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DEVELOPMENT OF 3D MICROFLUIDIC PLATFORM in vitro DISEASE
MODELLING OF MACULAR CORNEAL DYSTROPHY

irem Duman, Izmir International Biomedicine and Genome Institute, Dokuz Eylul

University 15 Temmuz Health and Art Campus, Balcova, 35340, Izmir/Turkey

ABSTRACT

Cornea is an avascular structure that provides refraction, transparency, and
protects the eye's anterior part. Collagen generates a unique tissue structure that
promotes physical qualities and strengthens the rigidity of the outer eye. Corneal
dystrophies are rare hereditary diseases that produce corneal defects. Macular corneal
dystrophy (MCD) is an autosomal recessively inherited condition in which mutations in
the CHST6 gene, which codes for the enzyme N-acetylglucosamine-6-
sulfotransferase, induce aberrant proteoglycan production. Corneal opacity is caused
by the accumulation of glycosaminoglycans among stroma keratocytes, resulting in
visual impairment. MMP1 and MMP13 from the matrix metalloproteinase (MMP) family,
which are involved in corneal remodeling, have been found to be reduced in the
extracellular matrix in MCD disease. Current clinical methods are mostly focused on

corneal transplants, which do not eliminate the risk of recurrence.

Here, we create a dynamic microfluidic platform to test an alternate treatment
technique that includes MMP enzyme therapy in an in vitro model of MCD. Primary
human corneal cells were extracted and planted on a hydrogel made up of mainly
collagen which mimicked the biochemical and mechanical properties of the cornea.
The cells were cultivated in a microfluidic platform in continuous laminar flow under
dynamic conditions. We demonstrate that imitating sulfation inhibition using sodium
chlorate, a pharmacological inhibitor of 3'-phosphoadenosine-5'-phosphosulfate
(PAPs), results in long-term cell survival and MCD (-) related molecular responses at
the gene level. The bioengineered example disease model will be a good platform for

learning more about MCD and creating new treatments in clinics.



Key Words: Microfluidics, Disease Modelling, Rare Disease, Macular Corneal

Dystrophy



MAKULER KORNEA DISTROFISININ MiKROAKISKAN PLATFORM ICERISINDE in
vitro HASTALIK MODELLENMESI

irem Duman, izmir Uluslararasi Biyotip ve Genom Enstitiisii, Dokuz Eylil Universitesi
15 Temmuz Saglik ve Sanat Kampust, Balgova, 35340, Izmir/Turkey

OZET

Kornea avaskiler yapisiyla gézin dis kismini korurken kirinim ve seffaflik
saglayarak da gérmeye yardimci olur. Bu benzersiz doku yapisi glikozaminoglikan
(GAG) ve kolajenden olusan birliktelikle gézun dis kisminin sertligini arttirmaktadir.
Kornea distrofileri korneada bazi anomalilere sebep olan ¢ogunlukla nadir kalitsal
hastaliklardir. Makiler kornea distrofisi (MKD), N-asetilglukosamin-6-slilfotransferaz
enzimini kodlayan CHST6 genindeki mutasyonlar nedeniyle olusan anormal
proteoglikan sentezinin goruldiglu otozomal resesif kalitilan bir hastaliktir. Stroma
keratositlerinde glikozaminoglikanlarin birikmesi korneada opaklasmaya ve bu da
goérme bozukluguna yol agcar. MKD hastaliginda korneanin yeniden sekillenmesinde
gorevli matriks metalloproteinaz (MMP) ailesinden ekstraselller matrikte bulunan
MMP1 ve MMP13 (in azaldigi gézlemlenmistir. Glincel klinik yaklasimlar daha ¢ok ntiks

risklerinin elimine edilemedigi kornea transplantasyonlari Gzerinedir.

Bu ¢alismada MKD'yi in vitro bir platformda olusturarak mikroakiskan tekniklere
hastallk modellemesi ve alternatif tedavi yaklagimi olarak MMP enzimlerinin
denenmesinin gergeklestiriimesi amaclanmistir. Primer insan kornea hucreleri izole
edilerek, korneanin biyokimyasal ve mekanik 6zelliklerini taklit eden kolajen, polietilen
glikol ve 2-metakriloiloksietil fosforil kolinden olusan biyomUihendislik Grtint bir hidrojel
uzerine ekilmigtir. Hucre ekili hidrojeller, g6z i¢i basincina benzer dinamik kosullar
saglayan polimetil metakrilat (PMMA) ve polidimetilsiloksandan (PDMS) olusan
mikroakiskan cip yapisinda surekli laminer akis altinda kultar edilmigtir. Uzun sureli
kaltar siresiyle 3'-fosfoadenosin-5"-fosfosulfatin (PAP'lar) kimyasal bir inhibitéri olan
sodyum klorat kullaniimis ve silfatlasma inhibisyonunu saglanmistir. MKD ile iliskili
molekuler yanitlar gen seviyesinde degerlendirilmistir. Biyomuhendislik teknikleri

kullanilarak olusturulan bu Ornek hastallk modeli, MKD’nin daha iyi anlagiimasi ve



klinikte de kullanilabilecek alternatif yaklasimlarin gelistiriimesi icin uygun bir platform

olacaktir.

Anahtar Kelimeler: Mikroakiskan, Hastalik Modeli, Nadir Hastalik, Makuler Korneal

Distrofi



1. INTRODUCTION AND GOAL
1.1. Statement and Importance of the Problem

Cornea is a clear tissue that protects the iris, pupil, and anterior chamber of the
eye. It consists of multiple layers, where each layer has its own structure, with different
types and densities of collagens, elastins, fibronectins, laminins, and proteoglycans.
The mechanical properties of these multiple organizational and constitutive motifs are
vastly diverse. Most importantly the cornea's transparency, which allows light to flow
through, is maintained by dense, regular protein packing inside a proteoglycan-rich
matrix. (Blackburn et al., 2019).

Corneal dystrophies are rare hereditary diseases that cause progressive
alterations in the cornea's structure (Aggarwal et al., 2018). Macular corneal dystrophy
(MCD) is a visual impairment occurs due to mutations in carbohydrate sulfotransferase
6 (CHSTG6). The creation of several gray spots in the corneal stroma region is caused
by the accumulation of abnormally sulfated keratan sulfates as a result of these
alterations (Abbruzzese et al., 2004). Corneal transplantation is currently the only
definitive treatment option for these patients (Di lorio et al., 2010).

Murab et al. tried to create an in vitro model of MCD by imitating sulfation inhibition
with sodium chlorate (NaClOs), a chemical inhibitor of 3'-phosphoadenosine- 5'-
phosphosulfate (PAPs) (Murab et al., 2016). As technology advances in vitro modelsare
becoming more popular in medicine and biology, particularly because of their capacity
to mimic intracellular function. Organ-on-chip models aim to produce a form of artificial
tissue/organ by mimicking cell environment and cell-cell interactions. They were
developed to better imitate cells' native habitats (Nikolic et al., 2018). In light of this
knowledge, the goal of this research is to generate a cellular macular cornea dystrophy

model within an on-chip platform utilizing 3D collagen based hydrogel carrier.



1.2. Purpose of the Research

The goal of this thesis is to mimic MCD disease inside a microfluidic platform by
modeling the microenvironment with human primary cells and combining them with
bioengineering techniques. Through this, we aim to observe the reaction of human
primary cells to MMP1 and MMP13 enzymes within the generated disease-like

microenvironment.

1.3. Hypothesis of the Research

In this study, we hypothesize that physiology of cornea stromal cells of MCD
diagnosed patient could be recapitulated within the microfluidic platform by sulfation

inhibition with sodium chlorate with isolated primary cell seeded collagen hydrogel.

Matrix metalloproteinase plays a function in corneal remodeling and migration of
corneal stromal cells in the tissue, the expression levels of matrix metalloproteinase-1
(MMP1) and matrix metalloproteinase-13 (MMP13) enzymes have been reported to
decrease in macular degenerations (Daniels et al., 2003) (Ye et al., 2000). In this study
the effect of MMP1 and MMP13 stimulation on accumulation levels of proteoglycans
will be tested in an in vitro disease model within the developed microfluidic platform.
We hypothesize that MMP1 and MMP13 stimulation will facilitate the decrease in

proteoglycan accumulation on generated disease model.

21, Gomen AL

Human eye is one of the most complicated organ in the body. It is into three
sections: outer, middle, and inner. The cornea, which is located on the outside of the
eye, protects it from the external threats and is responsible for refracting light and
passing it to the inner section of the eye (Willoughby et al., 2010). Cornea is an
avascular tissue and has 5 distinct layers; corneal epithelium, Bowman's membrane,
stroma, Descemet's membrane and corneal endothelium (Figure 1) (Willoughby et al.,
2010). Corneal epithelium is a transparent tissue that covers the anterior of the cornea
and has a strong capacity to regenerate. Together with tears corneal epithelium serves
as the first defense line for the eye (Nosrati et al., 2021) (Masterton & Ahearne, 2018).

Bowman's layer is an acellular layer mainly made of collagen | and separates the



epithelium from the stroma. The corneal stroma is a transparent and thick layer made
up of collagen type I, with the transparency provided by the fibrils' regular arrangement
which is one of the layer’s unique features. (Wilson, 2020) (Sridhar, 2018). Descemet's
membrane is an acellular layer composed mainly of collagen type 4, but also
fibronectin, laminin, and other proteins (Singhal et al., 2020). Corneal endothelial cells
are crucial in the fluid transfer between the anterior chamber and the stroma (Tuft, S.
J., and D. J. Coster, 1990).

7] ] Epithelium

Bowmans's Layer

Stroma

Descemet’s Membrane

Endothelium

Figure 1 Layers of the cornea.

2.1.1. Corneal Stroma

The cornea stromal layer is one of the most important participants in visual
function. It is located between the epithelium and the endothelial layer. The collagen
fibrils, which build up the core structure are arranged in a regular pattern. This
arrangement in the structure allows light to pass through the eye from cornea to retina.
The cornea specific distinguished fibril architecture provides both strength and

transparency (Meek & Boote, 2004).

Collagens composed 70% of the fibrous structure in the cornea. It is made up
mainly by collagen [, along with other collagen types -such as Il, lll, V and XI- helps to
create the structure (Espana & Birk, 2020). Apart from collagen, proteoglycans are
another important protein that contributes to the stroma's ECM structure.

Proteoglycans can be defined as structures that have several glycosaminoglycan



(GAG) chains connected to them. GAGs are polysaccharides with disaccharide groups
that repeat. Decorin, lumican, keratocan, and mimecan are the proteoglycans
responsible for preserving the structure and position of the fibrils in the cornea (Espana
& Birk, 2020) (Baratta et al., 2022) (Michelacci, 2003). Lumican protects the ECM
structure and contributes to the provision of corneal transparency by regulating the
synthesis of collagen fibrils and contributing to the healing of the wound which occur

in the corneal epithelial region (Zhang et al., 2017).

Normally in cornea the average size of the collagen fibrils are about the 23- 35
nm, and the triple collagen fibrils they create are around 300 nm. The arrangementand
structure of the fibrils are crucial to preserving the cornea's transparency. Keratocan is
another important proteoglycan that helps to keep everything in order in the cornea. In
a study on mice conducted by Liu et al. it was discovered that corneal fibrils in
keratocan-null animals increased in diameter and disordered (C. Y. Liu et al., 2003).
Although the shape of the cornea changes depending on the situation, its transparency
is also compromised (Zhang et al., 2017). Decorin and mimecan are theother two key
proteoglycan that help to preserve the structure of the cornea stroma. Decorin functions
in the control of interfibrillar spacing as a dermatan sulfate proteoglycan. Mimecan is a
keretan sulfate proteoglycan that has a role in collagen fibril diameter regulation
(Michelacci, 2003).
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Figure 2 Cell components and collagen distribution in the cornea (Baratta et al., 2022).

Stroma layers cell component is keratocytes and these are little cells that are
scattered throughout the collagen layer and play role in reducing light scattering (Figure
2). In keratinocytes, crystallins Aldehyde Dehydrogenase 3 Family Member A1and
Aldehyde Dehydrogenase 1 Family Member A1 (ALDH3A1 and ALDH1A1) are
responsible for decreasing light emission and absorbing UV radiation. Keratocytes
produce proteoglycans, which assist corneal transparency at the structural level, while
crystallins aid this role at the intercellular level. These specific proteins, in combination

with the cell surface markers CD34 and CD133, can be utilized to identify keratocytes.

2.2. Corneal Dystrophies and Macular Corneal Dystrophy (MCD)

The degeneration of the cornea's distinctive structure leads to a variety of vision-
related abnormalities. Allergies, dry eye syndrome, traumas, and corneal dystrophies
are just a few of the factors that can cause corneal degeneration. In medical terms,
dystrophy refers to muscle diseases, and corneal dystrophy is a hereditary disorder
that affects cells, tissues, or organs by acting alone or in combination with other
abnormalities (Weiss et al., 2015). Corneal dystrophy is a progressive accumulation of

aberrant insoluble materials in distinct layers of the cornea that can cause significant



visual impairment and vision loss up to blindness. The International Committee for
Classification of Corneal Dystrophies (IC3D) standards are used to classify corneal
dystrophies. This classification is based on the anatomy of the dystrophy and the
amount of genetic information that has been published about it (Table 1) (Weiss et al.,
2015).

Table 1 The International Committee for Classification of Corneal Dystrophies (IC3D) Categories and
definitions

Category Definition
C1 Detected the mutation and located the associated gene
C2 Mapped on one or more chromosomal loci but unidentified genes

Despite the fact that it has been properly characterized, no genetic
C3 mapping has been done.

C4 Dystrophies that are suspected but not fully described

More information released about the diseases, they shift from category C4 to
category C1. For the moment, it is more likely that medical treatment will be developed

for diseases in category C1.

Mutations in carbohydrate sulfotransferase 6 (CHST6) induce Macular Corneal
Dystrophy, which results in gray patches on the cornea (Figure 3). It causes vision
impairment in its later phases. MCD is a rare autosomal recessive disease
characterized by the formation of aberrant residues from unsulfated keratan sulfate
proteoglycans (KSPGs). According to this information, MCD is in the C1 classification
and is an autosomal recessive disease. MCD is a rare disease with an estimated
prevalence of 9.7 per million people, most frequent in India, Saudi Arabia, Iceland
(approximately 19 per million), and some areas of the United States (1.2 per million)
(Di lorio et al., 2010) (Klintworth, 2009).
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Different surgical procedures are used to treat various corneal disorders. Some
of them include penetrating keratoplasty and deep anterior lamellar keratoplasty
(DALK). Although the DALK approach involves removing the corneal stroma up to the
Descemet's membrane, penetrating keratoplasty refers to the replacement of a full-
thickness portion of the cornea. MCD is one of the most frequent eye disease that
causes corneal blindness, yet there is no solution (Keane et al., 2014) (Murab et al.,
2016). DALK and penetrating keratoplasty are used to treat the condition, however
there is always the potential of seeing the inherent risks of corneal transplantation and

a high risk of recurrence.

- - ——
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Figure 3 Histopathological staining for Macular Corneal Dystrophy A) Hematoxylin and eosin B) Alcian
Blue C) Colloidal iron staining for glycosaminoglycan deposition and D) Hazy cornea (Lee et al., 2013).

Macular corneal dystrophy is divided into two main groups. MCD Type | is more
common and is characterized by mutations in the CHST6 gene's coding region (Weiss
etal., 2015). MCD Type |l reveals deletions and rearrangements. Keratan sulfate is the
most abundant glycosaminoglycan (GAG) in the cornea, and it is responsible for
maintaining the cornea's hemostasis. This approach is supported by opacification of
the cornea, which can occur as a result of damage or disease. In the cornea, these KS-
GAG groups create proteoglycans (PGs). In MCD disease, keratan sulfate
proteoglycans have no sulfate residues in their carbohydrate side chains, and second,
oligosaccharide side chains in MCD (-) affected corneas are much smaller than keratan

sulfate side chains found in normal corneas. Due to mutation on CHST6 gene and
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these mutations negatively affect the CHST6 enzyme function this cause the impair
sulfation of keratan molecules. This causes disorganization of collagen fibrils and
proteoglycan accumulations, loss of transparency in the end blindness (Weiss et al.,
2015) (Quantock et al., 2010) (Singh et al., 2021).

Matrix metalloproteinases (MMPs) are the major enzymes responsible for the
degradation of collagen and other proteins in the extracellular matrix (Jabtornska-
Trypuc et al., 2016).An increase in the levels of matrix metalloproteinase (MMPs), one
of the collagen enzymes, was detected in Lumican-null mice in the study. MMP1 and
MMP13 were discovered to be the enzymes that help the cornea self-stabilize
(Chakravarti et al., 2000). Due to the inability of keratan sulfates to be sulfated, the
downregulation of MMP1 and MMP13 in the cornea with MCD makes clearance of
aberrant collagen accumulations in the stroma insufficient. Given this knowledge, it's
possible that MMP1 and MMP 13 enzymes, which are deficient in MCD, could be used
in the treatment (Murab et al., 2016).

2.3. Biomaterials for Corneal Bioengineering

Tissue engineering is a field that combines bioengineering, biomedical
engineering, and materials science, as well as the use of cell-specific components for
tissue healing, treatment, and regeneration. Tissue engineering encompasses a wide
range of applications and procedures for various purposes. Repairing or replacing body
parts, developing a tissue scaffold for cells and using it for medicinal purposes, using

hydrogels, and applying drug active compounds to tissue are just a few examples.

Currently in clinics corneal transplantation is the gold standard to approach many
corneal disorders. However, post-transplantation challenges and donor shortages
promote the development of bioengineering approaches in ophthalmology.
Biomaterials utilized in tissue engineering and regenerative medicine should meet
several features such as biocompatibility, transparency, robustness, and clinically
applicable for use in the eye (Chen et al., 2018). The candidate biomaterial should not
stimulate any host reaction in the patient and potentially assist regeneration and

healing process. Natural and synthetic materials are both frequently used in corneal
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bioengineering (Table 2). Due to the complex structure of the cornea, it is challenging
to recapitulate its architecture by utilizing single type of natural or synthetic biomaterials
(Palchesko et al., 2018) (Chen et al., 2018). Corneal tissue engineering strategies has
been reported mostly based on natural materials such collagen, gelatin, chitosan,
amniotic membrane, and silk, as well as synthetic materials like poly vinyl alcohol
(PVA) and Poly(ethylene Glycol (PEG) derivatives (Table 3).

Table 2 Biomaterials for corneal bioengineering

Biomaterial Advantages Disadvantages
Mechanical qualities that aren't up to
Collagen High biocompobality 4 P
standard
. Mechanical qualities that aren't up to
Gelatin Natural, cheap 4 P
standard
Decellularized Similar properties to native cornea Low bioactivity
Cornea (DC)
Biofunctionalization is simple; biocompatibility is good; and
. R p ) p yisg Needs to crosslink with other materials
Chitosan biodegradability is manageable.
Other components are require to make
PVA Good mechanical properties p. d
suitable for cornea
. . Other components are require to make
PEGDA Mechanical properties can be controlled

suitable for cornea

Table 3 Various combination of biomaterials (Mahdavi & Abdekhodaie, 2020)

Biometarial Advantages Disadvantages Clinical Status References

Inducing inflammatory
responses, lack of the

Collagen + PVA Biocompatible : Preclinical Miyashita, Hideyuki, et al.
expression of basement
membrane components
Collagen + PEGDA Biocompatible Inducing inflammatory Preclinical Kadakia, Arpita, et al.
responses
Amniotic Membrane + B!ocompatlble, Inducing inflammatory Preclinical Uchino, Yuichi, et al.
PVA biodegradable responses

Low degradation rate, Do

Chitosan + PVA Proper mec_hanlcal not mimic the SD Basic f_Seyed, Mohamed All;
properties structure of the native Vijayaraghavan, Kavitha.
tissue
Low degradation rate, Do
Chitosan + PEG Proper mec_hanlcal not mimic the 3D. Basic Ozcelik, Berkay, et al.
properties structure of the native
tissue
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2.3.1. Collagen

Collagen is one of the most abundant elements in the body, forming bones,
cartilage, fibers, and joints. It is made up of three alpha chains wrapped around each
other and it has a significant role of cell adhesion, migration, and proliferation (Figure
4). Itis quite popular in tissue engineering as a result of these qualities; however, it has
a significant drawback in terms of mechanical durability. To overcome this drawback,
it is frequently combined with cross-linkers. Type | collagen, which has the advantage
of being less expensive to produce than other types, outperforms the othersin terms of
strength, while type Il collagen excels in terms of technical and optical characteristics
(Chen et al., 2018).
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Figure 4 Collagen is found in a variety of tissues and organs throughout the body.

May Griffith and her team combined collagen | and collagen Il with various cross-
linkers to create an optically clear hydrogel (Islam et al., 2015). Their research focuses
on collagen and its cross-linking strategies. In vivo investigations showed positive

results for the researchers, who used collagen type | and N'-ethylcarbodiimide
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hydrochloride (EDC) / N-Hydroxysuccinimide (NHS) as a crosslinker for the first time.
Despite the fact that type | collagen is more common in native human corneas, they
conducted the same study with collagen lll, and the results were compared. They
discovered that the collagen type Il hydrogel had higher light transmittance than the
other even though both had the same refractive index. They added (2-methacryloxy-
ethyl phosphorylcholine) (MPC) chemical to increase the characteristics of the
hydrogel in their subsequent investigations. With the MPC addition the hydrogel's light
transmittance very near to the native cornea. In recent years, Griffith's team has
completed phase | trials on these hydrogels and their research has a great potential for
corneal blindness (W. Liu et al., 2008) (Y. Liu et al., 2006) (Ahn et al., 2013) (Merrett,
Kimberley, et al., 2008).

2.4. Microfluidic Systems and 3D Disease Modelling

Microfluidic technology has increased in popularity in recent years, and it is
providing to an analysis system that is simple to control, low cost, fast, and high
sensitivity. These properties make it possible to easily control the liquids and particles
inside microfluidic devices. The capacity to control the microenvironment in this way

led to development of point-of-care devices, organ-on-chips, and disease models.
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Figure 5 Scale for the microfluidic chips.
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The manufacturing of microfluidic platforms involves a wide range of materials.
Materials such as elastomer (Polydimethylsiloxane (PDMS)), plastic, glass, paper, and
others vary depending on the necessities of the platform to be constructed (Ren et al.,
2012).

Microfluidic chip systems have a wide range of applications, but when combined
with bioengineering and tissue engineering disciplines, they are very beneficial for
healthcare. Animals are commonly utilized, despite the fact that they are not a great
model for human disease or drug toxicity tests. In vitro models, on the other hand, are
not quite beneficial for representing the human body's complex structure. Organ-on-a-
chip technology, which have been developed in parallel with these advancements, are
an excellent platform for summarizing the complicated functionality of numerousorgans
at once and building a comprehensive model of any condition. Disease modeling,
therapeutic drug discovery, and personalized medicine technologies are allbeing

developed using organ-on-a-chip technology (Jalili-firoozinezhad et al., 2021.).

In 2012, Dan Dongeun Huh and his colleagues created a lung-on-chip model,
which had a huge impact in this field. On the platform, they also used the co-culture
technique, which is a model for several lung disorders, particularly cystic fibrosis, with
their experiments simulating the airways and breathing. In this way they've created a

wonderful platform for drug studies (Figure 6) (Huh, Dongeun, et al 2012).
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Figure 6 Representative work of lung on a chip (Huh, Dongeun, et al 2012)

In 2019, Seo and colleagues employed reverse engineering to create an eye-on-
a-chip that can blink and represent the complexity of the ocular system's connection

with the external environment. The major purpose in developing this system was to
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replicate the most fundamental characteristics to the greatest extent possible. Cell
culture is carried out in this system on a dome-shaped scaffold with three dimensions,
which is one of the system's key features. At the same time, they added a tear flow and
an eyelid to bring the system closer to native eye environment. Using co-culture and
3D cell patterning techniques, both sub epithelial stroma and conjunctival epithelial

models created inside this system (Figure 7) (Seo et al., 2019).
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Figure 7 Representative work of bioengineered eye-on-a-chip as an in vitro platform for drug
screening (Seo et.al., 2019).

3. MATERIALS & METHODS
3.1. Type of Research

This study encompasses in vitro experiments and based on cell culture

techniques.
3.2. Time and Location of Research

All research was conducted between February 2020 - May 2022 at 1zmir

Biomedicine and Genome Center.
3.3. The Universe and Sample of Research

In this thesis human cornea samples discarded after keratinoplasty were used.
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3.4. Materials of Research

In this thesis, 3T3 mouse fibroblast cells were provided by Assoc. Prof. M. Kasim
Diril. Transfected GFP (+) 3T3 cells.

3.5. Variables of the Research

Independent Variables: DMEM high glucose medium, FBS and Pen-strep

concentration, duration of cell culture.

Dependent Variables: structural properties of collagen based hydrogels, flow rate

of microfluidic system, gene expression in protein and RNA level.
3.6. Data Collection Methods

3.6.1. 3T3 Cell Culture

3T3 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) high
glucose and pyruvate (Gibco, 41966029) supplemented with high glucose medium
containing 10% Fetal Bovine Serum (v/v) (FBS, Gibco, 10500064) and 1% Penicillin
Streptomycin (PS).

Frozen cells were thawed in 37 °C water bath quickly to avoid damaging the cell
membrane with presence of dimethyl sulfoxide (DMSO) (Sigma — Aldrich, D2650).
Once cells inside the cryotube were thawed, transferred into 15 ml falcon tube which
contained 3 ml of pre-warmed complete DMEM (added 10% FBS) high glucose
medium. Later, cells were centrifuged at 1600 rpm for 5 min. The DMSO containing
supernatant was removed. Fresh complete medium was added into the falcon tube for
resuspension of the cells. 3T3 cells were seeded on 100 mm cell culture plates in
complete DMEM high glucose and incubated at 37 °C incubator with 5% CO2. Medium
was refreshed within 2 or 3 days. When confluency was around 80-90%, cells were

ready to be passaged.

For sub-culturing, medium was removed from 100 mm cell culture plate and cells

were gently washed with 1X PBS. Then, appropriate volume of trypsin-EDTA (0.25%)
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(GIBCO, 25200056) which it should be enough to cover the surface of the flask was
added into the flask and cells inside trypsin were incubated (37 °C with 5% CO2) for 5
min to remove the adherent cells from the flask surface. When the all cells were
removed from the surface of flask, minimum the two volume of medium was added into
the flask to inactivate the trypsin-EDTA. Suspended cells were transferred into a 15 ml
falcon tube, centrifuged at 1600 rpm for 5 min and the supernatant was removed. Fresh
medium replenished the tube. After mixing the cells and medium gently, 100 pl of cell
suspension were resuspended in 200 ul of Trypan Blue (GIBCO, 15250061). The A
hemocytometer was used to count the cells required 200 pl of 1X PBS solution to

quantify the number of cells.

The cells were frozen in freezing medium composed of 10% DMSO (v/v) and
90% FBS (v/v). To freeze, cells were trypsinizied and centrifuged according to
protocol above. After, supernatant was removed and an adequate volume of freezing
medium was added into a falcon tube for resuspension of the cells to yield
approximately 1-2 x 108 cells/ml. 1ml of cell suspension was transferred into
cryotubes and placed into freezing container (Nalgene, 5100-0001) at -20 °C for 2
hours and stored -80 °C. For long term storage, vials were transferred to the liquid

nitrogen tank.

3.6.2. Primary Cell Culture

3.6.2.1. Optimization of Cell Culture

Cells were isolated from the corneas obtained with the ethical approval.
Optimization study was carried out by trying different media for cell isolation from

tissue.

A 60 mm petri plate was coated with 0.2% gelatin (Sigma - Aldrich, G1890) before
cell isolation from tissue. 0.02 mg gelatin dissolved in 10 ml warm PBS, which was
vortexed to ensure complete dissolution. To ensure sterility, it was passed through
0.22 pm filters inside the laminar flow cabin. 2 ml sterile gelatin solution applied in petri
plates and incubated (37 °C with 5% CO2) for 2 hours. Before cell seeding, remaining

excess gelatin solution inside the petri plate has been removed with the pipette.
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Human cornea tissues from the hospital were placed in Optisol to preserve

celltissue viability (Kureshi et al., 2014).

Corneal tissues were placed in 100 mm petri plate under aseptic conditions.
Mechanical mincing was performed with the help of sterile forceps. For enzymatic
digestion, 0.5 mg/ml type Il collagenase (Sigma — Aldrich, collagenase from clostridium
histolyticum, type Il, C6885) was prepared in PBS and filter sterilized. Minced cornea
tissue was digested in 0.5 ml of prepared type Il collagenase solution in 8 ml of
complete DMEM 10% FBS and incubated overnight.

After the digestion to remove excess collagenase solution cell-tissue slurry was
centrifuged in the 15 ml falcon tube at 1600 rpm for 5 min and pelleted. Optimization of
corneal cell isolation protocol was assessed in multiple trial with four different cornea
tissues. After digestion isolated cell were resuspended and seeded using different
culture medias such as Defined Keratinocyte Serum Free Medium (DKSFM) (GIBCO,
10744019), DMEM/F12 serum free (GIBCO, 31330-038), DMEM /F12 5% FBS and
Complete DMEM 10% FBS and cultured in 60 mm gelatin coated petri plates.
Depending on age of the donor adhesion and expansion of isolated corneal cells were

observed in different time points varying between 6 to 15 days.

Table 4 Information about human cornea tissues.

Condition Age Gender

Macular Corneal Dystrophy

Positive 20 M

Healthy 20 F
Macular Corneal Dystrophy

Negative 70 F

Healthy 9 F
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3.6.3. PMMA Mold Fabrication

To fabricate uniform size hydrogels, we first fabricated a mold from stiff polymeric
material. A mold with a diameter of 2.5 cm and a depth of 3 mm which was designed
by Corel Draw software. With the use of a laser cutter, the upper part was cut out of a
3 mm, and the lower part out of a 1.5 m thick Poly (methyl methacrylate) (PMMA) sheet.
Double-sided tape was used to attach both. The hydrogels poured into the moldwere

later cut out using 8 mm punches (Figure 8).

Figure 8 PMMA mold for the hydrogel preparation.

3.6.4. Hydrogel Synthesis

3.6.4.1. MES Buffer Solution Preparation

To prepare 0.625 M MES buffer, 1.3325 grams of 2-(N-
Morpholino)ethanesulfonic acid (MES monohydrate) (Sigma - Aldrich, 69889) were
dissolved in 10 ml dH20.

3.6.4.2. Gelatin Based Hydrogel

To produce gelatin based hydrogel, 0.2 g gelatin (Sigma - Aldrich, G2500) was
dissolved in 2 ml of dH20, and MES buffer solution (600 pl) was added to gelatin
mixture. Consecutively, 26.2 mg of NHS (Sigma - Aldrich, 130672) was dissolved in
100 pl of dH20 in a different Eppendorf as a stock solution. 20 pl of stock NHS solution
was mixed with the gelatin solution. For adjusting the pH of the solution to 5+0.5 0.1M
Hydrochloric acid (HCI) (Sigma - Aldrich, 320331) was used (All solution were used at
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room temperature). In a separate Eppendorf, 50 mg of MPC (Sigma — Aldrich, 730114)
was dissolved in 400 pl of MES buffer solution by vortex. MPC and MES buffer solutions
were mixed with 16.66 mg of PEGDA (Sigma - Aldrich, 455008, Mn 700) which
dissolved in 400 pl of MES buffer. Following the preparation of all sub mixtures,they

were collected in the same Eppendorf and mixed by pipetting.

In a separate Eppendorf tube, 40 mg of ammonium persulfate (APS) (Sigma -
Aldrich, A3678) was dissolved in 1 ml of MES buffer solution. 40 pl of APS solution was
added to the pre-prepared gelatin containing mixture. As a polymerization initiators
N,N,N,Ntetramethylethylenediamine (TEMED) (Sigma - Aldrich, T9281) and EDC
(Sigma - Aldrich, E7750) were used. 200 pl of TEMED were diluted with 800 ul of MES
buffer solution, and 52 pl were quickly added to the gelatin containing mixture.Iln 100 pl
of MES buffer solution, 43.7 mg of EDC was dissolved, and 40 pl of the EDCcontaining
buffer solution was promptly added to the gelatin containing mixture and mixed by

pipetting using 5 ml serological pipette.

The solution was combined with MPC in various ratios and made with various
concentrations of gelatin using the same process, after which the 24-well plate was

coated.

3.6.4.3. Collagen Type | from Bovine Tendon and MPC Hydrogel

Hybrid porous hydrogels composed of collagen and MPC were prepared as cell
carriers. Here, previously reported hybrid hydrogel was adapted to the study with slight
modifications (Islam et al., 2015). Lyophilized collagen type | was dissolved in 0.01 M
HCI overnight. The collagen solution of 8 mg/ml density was diluted with 10x PBS
(Gibco 70011036) to 6 mg/ml. The pH measurement was made with pH strips and the
acidic solution was neutralized with the help of 1N Sodium hydroxide (NaOH). To
prevent collagen foaming and to form homogenous solution, the mixture was prepared
by pipetting. Different proportions of MPC, PEGDA were added (3:1 w:w). Thereafter,
cross linkers EDC and NHS were added (1:1 mol:mol). 0. 66 mol 60 ul APS and 20 pl
TEMED were added to solution. The final mixture was poured into PMMA molds and

kept in a 37 °C water overnight for crosslinking. After crosslinking, hydrogels were cut
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with an 8 mm diameter punch, and then to sterilize the hydrogels, they were transferred
to 1% PS (Gibco,15140-122) containing PBS (PAN 36500).

3.6.5. Hydrogel Characterization

3.6.5.1. Electron Microscopy Analysis of Hydrogels

Porosity and morphology of prepared hydrogels were analyzed with SEM.
Samples were prepared using modified published protocols (Sz & Ee, 2012). Briefly,
the hydrogel samples were freeze-dried overnight in a lyophilizer (ThermoFisher). After

lyophilization samples were coated 5 nm gold prior to imaging.
3.6.5.2. Electron Microscopy Analysis of Seeded Hydrogels

Cell-seeded hydrogels were analyzed by scanning electron microscopy on day
14 of static culture. Hydrogel without cells was used as a positive control. Sample
preparation for SEM was performed by modifying published protocols (Sz & Ee, 2012).
Briefly, hydrogel samples were fixed with 2.5% glutaraldehyde (Merck) in 0.1 M
cacodylate buffer (Sigma — Aldrich, C0250) for 30 min. Without washing with another
solution, it is taken into 7% sucrose and left for 15 min. This step is repeated one more
time. It is kept in 2% Osmium tetroxide (OsOs) (Cat. #19110) for 30 min without
washing. Hydrogel samples are washed in distilled water for 5 min two times. Samples
are dehydrated in increasing degrees of alcohol series (50%, 70%, 85%, 95%, 100%,
100%) for 5 min each step. Samples are kept in hexamethyldisilazane (HMDS) (Sigma
- Aldrich, 440191) solution for 5 min. Later, the samples were dried overnight at room
temperature. After the drying process, the samples were coated with 5 nm gold prior to

imaging.

3.6.5.3. Mechanical Test

Three different samples were prepared for the mechanical test analysis of the
developed hydrogels by mixing different collagen type I: MPC: PEGDA ratios. The
samples were put through a compression test, which is appropriate for hydrogel

structures of this size.
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Each sample was taken out of the water at a specific moment and placed on the
precision scale, where it was carefully taken with forceps and then weighed. This
method was performed multiple times until each sample had a constant weight. The
swelling percentages of hydrogels were calculated according to Equation 1 where Ws

weight of swollen hydrogel and Wd is the hydrogel before immersion.

Ws—-Wi

Wi

<100 (1)

Swelling(%) =

3.6.6. Cell seeding and viability studies

The hydrogels were washed overnight at 4 °C in PBS containing 1% PS.
Hydrogels were then seeded with 1x10° 3T3 cells as well as isolated primary cells and
incubated at 37 °C and 5% COz2 for 7 days. After culture period, the hydrogels were
rinsed three times with PBS and stained for 30 min at room temperature with Calcein
AM solution (Biolegend, 425201). Cells were stained with Propidium lodide (Pl)
(Biotium, 40017) solution (diluted with PBS 10:1 v/v) and incubated for 2 min at room
temperature. Hydrogels were then observed under fluorescence microscope for

cellular viability.

3.6.7. Disease Modeling and Verification

To develop the disease model, cells isolated from MCD negative patient cornea
were used. The validation of the in vitro model were completed by the NaClO3 (Sigma
Aldrich, S3171) method developed by Murab et al. in 2016 (Murab et al., 2016).
Different concentration of NaClOs were applied, and the optimum value was
determined by qPCR and immunohistochemical staining. Presto Blue (Invitrogen by
Thermo Fisher Scientific, A13261) staining was performed to observe the effect of
NaClOs on cells. Samples were collected on days 1, 7, and 14 and performed Presto
Blue assay according to the manufacturer's protocol. Briefly, added 1/10th volume of
Presto Blue reagent directly to cells in culture medium and were incubated at 37 °C
with 5% CO2 up to 3 hours. Protected from sunlight during the procedure and
absorbance values were taken inside the microplate reader at 570 nm, using 600 nm

as a reference wavelength.
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3.6.8. Gene expression profiles of primary cells

3.6.8.1. RNA Isolation

Experiments were conducted with cells that had not been exposed to NaCIlO3 as
the control group and cells that had been exposed to NaClOs at doses of 5SmM, 10mM,
25mM, and 50mM as the test group. On day 7, the cultured cells were placed in TRIzol
(TRI Reagent by Molecular Research Center, T 118). An RNA isolation kit was used to
isolate the RNA (Macherey-Nagel, 740955.50). After freezing the lysates on ice, they
were incubated at room temperature for 5 min. Chloroform was added as 20% ofthe
volume of TRIzol. It was incubated for 2 min at room temperature after homogeneitywas
accomplished by gently tossing it up and down. To achieve phase separation, it was
centrifuged at 12000 rpm for 15 min at 4 °C. The RNA-containing supernatant was
collected. 70% ethanol by volume of the collected liquid phase was added and
incubated for 10 min at room temperature. RNA isolation from the lysate/ethanol
mixture was then performed in accordance with the kit protocol. The amount and purity
of RNA were measured with the NanoDrop device.

3.6.8.2. cDNA Synthesis and qPCR Analysis

The cDNA synthesis from the obtained RNAs was carried out using the ABM
OneScript Plus cDNA Synthesis Kit (G236).

Analysis of cDNAs obtained from cells with and without NaClOs treatment was
carried out with GoTaq Master Mix (Promega, A6002) on an Applied Biosystem 7500
Fast Realtime PCR device for relevant genes. Results evaluated using Prism8 and

Excel.
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Table 5 gPCR Protocol

Stages Number of Cycles Temprature ('C) Time (second)
Holding 1 95 120

95 10
Cycling 40 60 10

72 30

95 15

60 60

Melt Curve 1
95 15
4 (00]

Table 6 Primer list for g°PCR

Primer Forward Reverse

MMP1 5-GCATATCGATGCTGCTCTTTC-3 5.GATAACCTGGATCCATAGATCGTT-3
MMP13 5.CCAGAACTTC CCAACCAT-3 5-ACCCTCCATAAT GTCATACC-3

MMP2 5.CCCCAAAACGGACAAAGAG-3 5.CTTCAGCACAAACAGGTTGC-3
COL1A1 5- GGGATTCCCTGGACCTAAAG-3 5- GGAACACCTCGCTCTCCA -3

FN1 5-GCGAGAGTGCCCCTACTACA-3 5. GTTGGTGAATCGCAGGTCA-3

CHSTé 5. TCATCTCCCATGGATTTGTG-3 5- GCCACATGCTGACTGCTG -3
ALDH1A1 5- CATTGGCACCTGGAACTACC-3 5- GGCTTGAGGACCACTGAGTT-3
ALDH3A1 5. GCTGTTGAATTTGCACACC-3 5.CCCCTTCTTTCTTCCCACTC-3

3.6.9. Immunofluorescence Assay

Primary cells isolated from the metabolically healthy but scarred patient and
NaClOstreated groups were seeded in a 48-well plate. The list of primer antibodies and
seconder antibodies used is given in Table 7 and Table 8. The cell seeding densityis
5.4x10%cells / cm?. At the end of 7 days, it was fixed with 4% paraformaldehyde (PFA)
for 30 min at room temperature, and then washed with PBS and stored at +4
°C. After fixation, cells were permabilized with 0.3% Triton X-100 and then blocked with

PBS containing 1% bovine serum albumin (BSA) / 0.05% Tween-20 at room
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temperature for 1 hour. After blocking, antibodies were diluted in special blocking buffer
and incubated overnight at +4 °C. The next day, washing was done with 3x PBS-T for
5 min. Anti-rabbit AF-488 (Jackson Immuno, 711-545-152) and Anti-mouse secondary
antibodies were diluted 1:800 and incubated for 2 hours in the dark at room
temperature. Washing was done with 3x PBS-T for 5 min. 1 pg/ml DAPI (neoFroxx)
was added and incubated for 10 min in the dark at room temperature. After washing
with 3x PBS for 5 min each, they were visualized with PBS using a fluorescent

microscope (Olympus 1X71).

Table 7 Primer Antibody list for immunofluorescence

Primer Antibody Source Brand/Catalog Number Incubation Concentration
Anti MMP1 Rb Abcam/ab137332 1:200
Anti MMP13 M SantaCruz/sc515284 1:200
Anti LUM M SantaCruz/sc 166871 1:200
Anti DEC Rb Abcam / ab175404 1:500
Anti Collagen | Rb Abcam / ab34710 1:200
Anti Collagen VI Rb Abcam / ab6588 1:500
TIMP 1 M SantaCruz / sc-365905 1-100
TIMP 2 Rb Abcam/ ab-180630- R 1500
Mimecan M SantaCruz / sc-374463 1:100

Table 8 Seconder antibody is for immunofluorescence

Seconder Antibody  Source Brand/Catalog Number Incubation Concentration
Ant-RabbI g HEL,  Rabbit Cell Signaling/ 4413S 1:1000
A““'M°‘i§§ IgH&L,  Mouse Cell Signaling / 44085 1:1000
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3.6.10. Microfluidic Platform Design

Microfluidic platform molds were fabricated using rectangle PMMA sheets with 3
mm height. The microfluidic platform was designed with SolidWorks and COMSOL
software and the molds were cut using a laser cutter (Epilog MINI, Epilog, USA) (Figure
9).

Figure 9 PMMA mold designs for microfluidic chips

The PDMS solution was made using Sylgard 184 Silicone Elastomer Kit. The
PDMS base solution was combined with the crosslinker in a 10:1 (w/w) and poured into
PMMA molds. For preventing bubble formation, the remaining air in the solution was

removed with vacuum. PDMS was polymerized in an oven at 80 °C for up to 3 hours.

3.6.11. Cell seeded hydrogels

For seeding the primary cells on the hydrogel, firstly, medium was removed from
60 mm cell culture plate and cells were gently washed with 1X PBS to remove left over
medium inside the flask. Then, 1 ml trypsin-EDTA (0.25%) (Gibco, 25200056) which
was enough to cover the surface of the flask was added into the flask and cells inside
trypsin were incubated (37 °C with 5% CO2) for 3 min to remove the adherent cells from
the flask surface. When the all cells were removed from the surface of flask, minimum

the two volume of medium was added into the flask to inactivate the trypsin-
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EDTA. Suspended cells were transferred into a 15 ml falcon tube, centrifuged at 1600
rpm for 5 min and the supernatant was removed. Fresh medium replenished the tube.
After mixing the cells and medium gently, 100 pl of cell suspension were resuspended
in 200 ul of Trypan Blue). The hemocytometer was used to count the cells required 200

pl of 1X PBS solution to quantify the number of cells.

Cell seeding was made approximately 3.0x10* cells/hydrogel. After a week of

culture of cells on hydrogel the constructs were placed into microfluidic platforms.

3.6.12. Histology

Cell seeded hydrogels were fixed overnight with 4% PFA at +4 °C after the end
of the culture period inside the microfluidic platform. After fixation, samples were
washed three times with 1X PBS and transferred in 30% sucrose (Merck,
1.07651.1000) and stored at +4 °C. The cell seeded hydrogel samples that had sunk
to the bottom of the container were transferred to a separate container and frozen in
liquid nitrogen with OCT (Tissue Tek) embedding material. A cryostat was used to take

8 um frozen sections (Leica, CM1950).

Immunofluorescent stainings characterizing the phenotype of cells were

performed same method as described above (3.6.11. Immunofluorescence Assay).

3.6.13. Alternative Treatment Methods Trails

As an alternative treatment, enzyme replacement therapy has been tried. The
Kalyoncu laboratory team generated recombinant MMP1 and MMP13 enzymes as part
of the TUBITAK (3185208) project. The model was used to evaluate enzymes whose

activity had been determined by Kalyoncu Lab.

Different rates of enzyme were given to the primary cells and viability analyses
were performed before the enzyme dose was determined. The enzyme was diluted
from the stock solution and put to a 96-well plate in the following ratios, followed by
plate analyses with Presto Blue solution (Concentration of MMP1 was 0.2 mg/ml and
Concentration of MMP13 was 0.15 mg/ml). All the enzymes used in the experiment
were diluted from the main stock with the concentration of 2000 ng/ml stock (Table 9

and Table 10). The Presto Blue solution was applied as directed by the manufacturer.
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The cell media was collected with a pipette after 24 and 48 hours of enzyme

application. The cells were then treated with 10 pl of presto blue solution and 90 pl of
DMEM (High Glucose) (Phenol and FBS-free) medium in the incubator for three hours.

The results were read in a plate reader and analyzed with Excel after incubation.

Table 9 MMP1 Concentration and Cell Culture Media Ratios

Concentration

MMP-1 2000ng/ml

Cell Culture Media

2000 ng/ml 100 ul 0 ul

1500 ng/ml 75 ul 25 ul

1000 ng /mi 50 ul 50 ul
- 750 ng/ml 37.5ul 62.5 ul
ﬁ 500 ng/ml 25 ul 75 ul
250 ng/ml 12.5ul 87.5ul
50n g/ml 2.5ul 97.5ul
0 ng/ml 0ul 100 ul

Concentration MMP-1 2000ng/ml Cell Culture Media

2000 ng/ml 100 ul 0 ul

1500 ng/ml 75 ul 25 ul

1000 ng /ml 50 ul 50 ul
- 750 ng/ml 37.5ul 62.5 ul
3 500 ng/ml 25 ul 75 ul
250 ng/ml 12.5ul 87.5ul
50n g/ml 2.5 ul g7.5ul

0 ng/ml 0 ul 100 ul
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Table 10 MMP13 Concentration and Cell Culture Media Ratios

Concentration

MMP-13 2000ng/ml

Cell Culture Media

2000 ng/mi 100 ul Oul
1500 ng/mi 75 ul 25 ul
1000 ng /mi 50 ul 50 ul
- 750 ng/ml 37.5ul 62.5 ul
ﬁ 500 ng/ml 25 ul 75 ul
250 ng/ml 12.5ul 87.5 ul
50n g/ml 25ul 97.5 ul
0 ng/ml Oul 100 ul
Concentration MMP-13 2000ng/ml Cell Culture Media
2000 ng/mi 100 ul Oul
1500 ng/mi 75 ul 25 ul
1000 ng /mi 50 ul 50 ul
= 750 ng/ml 37.5ul 62.5 ul
3 500 ng/ml 25 ul 75 ul
250 ng/ml 12.5ul 87.5 ul
50n g/ml 2.5 ul 97.5 ul
0 ng/ml Oul 100 ul

After the viability tests, the cells were given the three selected concentrations for

48 hours, and qPCR analyses of the samples were performed same method as

described above (3.6.8. Gene expression profiles of primary cells).

31



3.7. Research Plan
Research plan of the thesis is given in the table below.

Table 11 Research plan of the thesis

March 2020 - Dec. 2020 - Jan. Jan. 2022 - May
Dec. 2020 2022 2022
Literature Review X X
Planning the Experiments X X
Data Collection and Experiments X X
Evaluation of data X X
Thesis Writing X

3.8. Evaluation of Data

In this thesis GraphPad Prism 8 and Microsoft Excel were used to analyze the
gPCR data. Immunocytochemistry (ICC) and immunohistochemistry (IHC) images
were analyzed with ImagedJ and Zen 3.1 (Blue edition) softwares.

3.9. Limitation of Research

Primary cell isolation from tissue was carried out in this research. In this context,
variations in cell proliferation and adhesion were detected in donor tissues depending

on disease, age, and gender.

The COVID-19 pandemic caused some difficulties during the research. The

duration of the trial was extended by stopping the surgeries in hospitals for a while.

3.10. Ethics Committee Approval

This thesis was approved by Ethics Committee of IBG-GOEK with the protocol
number “2021-004".

The human corneas were used after taking the Patient Consent Forms.
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Approval from the Ethics Committee and an example of a Patient Consent Form

were included in the Appendix section.

4. RESULTS
4.1. Primary Cell Culture Optimization

Optimization trials for several mediums were carried out to culture primary cells
derived from either healthy or diseased corneas. Four different culture media
formulations were tested for their impact on cell growth and adherence. Even after one
week, no cell attachment was seen in three different culture media formulations (Figure
10). Only upon culture with DMEM supplemented with 10% FBS and 1% P/S isolated
primary cells (both from MCD (+) and (-) patients) adhered and start to proliferate in

average of 5 days and reached confluency approximately in 20 days (Figure 11).

D1 D5 D7

Defined Keratinocyte
Serum Free Medium

D1 D5 D7

DMEM/F12
5%FBS Medium

D1 D5 D7

DMEM/F12 Serum
Free Medium

Figure 10 Three alternative mediums were evaluated for one week during the optimization experiments.
None of the formulations supported the cell adhesion and proliferation.
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MCD (-) Primary Cells

MCD (+) Primary Cells

Figure 11 Bright field images of primary cells isolated from MCD (+) and MCD (-) patients at different
culture periods.

Primary corneal cells were checked for preservation of phenotype at day 7.
Expression of corneal stromal cell markers, lumican, Timp2, keratocan, collagen VI and
collagen | were detected with ICC (Figure 12A and D), indicating that cells maintained

their characteristic phenotype properties during the culture period.

LUM/DAPI TIMP2/DAPI KERA/DAPI COLVI/COLI/DAPI
A

Figure 12 Isolated primary cells stained against A) ECM protein marker Lumican (LUM) B) cornea
remodeling marker TIMP2 C) Corneal transparency marker keratocan and D) ECM marker Collagen |
and Collagen VI. Nuclei are stained with DAPI.
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4.2. Gelatin Based Hydrogel

Gelatin based hydrogels containing MPC, PEGDA were developed as cell
carriers. First hydrogels were optimized for composition/ratio of polymers and
crosslinking parameters. Generated hydrogels were evaluated for physical properties
such as optical clearance, gelation, mechanical strength, and handling. Further the
biocompatibility of the crosslinking process and obtained hydrogels was assessed. All
hydrogels generated using different ratios of MPC and gelatin were optically
transparent (Figure 13). The surface properties of porcine skin hydrogels produced in
various ratios were examined by using SEM imaging. In SEM micrographs,
homogeneity of the surface hydrogel pore sizes and their distribution was observed.
With the fixed concentration of gelatin (10%) increased ratio of gelatin solution (Gelatin:
MPC 2:1, Gelatin: MPC 4:2) increases the porosity of the surface as shown in Figure
14A and Figure 14B. We observed that, due to low pore size and surface structure of
13% gelatin concentration in Figure 14C, 14D and 14E is not suitable for penetration
of culture media through the hydrogels. When the gelatin concentration increased to
15%, quality of surface porosities has significantly increased as well. Especially, in
Gelatin: MPC 2:1 (w:w) ratio shows more regular pore structures as it seen in Figure
14F, 14G and 14H. Also, the data shows that, 15% of gelatin concentration hydrogels
result with better porosity compared to 18% and 20% of gelatin. However, only 18%
gelatin concentration results in porous structures but still, it wasn’t close to expected

pattern quality comparing with 13% and 15% concentrations (Figure 141 — M).

Determining the hydrogel concentration for further use in the study was made
according to SEM micrograph evaluations. 10% Gelatin: MPC 4:1 (w:w) and 15%
Gelatin:. MPC 2:1 (w:w) concentration ratios have been selected due to their

homogeneous porous structure.
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Figure 13 Transparency of gelatin based hydrogels with different concentrations of gelatin.

36



37



Figure 14 Electron microscopy images of gelatin-based hydrogels. A) 10% Gelatin : MPC : 2:1 B) 10%
Gelatin : MPC : 4:1 C) 13% Gelatin : MPC : 1:1 D) 13% Gelatin : MPC : 2:1 E) 13% Gelatin : MPC 4:1
F) 15% Gelatin : MPC 1:1 G) 15% Gelatin : MPC : 2:1 H) 15% Gelatin : MPC : 4:1 1) 18% Gelatin : MPC
1:1 J) 18% Gelatin : MPC 2:1 K) 18% Gelatin : MPC 4:1 L) 20% Gelatin : MPC : 2:1 M) 20% Gelatin :
MPC : 4:1
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Chosen hydrogels, were tested for their ability to cross-link both under nitrogen at
and nitrogen-free environment at room temperatures, based on the method described
in the literature (Islam et al., 2015). The yellow colors of the phenols in the Figure 15
indicates the negative impact on the cell viability of nitrogen-free environment. A
Calcein/PI staining results clearly shows, viable cell on both 10% and 15% of gelatin
concentrations as in Figure 16. Which proves that gelatin concentrationdoes not affect

cell viability.

4 bt

%10Gelatin4: 1MPC %15 Gelatin2: 1 MPC  Control %10 Gelatin4 - 1 MPC %15 Gelatin2: 1MpPC  Control

Figure 15 24h later after 3T3 cell seeding A) Under nitrogen - free environment and B) Under nitrogen

10% Gelatin:MPC 4:1 (w:w) 15% Gelatin:MPC 4:1 (w:w)
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Figure 16 Cell seeding on the hydrogel after crosslinking under nitrogen A) Bright Field (BF) imaging
and B) Calcein/PIl imaging
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4.3. Collagen Type | Based Hydrogel

After literature research, hydrogels made from collagen type | shows better cross-
linking in a water bath with the effect of humidity instead of nitrogen (Figure 17) (W. Liu
et al., 2008). 3T3 cells were seeded at a density of 2x10* cells/gel. Calcein/PI staining
results shows that, the crosslinking in humid environment does not have negative effect

on cell viability (Figure 18 and Figure 19).

Figure 17 Synthesized Collagen:MPC:PEGDA (7.5:1:1.5) hydrogel from the side and front view

Figure 18 3T3 cell seeded collagen type | : MPC : PEGDA 7.5:1:1.5 (w:w) hydrogel.
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CALCEIN MERGE

Figure 19 Calcein/PI stainings of 3T3 cell culture on collagen type | : MPC : PEGDA 7.5:1:1.5 (w:w)
hydrogel.

After the cell viability was confirmed, primary corneal stromal cells, which are
more sensitive compared to 3T3 cells were seeded on the hydrogel. Corneal stromal
cells maintained their fibroblastic morphology as seen in the Bright Field Microscopy
(BF) (Figure 20). Also their viability has been assessed by Calcein/PI staining (Figure
21).

de ods

Figure 20 Collagen type | : MPC :PEGDA 7.5:1:1.5 (w:w) hydrogel with primary cells.

CALCEIN PI MERGE

Figure 21 Collagen type | : MPC :PEGDA 7.5:1:1.5 (w:w) hydrogel with primary cells on day14 and
Calcein/PI stainings.
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The mechanical test and swelling ratio analysis of the developed hydrogel were
carried out for three different collagen ratios (Collagen:MPC:PEG 7.5:1.1.5,
Collagen:MPC:PEG 4:1:1.5 and Collagen:MPC:PEG 2:1:1.5). These results were
compared with each other. Based on their water absorption capacity, swelling ratio
analysis was performed on the hydrogels. The water holding capacity was calculated
as a percentage using the weight difference ratio between day-four and day-one as
described in the methods section. When created hydrogel contains a large amount of
crosslinker which effects porous structure of hydrogel, it could be characterized by low
water holding capacity. A significantly more compact hydrogel with smaller mesh sizes
are associated with low water holding capacity which means low cross linker density
(Kowalski et al., 2019). When comparing the results, we discovered that the selected
hydrogel had a lower water holding capacity and a smaller mesh size, which allowed
us to manipulate it more easily for further experiments (Figure 22A). The compression
test was used to determine the mechanical properties of hydrogels as the collagen

concentration increased, the hydrogels became stiffer (Figure 22B).
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Figure 22 Stress-strain and swelling ratio analyzes of 3 different hydrogels A) Swelling ratio results B)
Stress-strain diagram.

Following the mechanical analysis of the hydrogels, different ratio of Collagen I:
MPC (Collagen type | : MPC : PEGDA (2:1:1.5)), (Collagen type | : MPC : PEGDA
(4:1:1.5)), (Collagen type | : MPC : PEGDA (7.5:1:1.5)) were subjected to SEM
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analysis. In addition, the hydrogel selected for future experiments (Collagen type | :
MPC : PEGDA (7.5:1:1.5) was subjected to cell and cell-free SEM analyses. According
to the SEM analysis, the presence of collagen fibrils became more noticeable when the
ratio of collagen is increased. More viable cells were observed as a result of increased

collagen concentration (Figure 23).

Collagen:MPC:PEG Collagen:MPC:PEG Collagen:MPC:PEG Collagen:MPC:PEG
(wiw): 2:1:1.5 (wiw):4:1:1.5 (wiw): 7.5:1:1.5 (w/w): 7.5:1:1.5 with cell

Figure 23 SEM analysis of hydrogel samples of various ratios.

4.4. Disease Modeling and Validation

NaClOs was used at various concentrations to simulate macular corneal
dystrophy (Murab et al., 2016). Presto blue viability analysis was used to determine
whether NaClOs had a toxic effect on cells before determining the appropriate dose. At
higher concentrations and long culture period, no negative effects were seen on cell
viability (Figure 24).
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Figure 24 Effect of a 14-day treatment of NaClOs on cell viability.

To identify the proper NaClOs concentration and application period to use for
disease modeling, immunofluorescent staining of primary corneal stromal cells and
their MMP1, MMP13, MMP2, Fibronectin 1, COL1A1, CHST6, ALDH1A1 and
ALDH3A1 genes expression in mRNA levels were analyzed. Fluorescence intensity
analysis was performed and color intensities converted int numeric values via ImageJ.
During the course of the disease, low MMP1 and MMP13 expression levels were
observed. NaClOs appears to induce MCD (-) cells to behave like MCD (+) cells as the
culture time increases in the disease model. Following fluorescence intensity analysis,
we report that, length of culture period and concentration reduces the expression of

MMP1, MMP13, and increased collagen | levels in injury model (Figure 25).
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Figure 25 Isolated primary cells from MCD (-) patient and treated with different concentration of NaClOs
stained against A) matrix metalloproteinase -1 (MMP1) B) matrix metalloproteinase 13 (MMP13) and C)
extracellular matrix protein marker Collagen . Intensity analysis were done with ImageJ.

The same strategy was followed to stain cells obtained from MCD (+) patients,
and the intensities were measured by ImageJ. As a result of the fluorescence intensity
measurement on the MCD (+) cells, level of decrease is comparable to NaClOs model

particularly on day 7 (Figure 26).
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Figure 26 Isolated primary cells from MCD (+) patient stained against matrix metalloproteinase markers
(MMP1 and MMP13) and extracellular matrix protein marker Collagen |. Intensity analysis were done
with ImagelJ.
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According to these results, 7-day culture period used for the gPCR analysis for
the identify the optimal dose of NaClO3. 50mM NaClOz, 25mM NaClOs3, 5mM NaClO3
were administrated to MCD (-) cells for induce their phenotype towards MCD (+) patient
isolated cells. Due to MMP levels, fibronectin, one of the extracellular matrix proteins,
is expressed at a low level in MCD (+) cells. In the injury model, similar results were
observed for both FN1 and MMP levels for the 50mM concentration (Figure 27A - D).
According to collagen expression level accumulation of collagen is increasing while
MMP levels are decreasing (Figure 27E). CHST6 gene mutations cause MCD disease,
and CHST6 expression levels are evaluated to better understand the effect of NaClO3
on the injury model. Increasing NaClOs concentration has a similar expression levels
with MCD (+) cells (Figure 27F). MCD (+) cells have lower levels of ALDH1A1 and
ALDH3A1 gene expression than MCD (-) cells (Figure 27G and H). Following gPCR
and ICC analyses, it was determined that a 7-day culture duration and a 50mM NaClO3

condition were acceptable as disease model.
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Figure 27 Expression of A-C) Matrix metalloproteinase 1, 13 and 2 D-E) Extracellular markers
Fibronectin-1 and Collagen1A1, F) Macular Corneal Dystrophy gene CHST6, G-H) Corneal crystallins
markers ALDH1A1 and ALDH3A1. The expression levels are compared to expression levels in the
healthy primary cells. The values are normalized to GAPDH

4.5. Microfluidic Platform Design

Here we aim to develop a system that can mimic the aqueous humor pressure of
anterior eye. The first experiments for the designed microfluidic platform were carried
out with 3T3 cell line (Figure 28A). It was observed that 3T3 cells were not negatively
affected by 7-day dynamic culture conditions (Figure 28B). The experiment was carried
out using primary cells under the same culture conditions and no negative effects were

seen on cell viability (Figure 28C).
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Microfluidic platform

Desing of a microfluidic platform

Mimicking aqueous humor pressure
inside the microfluidic platform
CALCEIN ] MERGE

CALCEIN MERGE

Figure 28 Microfluidic platform chip trails A) Microfluidic platform design B) 3T3 cell culturing inside the
microfluidic platform for 7 days BF imaging and Calcein/PI stainings C) BF and Calcein/PI stainings after
7 days culturing of primary cells inside the microfluidic platform of primary cells inside the microfluidic
platform.

4.6. Dynamic Disease Modelling

To create the disease model within the microfluidic platform, three groups were
tested in dynamic culture conditions. In this study, three different groups were used.
These are MCD (+) cells, MCD (-) cells, and the disease model created in previous
studies with 50mM NaClO3s concentration. After being cultured under flow for 7 days,

histological analyses were performed.

Expression of different corneal stromal cell markers were detected with IHC
(Figure 29 - Figure 33), indicating that MCD (+) cells and injury model maintained their

characteristic during the dynamic culture conditions.
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COL1 coL6 DAPI MERGE

Figure 29 MCD (-), MCD (+) and NaCIOg3 treated groups stained against ECM markers Collagen | and
Collagen VI. Nuclei are stained with DAPI.

MCD+ MCD-

MCD- 50mM

MCD+ MCD-

MCD- 50mM

Figure 30 MCD (-), MCD (+) and NaClOs treated groups stained against corneal transparency markers
Decorin (DEC) and Mimecan (MIM). Nuclei are stained with DAPI.
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Figure 31 MCD (-), MCD (+) and NaCIO3 treated groups stained against corneal transparency markers
keratocan (KERA) and Lumican (LUM). Nuclei are stained with DAPI.

MMP1 MMP13 DAPI MERGE
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Figure 32 MCD (-), MCD (+) and NaCIO3 treated groups stained against matrix metalloproteinase
markers (MMP1 and MMP13). Nuclei are stained with DAPI.
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Figure 33 MCD (-), MCD (+) and NaClO3 treated groups stained against corneal remodeling markers
(TIMP1 and TIMP2). Nuclei are stained with DAPI.

4.7. Alternative Treatment Methods

PrestoBlue was used to analyses the effects of recombinant MMP1 and MMP13
enzymes on cell viability in primary cells. The same experiment was later performed
on MCD (+) cells as well. Results of cell viability assay of enzymes applied at different
doses for 24 hours and 48 hours and there were no significant negative effects were

observed on the cells (Figure 29).
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Figure 34 Cell Viability analyses of recombinant enzymes A and B) MCD (-) primary cells MMP1 and
MMP13 enzyme trails for 24h and 48h C and D) MCD (+) primary cells MMP1 and MMP13 enzyme trails
for 24h and 48h.

Three different enzyme concentrations were chosen based on the literature
(Bozzelli et al., 2019) (Przybyla et al., 2013). Their therapeutic effects on MCD+ cells
were tested and ALDH1A1, MMP1, MMP13, COL1A1, CHST6 and Fibronectin 1 genes
MRNA expression levels were analyzed using gPCR analysis. When comparing the
healthy group with MCD (+) cells, the expression levels change due the given treatment

and they become closer to the control group (Figure 35 and Figure 36).
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Figure 35 Expression of A) Corneal crystalline markers ALDH1A1 B-C) Matrix metalloproteinase 1, 13,
D) Extracellular marker Collagen1A1 E) Macular Corneal Dystrophy gene CHST6 and F) Extracellular
marker Fibronectin 1. The expression levels are compared to expression levels in the healthy primary
cells. The values are normalized to GAPDH
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Figure 36 Expression of A) Corneal crystalline markers ALDH1A1 B-C) Matrix metalloproteinase 1, 13,
D) Extracellular marker Collagen1A1 E) Macular Corneal Dystrophy gene CHST6 and F) Extracellular
marker Fibronectin 1. The expression levels are compared to expression levels in the healthy primary
cells. The values are normalized to GAPDH.

5. DI ION

In this study, keratocytes from the human cornea were isolated and modeled for
MCD disease via carrier hydrogel and microfluidic technology. To understand the
progression of rare diseases and develop novel therapeutic strategies, in vitro disease
models are needed. The significance of this study stems from the fact that MCD is a
rare condition, and disease modeling studies using human keratocyte cells were not

as common as other diseases in the cornea.
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Our first aim was isolating the cells from human native cornea. For that purpose,
literature review was conducted for primary keratocytes isolation from the human
cornea. Four distinct protocols for keratocyte isolation were tested, namely DMEM F12
(SF), Comp. DMEM 5% FBS, DKSFM and Comp. DMEM 10% FBS. We observed that
isolated human primary cells did not adhere in the serum-free medium, or low
percentage of serum level (Figure 10 and Figure 11) (Murab et al., 2016) (Kureshi et
al., 2014) (Gardal et al., 2018). On the other hand, increasing the amount of serum
increases cell adhesion and proliferation. It also appears that high serum percentage
promotes also the adhesion and proliferation of MCD (+) cells (Figure 11). Phenotypic
characterization of isolated keratocytes was accessed through cell specific
immunoflurosecent stainings. Isolated and cultured keratocytes were positively stained
for lumican, a glycoprotein found in stromal keratocytes of healthy corneas (C. Y. Liu
& Kao, 2012). Also, Timp2 is a natural inhibitor of the matrix metalloproteinase family,
and IF staining has shown its presence in cells isolated from healthy human cornea.
We also detected keratocan in isolated cells, which is important for the organization
and arrangement of the collagen matrix in the corneal stroma (Carlson et al., 2005).
We showed that keratocytes cultured for 7 days secret cornea ECM positive for
collagen | and collagen VI (Figure 12). Combining all, we validate cell isolation and

culture protocols are suitable to source relevant cell types for the study.

To develop cell carrier hydrogel system based on gelatin, MPC and PEGDA. First,
we aimed to assessed toxicity of the chemicals as well as observe the porosity of the
material (Figure 14). Hydrogel synthesis has been the subject of nhumerous studies.
Several different published protocols for hydrogel crosslinking were adapted and
evaluated (Figure 15) (Islam et al., 2015) (Ahn et al., 2013) (Jangamreddy et al., 2018).
Preliminary work done with gelatin to set and optimize the protocol for hydrogelsutilized
in this study addressed the ratio of MPC and PEGDA to achieve a porous hydrogel
architecture.

After getting experience from preliminary experiments, we started working with
collagen. Our hydrogel generating technique based on the work of Islam et al, 2015
differs by utilizing collagen type | instead of collagen type Ill. Recombinant human

collagen lll integrated hydrogels demonstrate better mechanical and optical properties
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when considered as an implantable graft. Since our main point is to develop an in vitro
model rather than implantable graft use of collagen type | is advantageous in terms of
abundancy, cost, and ease of use (W. Liu et al., 2008). Therefore, collagen type | was
used as a carrier hydrogel instead of gelatin and its structure and rigidity was found to
be suitable for further research (Figure 17). To assess toxicity of the collagen type |
based hydrogel, we seeded 3T3 cells on the collagen hydrogel (Figure 18). Staining of
Calcein/PI confirmed the cells viability after growing on collagen (Figure 19). Also
isolated keratocytes were successfully cultured on collagen type | based hydrogel up
to 8 days (Figure 20). Again, Calcein/PI staining confirmed this observation (Figure 21).

Following the cell viability examinations, we measured the water holding capacity
of the collagen type | based hydrogels (Figure 22A). Water holding capacity of
hydrogels shows porous structure and durability. The selected collagen based
hydrogel water holding capacity is average at 30%, which is related to the small mesh
size. This indicates that the produced hydrogel possesses a low water holding capacity
and a more rigid structure. High rigidity helps us to handle the hydrogel more easily
compared to the high water holding capacity hydrogels. To assess the stiffness of the
developed collagen type | hydrogel, we performed a tensile-compression analysis.
(Figure 22B). As expected, higher collagen ratio resulted in higher stiffness of the
hydrogels. We observed that collagen hydrogel was rigid enough for handling and
physical manipulation. This result facilitates future experiments since it allows us to
handle and place cell seeded hydrogels inside microfluidic platform for dynamic
settings. According to SEM results, as the collagen concentration is increased, the
amount of collagen fibrils increases. The viability analyses of the cells that were
cultivated in the hydrogel revealed that increasing collagen ratio is associated with
higher cell adhesion. As a conclusion, among the different collagen ratios and
crosslinking conditions, the most suitable hydrogel for cellular behavior and
mechanical properties was Collagen Type | : MPC : PEG (7.5 : 1: 1.5) mixture (Figure
23).

NaClOs was utilized to stimulate healthy keratocytes in vitro in order to mimic

MCD disease (Murab et al., 2016). Murab et al., conducted the research to develop in
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vitro disease model using goat cornea cells. In this study we evaluate reported MCD
model using human cornea cells. First, we check the viability level of primary cells for
four different concentrations of NaClOs for 14 days. Even high concentration of NaClO3
(50mM) and cultivation for 14 days’ period did not result in decreased cell viability
(Figure 24). After that, we used different concentrations of NaClOs on the cells we
isolated from the human cornea and compared the results to the MCD (+) patient's
cells. Evaluation of protein-levels through IF staining showed that different culture
periods and different NaClOs concentration affected MMP1, MMP13 and collagen |
intensities. Higher concentration of NaClOs led to decreased levels of MMP1 and
MMP13. This effect was highest on day 7. Collagen | levels also decreased after
exposure to increasing levels of NaClOs (Figure 25). We repeated the IF staining with
MCD (+) cells (Figure 26). Unlike Murab et al., where they performed their experiments
over a culture period of 14 days, we found that MCD (+) cells responded with similar
decreased expression levels of MMP1, MMP13 and Collagen | after 7 days of
cultivation. Evaluation of gene expression levels through gPCR confirmed the previous
IF results. MMP markers and FN1 have similar expression pattern with MCD (+) cells

and disease model as well (Figure 27).

MCD disease is a genetic disease caused by a mutation in the CHSTG6 gene. This
mutation results in decreased levels of MMP’s as well as corneal crystallins (ALDH1A1
and ALDH3A1). Evaluation of CHST6 gene expression levels showed lower CHST6
expression in MCD (+) isolated keratocytes compered to MCD (-) cells. The levels of
ALDH1A1 and ALDH3A1 genes, which cause crystal appearance in the cornea, also
decreased in MCD (+) as well as in MCD (-) treated with 50mM NaClOs (Figure 27).

Microfluidic platforms are excellent tools that can be used to recapitulate tissues
and organs. These platforms enable the modelling and further examination of
diseases. Here we developed a system that can mimic the aqueous humor pressure of
anterior eye, thereby cells used in MCD model will be exposed to dynamic conditionand
mechanical stimulation (Figure 28A). Both the 3T3 cell line and primary keratocytes
were seeded on hydrogel within the microfluidic platform. To assess the viability of cells
inside the microfluidic platform we performed Calcein/PI stainings. Weobserved that

the dynamic condition had no negative effect on both 3T3 and
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keratocytes cell viability (Figure 28B and 28C). After seeding as droplets on the
developed hydrogel, isolated MCD (+) and MCD (-) primary cells were cultured under
dynamic conditions for 7 days. In a dynamic model, NaClOs was administrated to MCD
(-) cells. We prepared histological sections of the cells seeded on the hydrogels.
Unfortunately, the cell density was not as high as expected. This could be due to the
primary cells having been negatively affected by the 7-day dynamic culture period. For
this reason, no definite conclusion about expression levels of Col |, Col VI, Decorin,
Mimecan, keratocan, Lumican, MMP1, MMP13, TIMP1 and TIMP2 could be drawn
(Figure 29 - Figure 33).

MMP1 and MMP13 plays a function in corneal matrix remodeling and the
expression levels of enzymes have been reported to decrease in macular
degenerations (Daniels et al., 2003) (Ye et al., 2000). In our model, we wanted to
evaluate an alternative approach for the treatment of MCD disease with MMP1 and
MMP13 enzymes replacement therapy. Seven different concentrations (50 ng/ml, 250
ng/ml, 500 ng/ml, 750 ng/ml, 1000 ng/ml, 1500 ng/ml and 2000 ng/ml) of MMP1 and
MMP13 were examined before choosing the proper doses for the enzyme study. MMP
1 and MMP 13 enzymes were studied by Bozzelli et al., 2019 and Przybyla et al., 2013
and we refer to their studies in terms of the determine the enzyme concentrations.
(Figure 34). We determine the I1Cso value of the highest concentration (2000 ng/ml) of
MMP1 and MMP13. We confirmed that even high doses of enzymes do not significantly
affect cell viability (Figure 34). Prior of microfluidic platform experiments, effect of
enzymes on MCD (+) cells was assessed in conventional culture system. For that, MCD
(+) cells were seeded on 6 - well plate and administrated 50, 500, 1000 ng/ml of MMP1
and MMP13 separately. Expression levels of ALDH1A1, MMP1, MMP13,COL1A1,
CHSTG6 and FN1 were analyzed. The results were compared to healthy groups to see
whether the enzyme groups' expression levels match those of the MCD(-) groups. We
expected to see a decrease in collagen (COL1A1) since MMP1 and MMP13 possess
a digestive function for collagen. As a consequence of this, we expected increasing
expression levels of crystalline (ALDH1A1). Indeed, we saw a decrease of collagen
expression in MCD (+) cells treated with both MMP1 and MMP13.However, ALDH1A1
expression in MCD (+) was not affected by MMP1 and MMP13 treatment. Finally, we
observed increasing MMP1 and MMP13 expression levels in
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MCD (+) cells when treated with either MMP1 or MMP13. This suggests a possible

correlation between MMP1 and MMP 13 enzyme activity.

6. NCLUSION AND FUTURE PERSPECTIVE

In this study, we successfully developed a bioengineered MCD in vitro disease
model using MCD (+) positive patients' cells and carrier collagen based hydrogels. We
observed similar results when comparing the characteristics of patients isolated MCD
(+) cells with MCD (-) cells treated with NaCIlOs as an injury model. This indicates that

the disease can be mimicked using this injury model.

As an alternative treatment approach, enzyme replacement therapy was
performed. According to gene expression analysis, the replacement therapy had

positive effect on MCD (+) cells.

It is clear that if the results of the dynamic system are repeated, the model will be
significantly improved. The effect of treatment can be better understood with a
complete IF analysis at this point. Despite the fact that the system is dynamic, there
are multiple parameters in the eye that mimic the disease. To better understand the
effect of the MCD, a MCD (+) organoid model on carrier hydrogel inside microfluidic

platforms could be created in the future.
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8. APPENDIX
8.1. Patient Consent Form

BILGILENDIRILMiS GONULLU OLUR FORMU

Arastirmanin Adi: Makiler Kornea Distrofisi icin yeni bir topikal tedavi yoénteminin

geligtirilmesi

Arastirmayi yapan kisi/kurum: Arastirma Dokuz Eyliil Universitesi Tip Fakiiltesi Gz
Hastaliklari Anabilim Dal'na “Kornea Nakli” i¢cin bagvuran hastalardan olusacaktir.
Calisma Goz Hastaliklari Anabilim Dal’dan Dog¢.Dr Ash YILDIRIM tarafindan izmir

Biyotip ve Genom Merkezi’nde yuritllecektir.
Arastirmanin Amaci Nedir ?

Bu projenin amaci nadir bir genetik hastalik olan makduler kornea distrofisi’nin (MKD)
molekuler mekanizmasina dayanan yeni bir tedavi yonteminin gelistiriimesidir. Bu proje
ile MKD icin kornea nakli ihtiyacini ortadan kaldiran bir gdéz damlasi tedavisi

gelistiriimesi hedeflenmektedir

Bu amacla, sizlerden halihazirda alinacak olan ve bir daha kullaniimayacak olan

kornealar ¢calismamizda kullanmak Uzere talep etmekteyiz.
Katilma Kosullari Nedir?

Bu calismaya Dokuz Eyliil Universitesi Tip Fakiiltesi Géz Hastaliklari Anabilim Dalrna

bagvuran ve kornea nakli yapilacak olan hastalar dahil edilecektir.
Nasil Bir Uygulama Yapilacaktir?

MKD veya korneada nedbe dokusu (skar) / sekil bozuklugu nedeniyle gérme tashihi
amaciyla gerceklestirilen kornea nakilleri sonrasi agiga cikan morfolojik yapisi
bozulmamis kornea dokulari kullanilacaktir. Hali hazirda nakil islemi icin operasyona
allnan hastalardan cerrahi iglem esnasinda zaten c¢ikarilacak ve bir daha

kullanilmayacak kornealar bu ¢alisma icin ayrilacaktir.
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Sorumluluklarim Nelerdir?
Arastirma ile ilgili olarak sizin sorumluluklariniz yoktur.
Katilimci Sayisi Nedir?

Dokuz Eyliil Universitesi Géz Hastaliklari Anabilim Dalr'na kornea nakli icin basvuran

hasta sayisi kadar katilimcidan olusacaktir.

Katilimim Ne Kadar Surecek?

Bu calismada yer almaniz igin 6n gorilen sure yoktur.
Calismaya Katilma ile Beklenen Olasi Yararlar Nelerdir?

Bu arastirmada sizin icin beklenen yararlar ya da zararlar yoktur. Bilime katki

saglayabilecektir.
Calismaya Katilma ile Beklenen Olasi Riskler Nelerdir?

Ameliyat esnasindan yapilacak girisim diginda ilave bir muidahelede

bulunulmayacaktir. Bu yuzden olasi bir risk yoktur.
Hangi Kosullarda Arastirma Digi Birakilabilirim ?

Calisma materyali yetersiz oldugunda, ¢alismaci sizin izniniz olmadan sizi ¢aligmadan

cikarabilir.
Calisma Kapsaminda Giderler Karsilanacak Mi ?

Calisma sirasinda gerekli olan islemlerin masrafi size veya givencesi altinda

bulundugunuz resmi ya da 6zel higbir kurum veya kurulusa ddetilmeyecektir.
Calismayi Destekleyen Kurum Var Midir?

Calismamiz  TUBITAK 1003 projesi kapsaminda TUBITAK tarafindan

desteklenmektedir.

Calismaya Katilmam Nedeniyle Tarafima Herhangi Bir Odeme Yapilacak Midir?
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Bu arastirmada yer almaniz nedeniyle size hi¢cbir 6deme yapilmayacaktir.
Katilmama iligkin Bilgiler Konusunda Gizlilik Saglanabilecek Mi?

Bu ¢calismayla baglantili olarak elde edilen ve sizinle 6zdeslesmis her bilgi gizli kalacak,
3. kigilerle paylasilmayacak ve yalnizca sizin izniniz veya kanunun gerektirdigi 6lgclide
ifsa edilecektir. Gizlilik tanimlanmig bir kodlama proseduriyle saglanacak ve kod
¢Odzumine erisim yalnizca ¢alismanin sorumlusu olan arastirmaciyla sinirl kalacaktir.

Tam veriler, sinirl erisime sahip glivenli ve sifreli bir bilgisayarda tutulacaktir.

Arastirmaya Katilmayr Kabul Etmemem Veya Arastirmadan Ayrilmam

Durumunda Ne Yapmam Gerekir?

Bu calismanin icinde olmak isteyip istemediginize etki altinda kalmadan, bagimsizca
karar verebilirsiniz. Bu ¢calismaya gonullt olarak katilmaya karar vermeniz halinde dahi,
sahip oldugunuz herhangi bir hakki kaybetmeden veya herhangi bir cezaya maruz
kalmadan istediginiz zaman c¢ekilebilirsiniz. Calismadan c¢ekilmek istemenizin ceza
karsihgi yoktur ve sahip oldugunuz faydalarn kaybetmis olmazsiniz. Bu calismaya
katilmayla ilgili karariniz, tedavinizi veya doktorunuzla olan iligkinizi hi¢ bir sekilde

etkilemeyecektir.
Hastanin Beyani

Yukarida yer alan ve arastirmaya baslanmadan 6nce gonulliye verilmesi gereken
bilgileri gésteren 2 sayfalik metni okudum ve s6zli olarak dinledim. Aklima gelen tim
sorularn arastirictya sordum, yazih ve sOzlu olarak bana yapilan tim aciklamalari
ayrintilariyla anlamis bulunmaktayim. Calismaya katilmayi isteyip istemedigime karar
vermem igin bana yeterli zaman tanindi. Bu kosullar altinda, bana ait tibbi bilgilerin
g6zden gecirilmesi, transfer edilmesi ve igslenmesi konusunda arastirma yuratlcusine
yetki veriyor ve s0z konusu arastirmaya iligkin bana yapilan katihm davetini higbir
zorlama ve baski olmaksizin buyik bir génallilik icerisinde kabul ediyorum. Bu formu
imzalamakla yerel yasalarin bana sagladigi haklarn kaybetmeyeceg@imi biliyorum. Bu

formun imzali ve tarihli bir kopyasi bana verildi.

70



Goniilliiniin (velilvasi);

Adi- soyadi: Telefon:

Adres: imzasi:

Aciklamalari yapan arastirmacinin;

Adi- soyadi: Dog. Dr. Ash YILDIRIM Telefon: imzasi:
Riza alma iglemine basindan sonuna kadar taniklik eden kurulug gorevlisinin;
Adi-soyadi: Gorevi:

imzas::
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8.2. Cirriculum Vitae
IREM DUMAN
ID No / Passport No
Date of Birth
Contact Address
Phone
e-mail
EDUCATIONAL BACKGROUND
Country | University | Faculty/Institute Department Degree Year of
Graduation
Turkey Ege Engineering Bioengineering | Bachelor 2020
University Faculty
Turkey Dokuz |zmir Molcular Master’s 2022
Eylul Biomedicine and Biology and Degree
Universtiy | Genome Institute Genetics
ACADEMIC / PROFESSIONAL EXPERIENC
Country | City Department Position Year
Turkey | Izmir Bioengineering Intern Jan 2016-June
2017
Turkey | Izmir Quality Assurance Intern Jul 2017- Oct
2017
Spain | Coruna Chemistry Intern Jan 2018- Jul
2018
Turkey | Izmir Novel Fluidic Technologies Intern Jan 2019 - Jan
Laboratory 2020

Specialized Field

Genetics

Tissue Engineering, Microfluidic Systems, Biomaterilas, Molecular Biology and




CONFERENCES and AWARDS

International Conferences

DUMAN, I., DEVAMOGLU, U., SAYGILI, E., YESIL-CELIKTAS, O. "Development
of an Integrated Optic Sensor for Determination of B-Hydroxybutyrate within the
Microfluidic Platform" Basel Life Science Fair September 2018, Switzerland

National Conferences

DUMAN, I.,, DEVAMOGLU, U., SAYGILI, E., YESIL-CELIKTAS, O. "Development
of an Integrated Optic Sensor for Determination of B-Hydroxybutyrate within the
Microfluidic Platform" TUBITAK Presentation Competition 24th & 26th June 2019

Name of The Reward

3rd Place in Bachelor Thesis Contest, Ege University Department of
Bioengineering Thesis Competition Oral and Poster Presentation, 2019

3rd Place in Bachelor Thesis Contest in Aegen Area, The Scientific and
Technological Research Counci | Poster Presentation Competition, 2019

PUBLICATIONS

Devamoglu, U., Duman, l., Saygili, E., & Yesil Celiktas, O. (2021) 2021).
Development of an Integrated Optical Sensor for Determination of 3
Hydroxybutyrate Within the Microplatform. Applied Biochemistry and
Biotechnology, 1 10.
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8.3. Ethical Approval

IZMIR BIYOTIP VE GENOM MERKEZI
GIRISIMSEL OLMAYAN ARASTIRMALAR ETiK KURULU (iBG-GOEK)

KARARI
Toplanta Tarihi : 26/02/2021 Toplanti Giini : Cuma
Toplant1 Say1s1 : 3 Toplant1 Saati :10:30
Sayin Dogent Sinan GUVEN,

2021-004 Protokol No'lu; sorumlusu oldugunuz "Makiiler Kornea Distrofisinin In Vitro
Hastahk Modellemesi Igin 3 Boyutlu Mikroakigkan Platformun Gelistirilmesi" baslikhi arastirmanin
uygulanmasinda etik agidan sakinca olmadigina oy birligi ile karar verilmistir.

Bilgilerinizi ve geredini rica ederiz.

Prof. Dr. H. Alp;e;;?zﬁmmi{

Pandemi suresince online ortamda gerceklestirilen toplantimizda alinan kararlar tek imzah
olarak diizenlenmektedir. Pandemi sona erdikten sonra 1slak imzali karar belgesi teslim edilecektir.
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