein levels,
even though we observed a significant change in
TGF-p1 in AN-LSCs, using LGSF medium.

Limitations

Although significant alterations were observed
in PAX6 and TGF-p1 mRNA expression in AN-
LSCs after ritanserin treatment, further inves-
tigation is necessary to determine the long-
term effect of both ritanserin and duloxetin
on healthy and aniridia limbal stromal cells.
In addition, in vivo experiments should be per-
formed to analyze the effect of both drugs on
the limbal stem cell niche in both the short and
long term.

CONCLUSIONS

In summary, we confirmed that the expressions
of both PAX6 and TGF-B1 mRNA are sensitive
to ritanserin treatment. Both ritanserin and
duloxetine have an impact on retinoic acid
signaling and keratocyte characteristic mark-
ers in both healthy and aniridia limbal stromal
cells. In these changes, the ERK pathway may
play an important role. Therefore, ritanserin and
duloxetine treatment may affect corneal stromal
wound healing both in healthy and in congeni-
tal aniridia corneas.
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