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GENERATION OF LACRIMAL GLAND FROM INDUCED PLURIPOTENT STEM CELLS 

Melis Asal, Izmir International Biomedicine and Genome Institute, Dokuz Eylul 

University Health Campus, Balcova, 35340, Izmir/Turkey 

ABSTRACT 

Lacrimal gland secretes tear fluid, which moistens and protects the eye surface. 

Lacrimal gland deficiency related dry eye disease causes discomfort and can lead to 

inflammation, infection and even vision loss. The common treatment method is 

artificial tears however they do not contain the biologically active components of real 

tear and do not offer a cure. Human induced pluripotent stem cells harbor the 

potential to differentiate into all three germ layers and thus can be employed to 

construct a 3-dimensional functional lacrimal gland tissue in vitro. During 

development, interaction between periocular mesenchyme and conjunctival 

epithelium gives rise to the lacrimal gland.  

The aim of this thesis is to differentiate human induced pluripotent stem cells 

into lacrimal gland tissue. We hypothesize that human induced pluripotent stem cells 

can give rise to functional lacrimal gland and the tear proteins secreted from this 

construct can offer an alternative for artificial tears used in dry eye disease. 

For this purpose, different approaches have been investigated. The 

differentiation processes were monitored with cell marker expression in the RNA and 

protein level.  Results demonstrate that extended culture of multi zonal ocular cells 

spontaneously formed 3-dimensional functional lacrimal gland mimicries. To our 

knowledge, this is the first functional lacrimal gland construct reported containing 

both tissue specific epithelial and mesenchymal cells derived from human induced 

pluripotent stem cells. 

Keywords: Lacrimal gland, Human induced pluripotent stem cells, Dry eye disease, 
Stem cell differentiation. 
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UYARILMIŞ PLURİPOTENT KÖK HÜCRELER KULLANILARAK LAKRİMAL BEZİN 

GELİŞTİRİLMESİ 

Melis Asal, İzmir Uluslararası Biyotıp ve Genom Enstitüsü, Dokuz Eylül Üniversitesi, 

Sağlık Kampüsü, Balçova, 35340, İzmir/Türkiye 

ÖZET 

Lakrimal bez, göz yüzeyini nemlendirip koruyan gözyaşını üretmekle 

sorumludur. Lakrimal bezin işlevselliğinin bozulmasından kaynaklanan kuru göz; 

rahatsızlık hissi, iltihap ve hatta görüş kaybına sebebiyet verebilir. Yaygın tedavi 

yöntemi yapay gözyaşı kullanımıdır. Fakat yapay gözyaşları gerçek gözyaşının 

biyolojik olarak aktif bileşiklerini içermez ve şifa sağlamaz. İnsan uyarılmış pluripotent 

kök hücreleri üç germ tabakasına farklılaşma potansiyeline sahiptir ve in vitro 3 

boyutlu fonksiyonel lakrimal bez geliştirilmesi için kullanılabilir. Gelişim sürecince, 

perioküler mezenkim ve konjonktiva epiteli arasındaki etkileşim lakrimal bez 

oluşumunu sağlar. 

Bu çalışmanın amacı insan uyarılmış pluripotent kök hücrelerini lakrimal bez 

dokusuna farklılaştırılmasıdır. Çalışmanın hipotezi, insan uyarılmış pluripotent kök 

hücrelerinin fonksiyonel lakrimal beze farklılaşabileceği ve bu yapı tarafından üretilen 

gözyaşı proteinlerinin yapay gözyaşı yerine kuru göz hastalığında bir alternatif 

olabileceğidir. 

Bu amaçla farklı yaklaşımlar araştırılmıştır. Farklılaşma süreçleri, hücre tiplerine 

özgü belirteçlerin RNA ve protein düzeyinde ifadeleri ile gözlemlenmiştir. Sonuçlar, 

çok zonlu oküler hücrelerin uzun süreli kültürünün 3 boyutlu fonksiyonel lakrimal bez 

yapılarına kendiliğinden farklılaştığını göstermiştir. Bildiğimiz kadarıyla, bu, insan 

uyarılmış pluripotent kök hücrelerinden türetilmiş dokuya özgü hem epitel hem de 

mezenkimal hücreleri içeren bildirilen ilk fonksiyonel lakrimal bez yapısıdır. 

Anahtar Sözcükler: Lakrimal bez, İnsan Uyarılmış Pluripotent Kök Hücreleri, Kuru 

göz, Kök hücre farklılaşması.  
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1. INTRODUCTION AND GOALS 

1.1. Statement and Importance of the Problem 

Dry eye disease (DED) is defined as “a multifactorial disease of the ocular 

surface that cause irritability, visual disturbances and instability of the tear film and 

can potentially damage the ocular surface”. It is accompanied with increased 

osmolarity of the tear film and inflammation of the ocular surface. DED is 

investigated in two categories; aqueous deficient and evaporative (Buckley 2018). 

Aqueous deficient DED emerges due to lacrimal gland (LG) damage or absence and 

has serious clinical consequences. The commonly accepted approach for DED 

therapy is the use of artificial teardrops, anti-inflammatory drugs and punctal 

occlusion (Buckley 2018; Conrady et al., 2016). However in patients with 

inflammatory aqueous deficient DED, inflammatory mediators and cell accumulation 

lead to permanent loss of function and fibrosis in the LG as the disease progresses. 

In these patients, employed therapies are often not sufficient to prevent LG atrophy 

(Conrady et al., 2016; Bron et al., 2017). 

Among the alternative clinical therapy options, regenerative medicine 

approaches gain importance (Hirayama et al., 2015; Villatoro et al., 2017). Stem cells 

are defined as cells that can differentiate into another cell type and can self-renew. 

Induced pluripotent stem cells (iPSCs) are obtained via reprogramming stromal cells 

into embryonic stages through introducing reprogramming factor genes. Organoids 

are miniaturized versions of organs mimicking the tissue micro anatomy and 

function. Organoids generated through use of stem cell technologies offer new 

research and therapy options. Evolving stem cell technologies make it possible to 

develop tissue-specific organoids (Takahashi et al., 2007; Yamanaka 2012; Asal and 

Güven 2020). When generated using patient derived hiPSCs, organoids offer a 

source for personalized medicine in terms of drug testing. Disease modelling can also 

be achieved. In addition to these, hiPSC-derived organoids can potentially replace 

the function of the diseased tissue/organ.  
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In this thesis, human iPSCs (hiPSCs) are preferred due to their potential use in 

tissue regeneration and replacement of function of LGs in DED. In this context, tear 

produced from hiPSC derived tissue constructs can offer a therapy option for 

aqueous deficient DED. 

1.2. Purpose of the Research 

The purpose of this thesis is to differentiate hiPSCs into a LG construct by 

employing various approaches. To find a proper protocol for differentiation, LG 

markers and tear secretion are analyzed. Through this, we aim to produce native-like 

tear that can substitute artificial tears used in the treatment of DED. 

1.3. Hypothesis of the Research 

In this study, we hypothesize that functional human lacrimal gland mimicries 

can be obtained by differentiating hiPSCs. 
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2. GENERAL INFORMATION 

2.1. Lacrimal Gland 

Lacrimal gland is a tubuloacinar exocrine gland that is responsible for the 

production of the aqueous layer of the tear film. LG secretes and stores water, 

proteins, peptides and electrolytes that are released into the conjunctival sac through 

the puncta. The gland also acts as a part of the secretory immune system by 

secreting immunoglobulins (Örge and Boente 2014; Garg and Zhang 2017).  

Tear film offers a protective layer on cornea and lubricates and moistens both 

cornea and conjunctiva. Along with lubricating the ocular surface and protecting it, 

tear film also contributes to smooth surface formation for refraction required for 

optimum visual performance. The film plays roles in maintaining the ocular surface 

metabolism and protects the ocular surface (Paulsen and Berry 2006). Tear film 

consists of three layers; the lipid layer, aqueous layer and mucous layer. Lipid layer, 

also called the external layer, is found in the outermost layer and is secreted by 

Meibomian gland. Its function is to avoid tear evaporation. Aqueous layer, the middle 

layer, is produced by the LG and makes up over 90% of the tear film. Mucous layer, 

the innermost layer, is produced by the conjunctival goblet cells and acts by fixing 

the tear film to ocular surface (Örge and Boente 2014; Garg and Zhang 2017) 

(Figure 1).  

Tear secreted from human LG varies in composition according to the type; 

basal, reflex and psycho-emotional. Basal tear production starts during the fetal life 

even before LG is fully maturated. Reflex tear secretion starts just after birth and 

plays a role in protecting the ocular surface in the case of damage, foreign body 

presence and inflammation (Murube 2009). Reflex tear is rich in proteins required for 

restoring the homeostasis (Tsubota 1998). Psycho-emotional tearing begins in the 

months following birth. Psycho-emotional tearing is merely associated with emotions 

rather (Murube 2009). 



6 
 

 

Figure 1 The tear film. Tear film is composed of three layers; mucous, aqueous and 

lipid layers produced by the conjunctival goblet cells, LG and meiobian gland 

respectively. 

In humans, LG is located at the upper temporal orbit where it is connected to a 

duct system by which the secretions are delivered to the ocular surface (Figure 2). 

The gland is divided by the levator aponeurosis into two lobes namely orbital and 

palbepral. The artery that feeds the LG is the lacrimal branch of the ophthalmic 

artery. The veins are drained by the superior ophthalmic vein through the same path 

as the artery. The average size of the LG is 20 mm in length and 12 mm in width and 

the orbital and palpebral lobes are 5 mm and 3 mm thick respectively. The acini and 

intralobular ducts of each lobe drain into about 8-12 main excretory ducts, which 

drain into the superotemporal conjunctival fornix (Conrady et al., 2016). 

Stimulation of the LG depends on the ocular surface inputs and also emotional 

inputs (Bron et al., 2017). The LG is innervated by corneal and conjunctival sensory 

afferent nerves along with parasympathetic and sympathetic efferent nerves. The 

nerve terminals are found near the acini, ducts, myoepithelial cells of the LG and also 

around blood vessels to regulate the quantity and quality of the secretion in response 

to stimulation of the ocular surface (Bron et al., 2017; Garg and Zhang 2017) (Figure 

2). Innervating parasympathetic nerves release acetylcholine, vasoactive intestinal 

peptide while sympathetic nerves release norepinephrine. These neurotransmitters 

stimulate secretion and release of proteins, electrolytes and water from the acinar 
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cells. Other neurotransmitters and neuropeptides released by the innervating nerves 

are neuropeptide Y, substance P, and calcitonin gene related peptide (Murube 2009).  

 

Figure 2 LG functional unit. The unit consists of the LG, secretomotor efferent and 

sensory afferent nerves and the lacrimal drainage system (Rocha et al., 2008). 

2.1.1. Lacrimal Gland Cell Types and Function 

The LG epithelia consist of three main cell types; acinar, ductal and 

myoepithelial.  

The secretory units, also called acinus, consist of the secretory cells, the acinar 

cells. Acinar cells form about 80% of LG cell population. The cells are polarized and 

possess tight junctions at the lumen which divide their membranes into apical and 

basolateral parts (Figure 3). Neurotransmitter and neuropeptide receptors are found 

at the basal part of the cells (Paulsen and Berry 2006). The prominent endoplasmic 

reticulum and Golgi apparatus, mitochondria of the acinar cells along with the 

nucleus are located in the basal compartment of the cells. The secretory vesicles are 
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positioned in the apical side. Acinar cells synthesize, store and unilaterally secrete 

water, electrolytes, proteins (lysozyme, lactoferrin, growth factors) and mucins 

(secreted or membrane bound MUC1, MUC4, MUC5B, MUC5AC, MUC6, MUC7 and 

MUC16) in response to neural and hormonal stimuli (Figure 3). The secreted proteins 

mainly possess antibacterial properties, the role of mucins on the other hand is not 

well known except some local roles (Bron et al., 2017). Acinar cells can be stimulated 

by androgens, estrogens, glucocorticoids, mineralocorticoids, retinoic acid, prolactin, 

a-melanocyte-stimulating hormone, adrenocorticotropic hormone, luteinizing 

hormone, follicle-stimulating hormone, growth hormone, thyroid-stimulating 

hormone, arginine, vasopressin, oxytocin, thyroxine, parathyroid hormone, insulin, 

glucagons, melatonin, human chorionic gonadotropin, cholecystokinin and 

somatostatin (Paulsen and Berry 2006). 

 

Figure 3 Electrolyte transportation process driving water secretion in LG acini 

(Selvam et al., 2007). 
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The acinar cells are attached to the ducts from their apical parts. The secretory 

ducts are lined by cuboidal cells in one layer in the beginning of ducts and in two 

layers in the bigger sections of the ducts (Figure 4). These cells comprise about 10–

12% of the LG cells and secrete 30% of the LG secretion. The ductal cells modify the 

secretions of the acinar cells by secreting mainly water and electrolytes. The 

secretion is mainly a KCl-rich solution, which leads to the K+ rich LG secretome (Bron 

et al., 2017). Protein secretion, to a limited extent, also takes place by the basal cells 

of the ducts. These cells secrete bactericidal permeability-increasing protein, which 

possesses antibacterial activity in tears. Similar to the acinar cells, the ductal cells are 

also connected apically by tight junctions, giving rise to polarized cells. The basal 

sides of the cells on the other hand are linked with gap junctions. The nucleus is 

located in the basal part of the cells while the endoplasmic reticulum and the Golgi 

apparatus are found in the apical side (Garg and Zhang 2017; Paulsen and Berry 

2006). 

 

Figure 4 Histology of human LG. This figure was adopted from Conrady et al., 2016. 
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Myoepithelial cells surround acinar and ductal cells from their basal sides to 

form a functional network (Bron et al., 2017; Garg and Zhang 2017; Paulsen and 

Berry 2006). Myoepithelial cells are connected via gap junctions and desmosomes. 

These cells express muscle proteins (α smooth muscle actin, myosin, tropomyosin) 

and are thought to exert pressure to acini to expel secretions into the ducts (Bron et 

al., 2017). They contain receptors for acinar cell stimulating neurotransmitters. 

Myoepithelial cells are also thought to have a role in preserving the shape of the 

gland (Garg and Zhang 2017; Paulsen and Berry 2006).  

The vascular system also carries immune cells such as plasma cells (IgA, IgG, IgE, 

IgM, IgD expressing), B and T cells, mast cells (histamine and matrix protein 

secreting), dendritic cells, macrophages and bone marrow-derived monocytes into 

the LG, making it a part of the ocular mucosal immune system (Bron et al., 2017; 

Garg and Zhang 2017; Paulsen and Berry 2006). The immune cells inhabit the 

interstitial space. Among these cells, IgA expressing plasma cells outweigh the others 

by number. The secreted IgA is dimeric and is transported along with J spice and 

secretory component into acinar and ductal cells. T cells are the second most 

common immune cell type found in the LG. Among T cell types, CD8+ ones 

predominate in the ducts, interstitium and the space between acini. CD4+ T cells are 

found mostly in follicles and as aggregates. These cells are found in the interstitial 

space, in follicles and sometimes among acinar cells. B cells are located in follicles 

and as aggregates and single cells. In addition to duct lining cells, B cells and 

dendritic cells express human leukocyte antigen D-related (Bron et al., 2017).  

2.1.2. Lacrimal Gland Development 

Being an ectodermal gland, epithelial-mesenchymal interaction plays the main 

role in the development of LG. During LG development, this interaction occurs 

between conjunctival epithelium (CE) derived from the ocular surface ectoderm 

(OSE) and periocular mesenchyme (POM) derived from neural crest (NC) (Garg and 

Zhang 2017). LG development is independent from retina and lens formation 

(Swindell et al., 2008). 
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In humans LG development is classified into three stages (Figure 5). In the 

presumptive glandular stage, CE thickens due to the interaction with the surrounding 

POM at around 6-7 weeks of gestation. In the epithelial bud stage, CE invades the 

condensed POM and the ducts are formed around 12 weeks of gestation. Visible 

lumen formation inside epithelial buds takes place. In the glandular maturity stages, 

the gland starts taking its mature/adult morphology. The resulting structure is a 

branched secretory gland. Even though the LG is fully developed during the time of 

birth, the excretory function is gained about 6 weeks postnatal (Örge and Boente 

2014; Garg and Zhang 2017; Dean et al., 2004; Makarenkova et al., 2000). 

 

Figure 5 Human LG development timeline. Thickening of the epithelium occurs 

around week 6-7 of gestation due to the interaction with the mesenchyme. 

Elongation of the epithelial bud occurs around 12 weeks. Branching morphogenesis 

and further maturation occurs after 12 weeks. 

Numerous cellular signaling takes place during branching morphogenesis 

regulate LG development. PAX6 expression in the CE is the first step of LG budding 

(Makarenkova et al., 2000). LG budding is orchestrated by fibroblast growth factors 

(FGFs); FGF7 and FGF10. FGF7 is expressed in a diffused manner in the POM. On the 

other hand, FGF10 is expressed in the POM specifically around the developing 

epithelial bud throughout development. The specific receptor for FGF10 is FGF 

receptor 2(III)b (FGFR2b). FGFR2b is expressed in CE, in the region where invasion 

into POM occurs and the epithelial bud forms (Garg and Zhang 2017).  
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It was shown that FGFR2b knock down results in disrupted LG development. In 

addition to this, in mouse embryonic explant eye cultures, LG epithelial budding can 

be induced by FGF7 and FGF10. FGF10 is considered to be the main player and the 

epithelial budding inducer during the LG development since FGF10 knockout mice 

lack the LG epithelial part even though the mesenchymal component is present. Yet 

in the FGF7 knockout mice LG develops normally (Makarenkova et al., 2000). A 

single allele of FGF10 is also considered to be insufficient for LG development. 

Aplasia of the lacrimal and salivary glands occurs due to a heterozygous loss of 

function mutation. Moreover, lacrimo-auriculo-dentodigital syndrome occurs due to 

missense mutations in the FGF10 gene (Garg and Zhang 2017). 

Proteoglycans within the extracellular matrix (ECM) of the POM regulate the 

concentration of FGF10 protein. During LG development, glycosaminoglycans (GAGs) 

attached to proteoglycans limit the diffusion of FGF10 and controls induction of 

budding. Knockout of UDP-glucose dehydrogenase, the GAG biosynthetic enzyme, 

was shown to result in excessive FGF10 diffusion and accompanying disrupted 

epithelial budding (Qu et al., 2012). Matrix metalloproteinases (MMPs) 2 and 9 are 

secreted by the epithelium to boost the release of FGF10 from the POM ECM (Garg 

and Zhang 2017). BARX2, along with FGF10, was shown to play a role in LG bud 

elongation and regulating expression of MMP2 and MMP9 to remodel ECM with a 

positive feedback mechanism (Tsau et al., 2011). 

Heparan sulfates act as co-receptors for the formation of FGF signaling complex 

assembly. Branching occurs with the growth of the tip of the bud cells. N-

deacetylase/N-sulfotransferase (Ndst1) is specifically expressed in the tip cells and 

not in the stalk, suggesting a role in branching. It was shown that knocking out 

Ndst1 in the epithelium abolishes the budding by interrupting N-sulfation of heparan 

sulfates, indicating a role in FGF10 compartmentalization (Pan et al., 2008). 

Growth factors among numerous signaling pathways have critical importance in 

maintenance of histology and function of LG. BMP7 acts mainly on the LG 

mesenchyme. BMP7 plays parts in mesenchymal condensation and proliferation, 
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which are both critical for the branching morphogenesis. BMP7, having a complex 

expression pattern, is initially expressed in the POM around the epithelial bud but 

later is expressed both by the POM and CE (Dean et al., 2004). 

2.1.3. Dry Eye Disease 

Dry eye disease affects hundreds of million cases worldwide. It is defined as; a 

multifactorial disease of the ocular surface that is characterized with loss in tear film 

homeostasis along with ocular symptoms such as discomfort and visual problems. 

Neurosensory anomalies such as tear film instability, hyperosmolarity, ocular surface 

inflammation and damage play roles in DED (Buckley 2018; Rocha et al., 2008). Due 

to its detrimental effects on quality of life and work efficiency, DED causes economic 

burdens on individuals and society. Moderate and severe DED leads to prominent 

pain, restrictions in daily performance, deterioration of quality of life and depression. 

In severe cases, in addition to deterioration of health quality, DED can lead to ulcer 

and corneal melting which can result in vision loss (Gayton 2009; Phadatare et al., 

2015) (Figure 6).  

  

  

Figure 6  The effect of DED on ocular surface. Cases with a) Severity level 1 b) 

Severity level 2 c) Severity level 3 d) Severity level 4.  

 a b 

 d c
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DED is mainly categorized as aqueous deficient dry eye, caused by decreased 

tear secretion from LG under normal evaporative conditions, and evaporative dry 

eye, caused by extensive evaporation in the presence of a normal functioning LG 

(Buckley 2018).  

Sjögren syndrome is a chronic and progressive autoimmune disease 

characterized with systemic complications related to lymphocytic infiltration of 

exocrine glands, autoantibody production and immunocomplex accumulation 

(Conrady et al., 2016; Rocha et al., 2008). Inflammation of tear and salivary glands 

leads to dry eye and dry mouth symptoms. Inflammatory cell infiltration of the LG 

causes destruction of acini and ducts and aqueous tear loss.  In addition to this, 

inhibition of cytokine, antibody and neurotransmitter secretion or inflammation 

related secretomotor innervation damage contributes to a decrease in lacrimal 

secretion (Rocha et al., 2008). Apoptosis is seen in conjunctival epithelium and LG 

acinar cells (Conrady et al., 2016).  

Non-Sjögren dry eye is a type of aqueous deficient type DED without an 

accompanying autoimmune disorder and can be either congenital or acquired. 

Causes of Non Sjögren dry eye can be sarcoid granuloma of LG, infiltration of LG 

with lymphoma and neurofibroma, human immunodeficiency virus infection of LG, 

Steve Johnson syndrome, mucous membrane pemphigoid, graft-versus-host disease 

related inflammation, vitamin A deficiency, facial nerve palsy, LG ablation, trauma 

and radiotherapy (Conrady et al., 2016; Bron et al., 2017). 

Primary LG deficiency can be caused by various disorders. Congenital alacrima 

is an inherited disorder observed during childhood or in young ages. It can be 

associated with blepharophimosis, LADD, Pierre-Robin syndrome and Allgrove 

syndrome (Bron et al., 2017; Garg and Zhang 2017). Familial dysautonomia (Riley 

Day Syndrome) is an autosomal recessively inherited disorder with abnormal 

development of sensory innervation of the ocular surface and sympathetic and 

parasympathetic innervation of the LG (Conrady et al., 2016; Bron et al., 2017). In 

addition to insufficient tear secretion from the LG, due to decrease in sensory 
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innervation, reflex tearing also decreases. Triple A Syndrome (Allgrove Syndrome) is 

an autosomal recessively inherited disorder with the congenital loss of LG (Bron et 

al., 2017). Age related DED is the most common form of DED. Along with the age, 

tear secretion decreases due to loss of LG secretory tissues, decrease in sensory 

transmission from the ocular surface and reduced secretory neurotransmitters. 

Lifelong exposure to oxidative stress leads to tissue damage in LG, decrease in tear 

volume and increase in osmolarity. Along with advancing age, decrease in the 

amount of LG related proteins lactoferrin, lysozyme and peroxidase was detected. 

After the age of 40 the increase in T cell infiltration in the LG leads to destruction in 

acini and ducts (Conrady et al., 2016; Rocha et al., 2008).  

Secondary LG deficiency can be due to LG infiltration, obstruction of LG ducts 

and reflex hyposecretion. LG infiltration can be caused by sarcoidosis, lymphoma, 

viral infections, graft-versus-host disease and LG damage secondary to radiation 

(Conrady et al., 2016; Phadatare et al., 2015)(Conrady et al., 2016; Phadatare et al., 

2015)(Conrady et al., 2016; Phadatare et al., 2015) (Conrady et al., 2016; Phadatare 

et al., 2015). Due to the infiltration, LG cannot function properly; tear secretion 

decreases and aqueous deficient type DED emerges (Phadatare et al., 2015).  

Obstruction of LG ducts is related to graft-versus-host disease, Steven Johnson 

Syndrome, mucous membrane pemphigoid, Trachoma, thermal and chemical burns. 

With the obstruction of the LG and accessory gland ducts with fibrosis the aqueous 

layer is affected. Due to goblet cell damage resulting from fibrosis and inflammation, 

mucin layer, and due to obstruction of Meibomian gland ducts, the lipid layer gets 

affected. Obstruction can result in opacification of the cornea, perforation and 

blindness. Tear secretion is regulated by the nervous system. Disruption in the 

nerves in this pathway can lead to reflex hyposecretion (Conrady et al., 2016; Bron 

et al., 2017).  
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2.1.3.1. Treatment Options 

The common goal is to restore homeostasis on the ocular surface, overcome 

inflammation and to maintain long-term ocular surface comfort. Various treatment 

acting on numerous mechanisms options exist and each one has their advantages 

and disadvantages. While artificial tear drops are the most commonly used agent 

against aqueous deficient DED, biological agents, punctal occlusion, stimulation of 

tear secretion, anti-inflammatory agents, mechanical dacryo-reservoir, salivary gland 

transplantation are also employed as treatment options (Buckley 2018; Conrady et 

al., 2016; Gayton 2009; Phadatare et al., 2015) (Table 1).  

Artificial teardrops are not aimed at the underlying physiopathology, and are 

mainly palliative for the replacement of the tear film. With the use of artificial 

teardrops, the ocular surface is moisturized, tear osmolarity is decreased and the 

inflammatory agents are diluted. Tear is a complex structure containing water, 

electrolytes, proteins, lipids and growth factors. Artificial teardrops fail to mimic this 

complexity. What is more, in contrast to the continuous secretion of tear to the 

ocular surface, artificial tear drops are used sporadically and the ocular surface 

cannot be kept moist long term. To increase the thickness of the tear film, duration 

on the ocular surface and goblet cell density, viscosity-increasing agents are used 

(Buckley 2018; Conrady et al., 2016). However with the increase in viscosity, blurred 

vision and deposit formation on eyelids and eyelashes may occur. Single use 

preparations do not contain preservatives but are more costly. On the other hand, 

containing preservatives restricts the use of multi dose artificial teardrops. Long term 

exposure to preservatives causes toxic changes on the ocular surface (Phadatare et 

al., 2015). Some substances have been developed to decrease the toxicity risk 

related to chronic exposure to preservatives. pH balancing buffers are used for the 

stabilization of the activity of artificial tear drops. However these agents have also 

caused adverse effects such as calcifications in the cornea and epithelial toxicity in 

long term intensive use (Gayton 2009).  

 



17 
 

Table 1 Existing treatment options for aqueous deficient DED.  

Artificial Tear Drops 
Mimics the tear film with the lubricant agent 

formulations (Buckley 2018) 

Biological Agents 

 Autologous serum (Villatoro et al., 2017) 

 Adult allogeneic serum (Villatoro et al., 2017) 

 Umbilical cord serum (Villatoro et al., 2017) 

Punctal Occlusion 

A punctum or both puncta are blocked 

temporarily or permanently (Phadatare et al., 

2015) 

Tear Secretion Stimulation 

 Diquafosol (Byun et al., 2016)  

 Rebamipide (Kinoshita et al., 2014) 

 Pilocarpine (Senba et al., 2011) 

 Cevimeline (Ono et al., 2004) 

Anti-Inflammatory Agents 

 Topical corticosteroids (Yang et al., 2006) 

 Cyclosporin A (Gao et al., 2013) 

 Tacrolimus (Moscovici et al., 2012) 

 Non-steroid anti-inflammatory agents 

o Diclofenac (Sawazaki et al., 2014) 

o Ketorolac (Sandoval et al., 2007; 

Weber et al., 2012) 

o Indomethacin (Weber et al., 2012) 

 Lubricin (Schmidt et al., 2013) 

 Topical Interleukin 1 Receptor Antagonist 

(Amparo et al., 2013) 

 Anti TNF-α (Choi et al., 2016) 

Mechanical Dacryo-

Reservoir 

An artificial tear reservoir is placed 

subcutaneously in the abdominal wall and is 

connected to the eye through a catheter 

(Murube et al., 2003) 

Salivary Gland 

Transplantation 

Autologous transplantation of salivary glands to 

conjunctival fornix in order to replace LG 

(Wakamatsu et al., 2017) 
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Autologous serum is rich in albumin, fibronectin and growth factors, and is 

biochemically similar to human tear (Buckley 2018; Villatoro et al., 2017). It is used 

in severe ocular surface diseases like Steven Johnson syndrome, Sjögren syndrome 

and chemical burns. Autologous serum was shown to decrease proinflammatory 

cytokine release, increase number of goblet cells, increase mucin expression in 

conjunctiva and accelerate corneal healing. Allogeneic serum is an option for old or 

infant patients and patients with chronic anemia and systemic infections. There is a 

risk of immune response but the use of ABO matched donors decreases the risk. Use 

of serum is restricted due to risk of transmission of blood borne diseases like HIV and 

hepatitis, decreasing growth factor concentration when stored at 4°C and high cost 

in long term use. Umbilical cord serum is more advantageous than autologous serum 

since it can be obtained from more than one donor in high volumes (up to 250 ml) 

and can be used in multiple patients. Amount of some growth factors in the umbilical 

cord are higher than in peripheral blood. Ocular surface improvement was achieved 

in topical use in patients with dry eye resistant to conventional treatment and in 

patients with graft-versus-host disease (Villatoro et al., 2017).  

With punctal occlusion, it is aimed to plug one or both puncta temporarily or 

permanently to block tear drainage and preserve the existing tear on the ocular 

surface (Phadatare et al., 2015). It is mainly used in aqueous deficient DED patients. 

Occlusion is usually carried out with plugs but surgical options also exist. The most 

common complication of this application is spontaneous plug extrusion. Besides that, 

infection, migration of the plug to canaliculi pyogenic granuloma, punctal expansion 

and tumor formation can be observed (Conrady et al., 2016).  

2.2. Induced Pluripotent Stem Cells 

Stem cells possess ability of unlimited self-renewal and also differentiation. 

Under proper stimulation stem cells can both differentiate into the desired cell type 

by dividing symmetrically, and copy itself and form a differentiated cell by dividing 

asymmetrically (Asal and Güven 2020; Sekhar and Bisht 2006). 
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Interaction of stem cells with other stem cells or differentiated cells around 

them along with presence of adhesion molecules, ECM components, growth factors, 

cytokines and other environmental conditions (pH, metabolites etc.) have effects on 

proliferation and differentiation of stem cells (He et al., 2009). 

Stem cells are categorized according to their differentiation potentials. Cells that 

are present from the presence of zygote up until the blastocyst stage are totipotent 

and have the ability to form the embryo and extraembryonic structures such as 

placenta and amniotic membrane. In the blastocyst stage the inner cell mass are 

pluripotent and form the organs and tissues by differentiating into all three germ 

layers; ectoderm, mesoderm and endoderm. Adult stem cells, which can differentiate 

into a single germ layer are called multipotent. Adult stem cells are found rarely in 

tissues and organs and have repair roles in the cases of cell death and tissue 

damage. Cells that can self-renew and can differentiate into one or two cell lines are 

called oligopotent and cells that can only self-renew are called unipotent stem cells 

(Mitalipov and Wolf 2009). 

The discovery of embryonic stem cells and directed differentiation of these cells 

into desired cell lines to grow functional tissue and organs have led to the thought of 

transplanting them into patients as a cure. Although embryonic stem cells harbor 

great potential as cell sources for regenerative medicine, the isolation method 

hinders their use in human applications. Embyronic stem cell isolation requires 

destruction of the embryo and is therefore considered unethical.  

iPSCs were first generated in 2006 by reprogramming mouse fibroblasts into 

embryonic stem cell-like cells through introduction of OCT4, SOX2, C-MYC and KLF4 

genes (Takahashi and Yamanaka 2006). In 2007, the same transcription factors were 

used to reprogram human fibroblasts into hiPSCs (Takahashi et al., 2007). These 

cells resemble embryonic stem cells and retain the ability to differentiate into cells of 

all three germ layers.  

Due to high pluripotent cell efficiency, skin fibroblast cells are mainly preferred 

for reprogramming. Alternative choices have also been investigated due to burdens 
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associated with these cells; the need for skin biopsy, risk of infection, probable 

mutation due to ultraviolet (UV) exposure and 3-4 week time to obtain the cells. 

Easy-to-obtain peripheral blood cells have become another source. It was shown that 

nuclear cells; granulocytes, monocytes, B and T lymphocytes and progenitor cells can 

be reprogrammed to gain pluripotent potency (Karagiannis et al., 2018).  

Numerous methods are employed for reprogramming. During reprogramming 

with retroviruses and lentiviruses, the genes to be introduced are added into the viral 

genome. After the virus infects a cell, it integrates its genome into the cell genome 

and due to the integrated transcription factors, the cell gains character. The risk of 

integration of the viral genome into an active gene of the cell and causing a mutation 

is the biggest disadvantage of this method. As non-integrating methods, Adeno virus 

and Sendai virus are used (Yamanaka 2012). Non-viral transfection methods have 

also arisen. IPSCs were obtained with transfecting the cells with plasmids. As non-

viral reprogramming methods, episomal, piggy-BAC transposon, synthetic mRNA, 

recombinant proteins and small molecules were studied and iPSCs were obtained 

(Yamanaka 2012; Karagiannis et al., 2018).  

For the reprogramming, cells (fibroblasts, peripheral blood cells etc.) are 

obtained from either healthy or diseased individuals. The cells are reprogrammed 

with the introduction of defined transcription factors and iPSCs develop. The cultured 

cells are examined for their pluripotent character. When examined morphologically, 

the cells resemble embryonic stem cells with their round morphology with big nuclei 

and tight cytoplasm and by adhering strongly to the plate and forming dense 

colonies with sharp borders. iPSCs have been shown to express pluripotency markers 

OCT3/4, NANOG, SOX2, SSEA4 and TRA-1-60. To verify the pluripotency of the cells, 

cells that have been shown to express these markers are tested for their 

differentiation potentials in vitro and in vivo. In in vitro cell culture iPSCs form 

embryonic bodies. In in vivo differentiation test, the iPSCs are injected into mice with 

severe combined immunodeficiency to assess for teratoma (Marti et al., 2013). 

Formation of embryonic bodies and teratoma confirm the pluripotency character of 

the cells. 
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Even though allogeneic transplantation is an available treatment option for 

some diseases, scarce in donors and immune rejection limits their use. By mimicking 

the organogenesis during embryonic stages, through distinct protocols, hiPSCs can 

be differentiated into many cell types. This phenomenon harbors great hope for 

tissue/organ regeneration or transplantation. Being able to obtain patient specific 

hiPSCs overcomes ethical issues and the risk of immunological response. Since 

patient derived hiPSCs possess the same human leucocyte antigens with the patient, 

it overcomes the problem of rejection. Moreover, through in vitro genetic disease 

models, a better understanding of pathogenesis is achieved. iPSCs derived 

tissues/organs also take place in drug and toxicology studies. The main goal of 

regenerative medicine applications is to use hiPSCs to obtain transplantable 

cells/tissues/organs artificially. 

Human iPSCs have been employed to obtain various tissues. Human iPSC 

derived mature cardiomyocytes, vocal fold epithelial mucosa, retinal pigment 

epithelial cells, kidney organoids and functional hepatic organoids are some of the 

many examples (Ronaldson-Bouchard et al., 2018; Lungova et al., 2019; Low et al., 

2019; Akbari et al., 2019; Mandai et al., 2017).  

2.3. Tissue Engineering and Regenerative Medicine Approaches for 

Lacrimal Gland 

Tissue engineering and regenerative medicine field employs interdisciplinary 

approaches to construct functional mimicries/biological substitutes to recapitulate 

tissues/organs for various purposes (Khademhosseini and Langer 2016). These 

substitutes can be used for personalized medicine and drug testing purposes and can 

potentially replace or regenerate tissues/organs. Cells, tissue scaffolds and cell 

stimulating factors are major components of tissue engineering. In tissue 

engineering, cells are isolated from healthy or diseased tissue and primary 

adult/stem/progenitor cells are identified. The term regenerative medicine is usually 

applied when the case especially involves the use of progenitor/stem cells. These 

cells are then expanded in vitro on a scaffold. Conditions required for organogenesis 
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are provided; bioactive molecules such as tissue specific growth factors and 

cytokines are added to obtain a functional tissue (Berthiaume et al., 2011).  

As long-term treatment options for DED, LG regenerative studies have utmost 

importance. With the use of tissue engineering principles, it is aimed to construct a 

functional LG and to transplant it to replace the diseased gland. Cell source, choice of 

the scaffold, compatibility and sustainability of the cell and scaffold and integration of 

the construct with sensory/motor neurons must be taken into account while trying to 

regenerate this complex gland. With the help of various methods, 2-dimensional (2D) 

and 3-dimensional (3D) LG like structures and bioengineered structures have been 

developed. 

In order to obtain an engineered functional LG in vitro, investigating the culture 

conditions of LG cells is essential. Mouse LG epithelial cells have been cultured by 

numerous groups. Epithelial and mesenchymal LG cells isolated from newborn mice 

were cultured on basement membrane matrix. Acinar-like epithelial clusters 

containing secretory granules and AQP-5 expression was observed (Ueda et al., 

2009). In another study, LG epithelial cells were isolated from newborn mice and 

were selectively cultured with cholera toxin. These cells were shown to develop 

spheres from single cells (Kobayashi et al., 2012). 

Functional human LG cultures were also performed in vitro. LGs were isolated 

from exenteration patients. Stem cells and differentiated cells were observed. The LG 

epithelial cells formed duct-like connections containing “spherules”. Lysozyme, sclgA 

and lactoferrin secretion after carbachol stimulation was observed with ELISA (Tiwari 

et al., 2012). 

Decellularization of the LG is also important as a scaffold option for tissue 

engineering applications. In 2015, rabbit LG was decellularized and adult rabbit LG 

progenitor cells were seeded onto the decellularized matrix. The structure was shown 

to contain 3D acinar and duct-like structures with secretory function (Lin et al., 

2015). In another LG study, amniotic membrane was employed as a scaffold to 

culture rabbit LG cells. Acini-like structures and secretory material accumulation were 
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observed. Carbachol stimulation resulted in β-hexosaminidase secretion (Schrader et 

al., 2007). 

The organ germ method is based on the recapitulation of the damaged tissue 

or organ’s developmental processes during the organogenesis. With this method, 

ectodermal organs such as teeth and hair follicles were developed and studies were 

conducted to develop ectodermal secretory organs such as the salivary gland and LG 

in vitro. To assess the usability of this method for LG regeneration, epithelial and 

mesenchymal cells were isolated from E16.5 mice LG. The cells showed branching 

morphogenesis, bud elongation and invagination mimicking the organogenesis. When 

this bioengineered LG was transplanted into aqueous deficient mice, formation of 

connection between the bioengineered LG and the host duct to drain tears to the 

ocular surface was observed. The bioengineered LG contained acini, duct, 

myoepithelial cells, nerve fibers and showed functionality. The ocular surface 

problems associated with the aqueous deficiency were fixed with the transplantation 

of the bioengineered LG (Hirayama et al., 2015; Hirayama et al., 2013). 

iPSCs are a promising potential source for LG bioengineering. Human embryonic 

stem cells, similar to iPSCs in nature were assessed for their differentiation potential 

into LG epithelial cells in a study conducted in 2017. Microarray analysis of mice 

embryonic or adult LG and related organs was conducted to identify transcription 

factors involved in LG epithelial organogenesis. These transcription factors were 

transfected via synthetic messenger RNAs into human embryonic stem cells. 

Overexpression of PAX6, SIX1 and FOXC1 led to formation of LG epithelial-like cells 

with increased expression of epithelial markers, branching morphogenesis markers 

and LG markers (Hirayama et al., 2017).  
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3. MATERIALS AND METHODS  

3.1. Type of Research  

This study is an in vitro experimental study.  

3.2. Date and Location of Research  

Whole research was conducted between 2017 September – 2020 March in Izmir 

Biomedicine and Genome Center (IBG). 

3.3. Universe and Sample of Research  

In this thesis scope, primary human samples were not used.  

3.4. Materials of Research 

hIPSCs reprogrammed in the laboratory of Assoc. Prof. Tamer Önder (Koç 

University, Istanbul, Turkey) were obtained from Prof. Dr. Ş. Esra Erdal Bağrıyanık 

(IBG Center, Izmir Turkey) on 01.03.2019.  

3.5. Variables of the Research 

Independent variables: Matrigel® concentration, differentiation medium 

components, duration of differentiation culture 

Dependent variables: Marker expression in the RNA and protein level, 

heterogeneity of the differentiated cells, ability to be subcultured, cell morphology 

3.6. Data Collection Methods 

3.6.1. Human Induced Pluripotent Stem Cells Culture 

WT1 hiPSCs generated as explained in Akbari et al., 2019 were used in this 

thesis (Akbari et al., 2019). The cells were kept in their pluripotent state by changing 

the medium daily and passaging every 7 days. The cells that morphologically seemed 

differentiated were scraped from the surface with the help of a sterile pipette tip.  
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mTeSR1 (STEMCELL Technologies) medium was used to culture hiPSCs. The 

medium was prepared by mixing the mTeSR1 supplement with mTeSR basal medium 

in a 1:4 (v/v) ratio. The mixture was supplemented with 1% (v/v) Penicillin-

Streptomycin (Pen-Strep, Gibco, Thermo Fisher Scientific). The cells were maintained 

on Matrigel® (Corning) at all times. Matrigel® was stored at -20°C and was thawed 

on ice at 4°C refrigerator. When thawed, Matrigel® was kept on ice at all times to 

avoid gelation. 

Matrigel® coating was carried out by mixing 10-14 µl (depending on the 

gelation factor of each lot) of Matrigel® with 1ml of serum free Dulbecco's Modified 

Eagle's Medium and Ham's F-12 Nutrient Mixture (DMEM/F12) (Gibco, Thermo Fisher 

Scientific) medium on ice. This mixture was sufficient to coat a single well of a 6-well 

plate. Once the mixture was transferred to the wells, the plate was placed in a 37°C 

5% CO2 cell culture incubator for 1h. After 1h, the plate was used for cell seeding, or 

was stored either at 4°C refrigerator or in an incubator for up to a week. 

Adherent hiPSCs were passaged every 7 days. To passage hiPSCs, the medium 

was aspirated and the well was washed with 1 ml of serum free DMEM/F12. 1 ml of 

ReLeSR (STEMCELL Technologies) was added to the well and was incubated at room 

temperature (RT) for 1 min. After 1 min, ReLeSR was aspirated and the now empty 

well was transferred to the 37°C incubator for 4 min. 1 ml of mTeSR1 containing 10 

μM ROCK inhibitor (Y-27632; Tocris Bioscience) was transferred to the pre-Matrigel®-

coated well. After the incubation period, a 2 ml serological pipette was used to 

detach the cells from the surface by flushing with 1 ml of mTeSR1. The detached 

colonies were collected with the serological pipette while trying not to render the 

colonies to single cells. A drop of the cell solution was added to the Matrigel® coated 

mTeSR1 containing well and was cultured at 37°C with 5% CO2 in an incubator. 
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3.6.2. Human Induced Pluripotent Stem Cells Differentiation 

Two different approaches were employed for in vitro LG generation from 

hiPSCs. The first approach consists of two branches. In one branch, the hiPSCs were 

differentiated into POM cells while on the other branch the cells were differentiated 

into Self-Formed Ectodermal Autonomous Multi-Zone (SEAM) to obtain CE cells 

(Figure 7). The main goal was to combine these two differentiated cell types in a 3D 

matrix to support LG formation.  

 

Figure 7 The first approach, including separately differentiating hiPSCs into POM 

and CE cells and further combining them in a 3D matrix to allow cell interaction and 

LG formation. 



27 
 

The second approach employs Multi Zonal Ocular Cell (MZOC) generation and 

aims to differentiate CE and POM cells simultaneously in the same culture system 

and allow spontaneous development of a LG mimicry (Figure 8). 

 

Figure 8 The second approach, involving simultaneous differentiation of hiPSCs into 

LG progenitor cells and further maturation into a spontaneously formed functional LG 

construct. 

 

 



28 
 

3.6.2.1. Periocular Mesenchyme Differentiation 

POM cells were differentiated from hiPSCs by adapting the work published by 

Lovatt and colleagues about differentiating human embryonic stem cells into POM 

cells (Lovatt et al., 2018).  

HiPSCs maintained in mTeSR for one week were dissociated into single cells 

with Accutase (Gibco, Thermo Fisher Scientific). In order to do that, media was 

aspirated and the cells were washed with phosphate buffered saline (PBS; Gibco, 

Thermo Fisher Scientific) once. Accutase was added and the plate was incubated for 

10-15 min in a 37°C incubator. When the cells fully detached, they were collected in 

fresh mTeSR. The solution was filtered using a 40 µm cell strainer to remove debris 

and cell clumps. The cells were washed and centrifuged for 5 min at 160xg at RT in 

mTeSR to remove any remaining Accutase solution. The cells were resuspended in 

mTeSR containing 10 μM ROCK inhibitorand plated with a density of 1.8x104–2.5x104 

cells/cm2 on 1% Matrigel® coated plates. 24 h later media was aspirated and fresh 

mTesR1 supplemented with ROCK inhibitor was added. For following media changes, 

addition of ROCK inhibitor was omitted. Differentiation was initiated 2 days after 

seeding (Figure 9). 

For induction of differentiation, media was changed to KOSR medium (Knockout 

DMEM (Gibco, Thermo Fisher Scientific) containing 15% Knockout serum 

replacement (KSR; Gibco, Thermo Fisher Scientific)) with 10 μM TGF-β inhibitor 

SB431542 (STEMCELL Technologies). 2 days later media was refreshed. On day 7, 

media was adjusted by the addition of N2 medium (DMEM/F12 containing 1% 1X N2 

MAX supplement (R&D Systems) and 1% Pen/Strep) to make a 75% KOSR medium, 

25% N2 medium mix with 10 μM SB431542. On day 9, the media was adjusted to 

50% KOSR medium, 50% N2 medium and 10 μM SB431542 and 10 μM Wnt inhibitor 

IWP2 (STEMCELL Technologies) were added. 8 days after induction of differentiation 

(day 11), the media was adjusted to 25% KOSR medium, 75% N2 medium with 10 

μM SB431542. Finally on day 13, the media was fully converted to N2 medium with 

10 μM SB431542 and 10 μM IWP2 (Figure 9). 
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Figure 9 POM differentiation protocol timeline. 

In some instances, the POM were further maintained after the differentiation, in 

these cases the cells were cultured in N2 medium with 10 μM SB431542. 

3.6.2.2. Self-Formed Ectodermal Autonomous Multi-Zone Differentiation 

HiPSCs were differentiated into eye field cells by adapting the protocol 

published by Hayashi and colleagues in 2016 and 2017 (Hayashi et al., 2016; 

Hayashi et al., 2017). 

For hiPSC culture on Laminin 511 fragments, 9.6 μl of iMatrix-511 (Diagnocine) 

(4.8 μg) was mixed with 1.99 ml PBS. This 2 ml mixture was used to coat one well of 

a 6 well plate.  The plate was incubated at 37°C for 1h or for 3h at room 

temperature, or overnight at 4°C. After the incubation, 0.7 ml of StemFit medium 

(Ajinomoto) was added to the culture plates and the mixed solution was removed.  

1.5 ml of StemFit medium (40 ml Medium A and 10 ml Medium B) containing 10 μM 

Y-27632 was added.  The plate was incubated at 37°C in 5% CO2 for 15 min. 

To passage the confluent cells to the StemFit/LN511E8 culture system, media 

was aspirated and cells were washed once with 1 ml of PBS. 300 μl of dissociation 

solution (5 ml TrypLE Select (Gibco, Thermo Fisher Scientific) and 5 ml 0.5 mM EDTA 

(Sigma-Aldrich) was added and the plate was incubated for 5 min at 37°C in 5% 

CO2. After the incubation, the dissociation solution was aspirated and the cells were 

washed with 2 ml of PBS. 1 ml of StemFit medium with 10 μM Y-27632 was added. 

The cells were detached with the help of a cell scraper. The cells were rendered to 

single cells by pipetting up and down multiple times. The cells were counted and 

were seeded on a well of a LN511E8-coated 6 well plate with a density of 1.3x104 

cells/well and 1.5 ml StemFit medium with 10 μM Y-27632. Medium was refreshed 
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the next day without Y-27632 and the cells were incubated for 7 days in total by 

changing the medium every 2 days. The cells were passaged 3-4 times in the 

StemFit/LN511E8 culture system before induction of differentiation.  

For differentiation, hiPSCs were dissociated with TrypLE Select and were seeded 

on a LN511E8 coated 6 well plate with a density of 1.500–4.500 cells/well in 1.5 ml 

StemFit medium with 10 μM Y-27632. Medium was refreshed the next day without Y-

27632. The plate was incubated at 37°C in 5% CO2 for 10 days with changing the 

medium every 2 days and every day after day 7. 

After 10 days of culture in StemFit medium, the media is changed to 2 ml 

Differentiation Medium (DM: GMEM (Gibco, Thermo Fischer Scientific), 10 ml KSR, 1 

mM sodium pyruvate (PAN-Biotech), 0.1 mM nonessential amino acids (NEAA) 

(Lonza), 500 μl 2 mM l-glutamine (Gibco, Thermo Fischer Scientific), 50 μl Pen/Strep, 

and 55 μM monothioglycerol (FUJIFILM Wako Pure Chemical Corporation). The plate 

was incubated at 37°C in 5% CO2 for 28 days by refreshing the medium every 2 

days. At this phase the cells are supposed to form SEAMs.  

3.6.2.3. Multi Zonal Ocular Cells Differentiation 

HiPSCs were differentiated into eye field cells by adapting the protocol 

established by Li and colleagues in 2019 (Li et al., 2019).  

HiPSCs cultured for 1 week were detached from the surface using ReLeSR while 

taking care not to disrupt colonies. Colonies were collected with ice-cold eye field 

differentiation medium (EDM: 24.2 ml DMEM/F12, 24.2 ml neuralbasal medium 

(Gibco, Thermo Fisher Scientific), 500ul L-GlutaMAX (Gibco, Thermo Fisher 

Scientific), 500ul NEAA, 100 μl Monothioglycerol (FUJIFILM Wako Pure Chemical 

Corporation), and 500 μl 1% N2 (R&D Systems)) mixed with 2% Matrigel®. The 

colonies were seeded on 1% Matrigel® coated wells and placed in a 37°C 5% CO2 

incubator. The next day medium was changed with fresh EDM containing 2% 

Matrigel®, making the colony culture 2.5D. The colonies were cultured 5 more days 

in EDM without Matrigel®. After 5 days, the medium was changed to ocular cell 
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differentiation medium (ODM: 43,9 ml DMEM/F12, 5 ml KSR (Gibco, Thermo Fisher 

Scientific), 500 µl L-GlutaMAX, 500 µl NEAA, 100 μl Monothioglycerol) and culture 

was continued up to 120 days in some instances. Media was changed daily (Figure 

10). 

 

Figure 10 MZOC differentiation protocol timeline. 

3.6.3. Cell Characterization 

The differentiated cells were analyzed according to their gene and protein 

expressions. The used methods were Quantitative Polymerase Chain Reaction 

(qPCR), Immunocytochemistry (ICC), Immunohistochemistry (IHC), Flow Cytometry 

and ELISA.  

Sample preparation for qPCR required RNA isolation, complementary DNA 

(cDNA) synthesis and primer design.  

3.6.3.1. RNA Isolation 

TRIzol reagent (Invitrogen) and RNA isolation kit (Macherey-Nagel) were used 

in RNA isolation. Media was aspirated and the cells were washed with PBS once. 

TRIzol was added according to the cell number (1 ml TRIzol per 106 cells). Cells were 

scraped and collected. Cell lysate was kept in -80°C until further isolation steps. 

The lysate was thawed then homogenized with tissue grinder (ISOLAB) and 

with pipetting. The lysate was then incubated for 5 min at RT. Chloroform as much 

as 20% of the TRIzol volume was added. The tube was shaken up and down 20 

times and was incubated at RT for 2-3 min. The tube was centrifuged at 12.000xg 

for 15 min at 4°C to separate the phases. 3 phases formed after separation, 
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denoting the organic phase containing proteins and lipids, interphase containing DNA 

and the aqueous phase containing RNA. The aqueous phase was collected and 70% 

ethanol as much as the volume of collected aqueous phase was added. The sample 

was mixed by pipetting and was incubated for 10 min at RT. 

Isolation proceeded with the NucleoSpin RNA Isolation Kit. The lysate was 

mixed by pipetting and was transferred into the NucleoSpin RNA column. The column 

was centrifuged for 30 min at 11.000xg. The column was placed in a new collection 

tube and 350 μl of membrane desalting buffer was added. The column was 

centrifuged at 11.000xg for 1 min. DNase reaction mixture was prepared by mixing 

10 μl of rDNase with 90 μl of reaction buffer.  95 μl of the DNase Reaction Mixture 

was added on the center of the column and the column was incubated for 15 min at 

RT for the reaction to occur. After the incubation, 200 μl of buffer RAW2 was added 

to the column and was centrifuged at 11.000xg for 30 s. The column was placed into 

a new collection tube and the column was washed 2 times with 600 μl of buffer RA3 

and 250 μl buffer RA3. After the second wash, the tube was centrifuged for 2 min at 

11.000xg. The column was placed in a RNase/DNase free eppendorf and RNA was 

eluted with 40 μl Nuclease free H2O by centrifuging at 11.000xg for 1 min. 

RNA quantity was measured using NanoDrop. A260/280 ratio was aimed to be 

about 2 and A260/230 ratio required to be above 2 to accept the isolated RNA as 

being pure. The isolated RNA is kept at -80°C until cDNA synthesis. 

3.6.3.2. cDNA Synthesis 

ABM OneScript Plus cDNA Synthesis Kit was used for cDNA synthesis and 

manufacturer’s protocol was followed.  

RNA templates and the reagents are thawed on ice. A reaction mixture 

containing RNA, 1 μl of Random Primers (10 μM), 1 μl of dNTP mix (10 mM) and 

Nuclease Free H2O up to 14.5 μl was prepared. The mixture was kept at 65°C for 5 

min and incubated on ice for 1 min. After the incubation, 4 μl of 5X Reverse 

Transcriptase Buffer, 0.5 μl RNaseOFF Ribonuclease Inhibitor (40U/μl) and 1 μl 
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OneScript Plus RTase (200 U/μl) were added. The mixture was incubated at 25°C for 

10 min, 50°C for 15 min and the reaction was stopped by heating at 85°C for 5 min. 

The synthesized cDNA was kept at -20°C until downstream applications. 

3.6.3.3. Primer Design 

Primers used for differentiation monitoring were chosen according to the genes 

that are considered markers on literature for each stage of differentiation. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was chosen as the 

housekeeping gene.  

Several criteria were taken into account for primer design. In general, a length 

of 18-25 nucleotides for primers was considered acceptable. Primer Melting 

Temperature (Tm), the temperature at which half of the DNA duplex will dissociate 

to become single stranded is another important criterion. Tm of primers were 

adjusted to be between 59°C and 65°C, and within 5°C of each other at most. GC 

content should be aimed to be between 50 and 60%, with the 3' of a primer ending 

in C or G to promote binding. Generally primers with similar GC content were chosen. 

Primers with at least 2 G or C bases (GC clamp) in the last 5 bases at the 3′ end 

were also preferred since G-C base pairs form a stronger bonds than A-T base pairs. 

Runs of 4 or more of the same base, or dinucleotide repeats were avoided when 

possible, to avoid mispriming.  

Presence of the secondary structures can lead to poor yield; adversely affect 

primer template annealing and thus the amplification. Hairpins occur when two 

regions of the same primer, complementary in nucleotide sequence when read in 

opposite directions, base-pair and form an unpaired loop. Hairpins were avoided 

during the primer design. A primer self-dimer is formed by r interactions between 

two primers, where the primer is homologous to itself. Primer heterodimers are 

formed by interactions between the two different primers, where they are 

homologous. The Gibbs Free Energy (ΔG) is the measure of the amount of work that 

can be extracted from a process operating at a constant pressure. The stability of a 

dimer is commonly represented by its ΔG value, the energy required to break the 
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dimer. Larger negative value for ΔG indicates stable, undesirable dimers. In this 

thesis, ∆G value bigger than -6 were considered acceptable. 

Whenever possible, primer pairs were separated with an intron to eliminate 

genomic DNA amplification during qPCR. Minimum intron length was adjusted to be 

200 and maximum length was chosen as 1000 base pairs.  

NCBI Primer Blast was used to design and verify the primers. The designed 

sequences were synthesized by Oligomer Biyoteknoloji, Ankara. All primers were 

adjusted to 100 μM by diluting with nuclease-free H2O and stored at -20°C. 

Sequences of the primers are depicted in Table 2. 

Table 2 Primer Sequences. 

Gene Forward Sequence (5’ -3’) Reverse Sequence(5’ -3’) 

GAPDH  ACCACAGTCCATGCCATCAC  TCCACCACCCTGTTGCTG TA  

PAX6 CAGAGCCCCATATTCGAGCC CAAAGACACCACCGAGCTGA 

K13 ACGCCAAGATGATTGGTTTC CGACCAGAGGCATTAGAGGT 

P63 GCAGTCGAGCACCGCCAAGT TCAAAGCAGCGTCGGCCCAG 

PITX2 AGG CCA CTT TCC AGA GGA AC CGC TCC CTC TTT CTC CAT TT 

FOXC1 CATTTTGGTCTAGGGTGGTTTC TCTGATTGGCAGGGCAGAT 

LMX1b GTGTGAACGGCAGCTACGC TCATCCTCGCTCTTCACGG 

LYZ GCTGGAGACAGAAGCACTGAT ATGCCTTGTGGATCACGGAC 

AQP5 GAACCCAGCCCGCTCTTTTG AGTCCTCGTCAGGCTCATACG 

K15 ATCGCTACTTACCGCAGCC CACCTGTCCATCCACTGACTC 

K19 ACTACACGACCATCCAGGAC GAGCCTGTTCCGTCTCAAAC 

P75 CAGGACAAGCAGAACACCGT GGTGTGGACCGTGTAATCCA 

M5AC CGACCTGTGCTGTGTACCAT GTGCAGGGTCACATTCCTCA 

FGF10 GAAATCGGAGTTGTTGCCGTC TGCCACATACATTTGCCTCC 

K13 CAGTGAGATGGAGTGCCAGA GCTGAGGAAGGGAAACCAATCA 
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3.6.3.4. Quantitative Polymerase Chain Reaction 

For each condition, 3 biological conditions each harboring 3 technical controls 

were used. GoTaq Master Mix (Promega) was used for qPCR according to the 

manufacturer’s manual. For each cDNA; 5 μl Master Mix, 2 μl H2O, 1 μl cDNA, 1 μl 

forward primer (10 ng/μl) and 1 μl reverse primer (10 ng/μl) were mixed in a well of 

a white 96 well plate. The plate was sealed with a transparent film and centrifuged 

at 1500 rpm for 2 min. Protocol shown in Table 3 was set up in Roche Lightcycler 

480. 

Table 3 qPCR Protocol. 

Program  Cycle  
Temperature 

(°C)  
Time (s)  

Pre-incubation  1  95  120  

PCR  40  

95  10  

60 10 

72 30 

Melting  1  
95  10  

65 30 

Cooling  1  40  30  

ΔΔCT values were calculated with Excel (Microsoft, USA). Average of CTGAPDH 

values was calculated. ΔCT values were calculated as CTsample - CTGAPDH. Averages of 

ΔCTcontrol values were taken. To calculate ΔΔCT values, the formula ΔCTcontrol – 

ΔCTsample was used and 2-ΔΔCT value gave the fold change. 
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3.6.3.5. Immunocytochemistry Assay 

Immunocytochemistry (ICC) was used along other methods to analyze protein 

expression of the cells. To prepare cells for ICC, the media was aspirated and the 

cells were washed with PBS 3 times. 4% Paraformaldehyde (PFA; sigma) was added 

and the cells were incubated at RT for 20-30 min. After incubation, PFA was 

aspirated and the cells were washed with PBS 3 times. The fixated sample was kept 

in 4°C refrigerator until blocking/permeabilization. 

The staining buffer was prepared as 1% Bovine Serum Albumin (BSA; Sigma-

Aldrich) (w/v) and 0.3% Triton-X100 (neoFroxx) (v/v) in PBS. PBS was withdrawn 

from the samples and staining buffer with the enough volume to cover surface was 

added. The sample was either incubated for at RT for 2-3 h or at 4°C for overnight. 

After incubation, primary antibody diluted in the staining buffer was added (Table 4). 

Sample containing the primary antibody was incubated for overnight at 4°C. After 

the incubation period the sample was washed with PBS 3 times and secondary 

antibody diluted in staining buffer was added. The sample was incubated for 3h at 

RT. After the incubation period the sample was washed 3 times with PBS. 0.5 μg/ml 

4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; neoFroxx) was added and the 

sample was incubated at RT for 20 min. The sample was washed with PBS 3 times 

and the stained sample was visualized using Fluorescence Microscopy (Olympus 

IX71). 
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Table 4 Antibody dilutions for ICC. 

Target Product number Host Conjugation Dilution 

OCT3/4 R&D, MAB1759 Rat Unconjugated 1:50 

NANOG Thermo Fisher, PA5-18406 Goat Unconjugated 1:100 

SOX2 Bioss, bs-5685R  Rabbit Unconjugated 1:100 

PITX2 Novus, NBP2-57409 Rabbit Unconjugated 1:25 

FOXC1 Novus, NB100-1268 Goat Unconjugated 1:50 

PAX6 Novus, NBP2-44576 Mouse Unconjugated 1:200 

TP63 R&D, AF1916 Goat Unconjugated 1:20 

P75 Bioss, bs-0161R Rabbit Unconjugated 1:100 

K13 Novus, NBP2-38166 Rabbit Unconjugated 1:50 

K12 Santa Cruz, sc-515882 Mouse Unconjugated 1:250 

Anti-rat  Jackson Immuno,712-545-
150  

Donkey AF488 1:500 

Anti-goat Jackson Immuno, 705-545-
003 

Donkey AF488 1:500 

Anti-goat Jackson Immuno, 705-605-
003 

Donkey AF647 1:500 

Anti-rabbit Jackson Immuno, 711-585-
152 

Donkey AF594 1:500 

Anti-rabbit Jackson Immuno, 711-545-
152 

Donkey AF488 1:500 

Anti-mouse Jackson Immuno, 715-585-
150 

Donkey AF594 1:500 
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3.6.3.6. Immunohistochemistry Assay 

IHC was used along other methods to analyze protein expression. 

To prepare cells for IHC, the media was aspirated and the tissue was washed 

with PBS 3 times. 4% PFA was added and the tissue was incubated at RT for 20-30 

min. After incubation, PFA was aspirated and the tissue was washed with PBS 3 

times. The fixated sample was placed in a 30% sucrose solution and was incubated 

at 4°C until the tissue sank to the bottom of the tube. 

After sinking, the tissue was taken out of the sucrose solution and was placed 

in Optimal Cutting Temperature (OCT; Fisher Healthcare). Sample was kept in OCT 

at 80°C until cryosectioning. 5 μm thick sections were cut by the IBG histopathology 

core facility. The sections were kept at -20°C until staining. 

For staining, the slides were thawed at RT for 15 min. The slides were washed 

with PBS 3 times. The tissues on slides were surrounded by Pap pen (Patolab). 

Staining buffer was added and the slides were incubated for 1h at RT. After 

incubation, primary antibody diluted in the staining buffer was added and the slides 

were incubated at 4°C overnight (Table 5). The slides were washed with PBS 3 times 

and secondary antibody diluted in staining buffer was added. The slides were 

incubated at RT for 1 h. The slides were washed with PBS 3 times and DAPI (0.5 

μg/ml) was added. After incubation at RT for 10 min, the slides were washed with 

PBS 3 times. The slides were mounted with mounting medium (Cell Signaling 

Technology) and were covered with coverslips. The coverslips were sealed with nail 

polish and the dried slides were kept at dark at 4°C. The slides were visualized with 

confocal microscopy (Zeiss LSM880). 

 

 

 

 



39 
 

Table 5 Antibody dilutions for IHC. 

Target Product number Host Conjugation Dilution 

PITX2 Novus, NBP2-57409 Rabbit Unconjugated 1:25 

FOXC1 Novus, NB100-1268 Goat Unconjugated 1:50 

PAX6 Novus, NBP2-44576 Mouse Unconjugated 1:200 

TP63 R&D, AF1916 Goat Unconjugated 1:20 

P75 Bioss, bs-0161R Rabbit Unconjugated 1:200 

K13 Novus, NBP2-38166 Rabbit Unconjugated 1:1000 

K12 Santa Cruz, sc-515882 Mouse Unconjugated 1:250 

AQP5 Bioss, bs-1554R Rabbit Unconjugated 1:200 

E-cadherin Bioss, bs-10009R Rabbit Unconjugated 1:200 

Calponin Bioss, bs-0095R Rabbit Unconjugated 1:100 

K15 Novus, NBP1-85602 Rabbit Unconjugated 1:300 

Na+/K+ 
ATPase 

Millipore, 05-369-25ug Mouse Unconjugated 1:20 

N-cadherin Cell Signaling, 13116T Rabbit Unconjugated 1:250 

EpCAM Biolegend, 324203 Mouse FITC 1:100 

Anti-rat  Jackson Immuno, 712-545-
150 

Donkey AF488 1:500 

Anti-goat Jackson Immuno, 705-545-
003 

Donkey AF488 1:500 

Anti-goat Jackson Immuno, 705-605-
003 

Donkey AF647 1:500 

Anti-rabbit Jackson Immuno, 711-585-
152 

Donkey AF594 1:500 

Anti-rabbit Jackson Immuno, 711-545-
152 

Donkey AF488 1:500 

Anti-mouse Jackson Immuno, 715-585-
150 

Donkey AF594 1:500 
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3.6.3.7. Flow Cytometry 

The differentiated hiPSCs were washed once with PBS. 2 ml of Accutase was 

added and the tissue was incubated for 30 min at 37°C. The still attached tissue 

parts were scraped. Pipetting was performed several times to dissociate the cells. 

150 U/ml collagenase II (Sigma-Aldrich) was added and the tissues were incubated 

for 45 min at 37°C. The dissociated cells were collected and resuspended in ice-cold 

medium. The cells were filtered using a cell strainer (40 μm) and the cells were 

counted. The tube was centrifuged 400xg for 10 min at RT. 1x103 cells/well in 100 µl 

FACS buffer (0.25% Sodium Azide (Sigma-Aldrich) and 1% BSA were dissolved in 1X 

PBS) was distributed into wells of a v-bottom 96 well plate. Antibodies were added 

according to the dilutions listed on Table 6. The plate was incubated at dark on ice 

for 30 min. The plate was centrifuged at 400xg for 5 min. The wells were washed 3 

times. 1 µl DAPI (0.5 μg/ml) per 100 µl was added and the plate was incubated on 

ice for 15 min. The wells were washed once with PBS and 2 times with FACS buffer. 

The analyses were carried out using BD Fortessa and FlowJo software. 

Table 6 Antibody dilutions for FC.  

Target Product number Conjugation Dilution 

SSEA4 Biolegend, 330407 AF647 1:50 

ITGB Biolegend, 327807 PE 1:50 

3.6.3.8. Fluorescence Activated Cell Sorting 

The differentiated hiPSCs were washed once with PBS. 2 ml of Accutase was 

added and the tissue was incubated for 30 min at 37°C. The still attached tissue 

parts were scraped. Pipetting was performed several times to dissociate the cells. 

150 U/ml collagenase II was added and the tissues were incubated for 45 min at 

37°C. The dissociated cells were collected and resuspended in ice-cold medium. The 

cells were filtered using a cell strainer (40 μm) and the cells were counted. The tube 

was centrifuged 400xg for 10 min at RT. 1.0x103 cells/well in 100 µl FACS buffer was 

distributed into wells of a v-bottom 96 well plate. Antibodies were added according 
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to the dilutions listed on Table 6. The plate was incubated at dark on ice for 30 min. 

The plate was centrifuged at 400xg for 5 min. The wells were washed 3 times. 1 µl 

DAPI (0.5 μg/ml) per 100 µl was added and the plate was incubated on ice for 15 

min. The plate was washed with PBS once and with FACS buffer 2 times. Sorting was 

carried out with BD Aria and analysis was done using the FlowJo software. 

3.6.3.9. Enzyme Linked Immunosorbent Assay 

Lactoferrin secretion detection was carried out with Human Lactoferrin ELISA 

Kit (Abcam, ab200015) according to the manufacturer’s protocol. Fresh standard 

dilutions were prepared from the provided stock standard for each experiment 

according to the kit’s calculations. Samples were used directly, without any dilution. 2 

wells were used as the zero control.  

Conditioned cell culture media was collected upon 10 μM forskolin (Tocris 

Bioscience) induction during different time intervals. The media was centrifuged at 

2.000xg for 10 min to remove debris. Sample was kept at -20°C until ELISA 

experiment.  

All samples and reagents were equilibrated to RT before use. 50 µL of either 

standards or samples were distributed to wells. 50 µL of the Antibody Cocktail was 

added and the sealed plate was incubated for 1h at RT with continuous shaking at 

400 rpm. After the incubation, the wells were washed with 350 µL 1X Wash Buffer 

PT 3 times. 100 µL of TMB Development Solution was added to the wells and the 

plate was incubated for 8 min in the dark with continuous shaking at 400 rpm. After 

the incubation, 100 µL of Stop Solution was added. The plate was shaken for another 

1 min for the solution to mix. After the incubation, OD was recorded at 450 nm 
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3.7. Research Plan  

Research 

Plan 

September 2017-

September 2018 

October 2018-

March 2019 

March 2019-  

March 2020 

April 2020- 

May 2020 

Literature 

Review 
X X X X 

Experiment 

Planning 
 X X  

Data Collection 

and 

Experimenting 

  X  

Evaluation of 

Data 
  X X 

Thesis Writing   X X 

 

3.8. Evaluation of Data  

Within the scope of this thesis study, GraphPad Prism 7 program was used to 

analyze the qPCR findings. ICC and IHC images were analyzed through ImageJ and 

Zen 3.1 (Blue edition) programs. FC analysis was carried out using FlowJo V10 

program. 

3.9. Limitation of Research 

Common limitation of hiPSC related studies is the variations observed in hiPSCs 

obtained from different sources. In our study, the hiPSCs showed different response 

to some protocols from the hiPSCs stated in the literature. 

The first approach consisted of purifying the culture system with the use of 

FACS. However emergence of the COVID-19 pandemic hindered the research and 

the research facility closed, disabling conductance of further studies. 
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3.10. Ethics Committee Approval  

This thesis was approved by the Non-Invasive Research Ethical Committee of 

IBG with the protocol number 2020-019 on 16.05.2020. The thesis approval is 

presented in Section 8.1. 
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4. RESULTS 

4.1. Pluripotency Marker Expression of hiPSCs 

hiPSC colonies maintained the pluripotent colony morphology with sharp edges 

and with round cells with big nuclei and tight cytoplasm (Figure 11 a and b). 

Expression of pluripotency markers, NANOG, OCT3/4 and SOX2 transcription factors 

were detected with ICC localized to the nuclei of cells (Figure 11 c and d), indicating 

that cells maintained their pluripotent character during the expansion culture.  

  

  

Figure 11 hiPSC culture a) Bright field (BF) picture of hiPSCs with pluripotent 

characteristic morphology during culture, b) BF picture of hiPSCs with pluripotent 

characteristic morphology during culture in a closer view c) hiPSC colony stained 

against pluripotency markers NANOG and OCT3/4, d) hiPSC colony stained against 

pluripotency markers SOX2 and OCT3/4. Nuclei are stained with DAPI.  

NANOG OCT3/4 DAPI SOX2 OCT3/4 DAPI 

a b 

c d 
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4.2. Formation of POM  

HiPSCs seeded as single cells with 1.8x104–2.5x104 cells/cm2 density on 1% 

Matrigel® coated plates were maintained in mTesR1. The cells maintained their 

pluripotent morphology until induction of differentiation (Figure 12 a). After 2 days, 

differentiation was initiated. Following one week of differentiation, distinct changes in 

cell morphology was observed as the culture system became heterogeneous with 

formations resembling “islands” (Figure 12 b). As the differentiation proceeded, the 

culture became confluent, with cells forming adherent clumps (Figure 12 c). At the 

end of the differentiation process, the culture system was highly heterogeneous and 

confluent (Figure 12 d). 

  

  

Figure 12 BF images of POM differentiation on a) Day 1, b) Day 7, c) Day 10, d) 

Day14. 

a b 

c d 
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Differentiated cells were maintained in N2 medium with 10 μM SB431542. On 

day 20, expression of NC and POM marker gene expressions were assessed with 

qPCR. A three-fold increase in the expression of neural crest cell marker P75 was 

observed (Figure 13 a). More drastic increase in POM markers, FOXC1, PITX2, 

LMX1b, were observed (Figure 13 b and d). Expression of FGF10 was also assessed 

due to its vital role in LG development. We show that FGF10 is expressed in the RNA 

level in the differentiated POM (Figure 13 e).  

 

Figure 13 Expression of a) NC marker P75, b-d) POM markers FOXC1, PITX2 and 

LMX1b, e) FGF10 required for LG development. The expression levels are compared 

to expression levels in the pluripotent state. The values are normalized to GAPDH.  

d 

a 

c 

b 

e 
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Differentiated cells were fixated on Day 14 and were stained against POM 

markers FOXC1 and PITX2, and cytoskeletal protein Actin, to visualize the cell 

morphology. Staining showed heterogeneous population with FOXC1 expression in 

dense areas, while PITX2 expression was observed only in big clumps (Figure 14 a 

and b). The cells do not look elongated although majority of the mesenchymal cells 

have elongated morphology when cultured in vitro.  

  

Figure 14 POM cells differentiated from hiPSCs on day 14 stained against a) Actin, 

FOXC1, b) FOXC1, PITX2. Nuclei are stained with DAPI.  

The cells were dissociated and passaged on day 16 using Accutase and seeded 

on 1% Matrigel®. The cells did not adhere strongly and were dislodged even by 

gently moving the plate (Figure 15 a). The dislodged cells immediately formed 

clumps (Figure 15 b). 

In order to overcome clumping, the cells were dissociated and passaged after 

20 days of differentiating. The cells were seeded on 1% Matrigel® coated plates. 

Upon transferring 5.0x105 cells to two wells of a 24 well plate, 2% Matrigel® solution 

was added, resulting in encapsulation of the cells. The following day, one of the wells 

was coated again with 2% Matrigel®. The cells were cultured for 8 additional days. 

Cells both with 1-layer coating (Figure 16 aand b) and 2-layer-coating adhered 

strongly and spread in the Matrigel® sandwich (Figure 16 c and d). 

ACTIN FOXC1 DAPI PITX2 FOXC1 DAPI 

a b 
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Figure 15 BF images of differentiated POM cells one day after passaging and 

seeding on Matrigel®, a) Cells weakly adhering or in suspension b) Clump formed by 

weakly adhering cells. 

  

  

Figure 16 BF images of POM cells cultured in a 1 layer of Matrigel® sandwich on a) 

day 1 and b) day 8 and 2 layers of Matrigel® sandwich on c) day 1 and d) day 8. 

a b 

a b 

c d 
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 After 8 days of culture, RNA was isolated from cells. Expression of POM related 

markers after 8 days in the Matrigel® culture system was compared with the RNA 

obtained the day of passaging. Dramatic decrease in the NC marker P75, POM 

markers FOXC1, PITX2 and LMX1b and FGF10 was shown,(Figure 17).  

  

  

 

Figure 17 Expression of a) NC marker P75, b-d) POM markers FOXC1, PITX2 and 

LMX1b, e) FGF10 before passaging and 8 days after passaging either with 1-layer 

d 

a 

c 

b 

e 
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coating or 2-layer coating. The expression levels are compared to expression levels in 

the pluripotent state. The values are normalized to GAPDH. 

Overall, although POM marker expression was detected both in the RNA level 

and protein level, the cells could not be passaged to adhere without encapsulation. 

In the case of encapsulation with Matrigel®, the cells could not maintain their POM 

character and decrease in marker expression was observed. Therefore, this approach 

was not found convenient. 

4.3. Formation of SEAM  

After culturing 1500-4500 cells/well in a 6 well plate for 10 days in StemFit, the 

medium was changed to DM and cells were cultured for 25 days to induce SEAM 

formation. According to the protocol, SEAM should have formed until day 35. During 

the culture, the cells formed structures with cell heterogeneity, resembling zone 

formation (Figure 18 a). However, these structures started detaching from the 

laminin coated surface and started floating. By day 35, there were a few colonies still 

attached while the structures with so-called zones, and were floating (Figure 18 b-d). 

SEAM formation in the process of cornea organoid differentiation reported previously 

by Susaimanickam and colleagues led us to think that these colonies could be cornea 

organoids (Susaimanickam et al., 2017).  

On day 35, the cells were harvested and RNA was isolated. According to the 

protocol, on day 35, OSE cells should have been present with PAX6 and P63 

expression. Therefore, expressions of PAX6 and P63 were assessed through qPCR. 

PAX6 expression was found to be significantly increased (approximately 350-fold), 

confirming ocular cell differentiation (Figure 19 a). However, increase in P63 

expression was not significant, around 1.5-fold, raising doubts about OSE 

differentiation (Figure 19 b) and their percentage in the culture. 
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Figure 18 BF images of SEAM differentiation in a time course of 35 days. a) 

Colonies with areas resembling zones were observed around day 17. The colonies 

started detaching afterwards. Colonies with loose connections were observed on day 

b) 25 and c) 32 respectively d) while on day 35 some colonies were in suspension.  

  

Figure 19 qPCR results of cells differentiated according to the SEAM protocol. 

Expression of OSE markers a) PAX6 and b) P63 are compared to expression levels in 

the pluripotent state. The values are normalized to GAPDH.  

a b 

c d 

a b 
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In order to examine ocular cell and OSE differentiation in the protein level, the 

cells were stained against PAX6 and TP63. Although heterogeneous, PAX6 protein 

was found to be present, suggesting the fact that cells differentiated into ocular cells 

(Figure 20 a). TP63 expression was also detected, however was not confined to a 

specific zone (Figure 20 b).  

 

  

Figure 20 Cells differentiated according to the SEAM protocol on day 35 stained 

against a-b) PAX6 and c-d) TP63. Nuclei are stained with DAPI.  

 Although ocular cell differentiation was achieved through this protocol, the 

expected SEAMs with distinctive zones could not be observed on day 35. It is 

possible that with our cells the zone formation occurs much earlier (Figure 18 a). P63 

expression was not significantly increased. These along with long culture time (35 

days for OSE differentiation, additional 50 days for CE differentiation) and 

detachment of the colonies questioned the efficiency and reproducibility of this 

protocol. 

TP63 DAPI TP63 DAPI 

PAX6 DAPI PAX6 DAPI 

a b 

c d 
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4.4. Formation of MZOC  

MZOCs were generated following the protocol explained in Section 3.6.2.3. The 

cells were maintained in ODM thereafter with daily medium changes. The colonies 

appeared encapsulated when first seeded; cells started spreading during the 

following days (Figure 21 a). The colonies appeared heterogeneous on day 5 with 

the spread cells maintaining different morphologies, resembling zone formation 

(Figure 21 b). From day 12 up until day 21, there were colonies with visible zones, 

the MZOCs (Figure 21 c and d).  

  

  

Figure 21 BF images MZOC formation a) 2.5D encapsulated colony on day 2 b) 2.5 

D cultured colony showing spreading cells c) Spreading cells forming zones on day 

12 d) Colony with distinct zones on day 19. 

 

 a b 

 d c
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According to the protocol, emergence of zones is complete on day 21 and on 

the 3rd zone OSE cells should be present (Figure 22 a). In order to investigate that, 

RNA was isolated from cells on day 21 and expression of OSE markers PAX and P63 

was assessed with qPCR. It was seen that expressions of both PAX6 and P63 

significantly increased, with almost 200-fold and 900-fold respectively (Figure 22 b 

and c). This suggested that the cells differentiated into ocular lineages, and P63+ cell 

percentage was high.  

 

  

Figure 22 a) Cell types in each zone after 21 days of differentiation according to Li 

et al., 2019. b) The expression levels of OSE markers PAX6 and c) P63. Expression 

levels are compared to the pluripotent state. The values are normalized to GAPDH.  

Expression of OSE and NC markers in the protein level was examined through 

ICC and IHC. According to the protocol, both cell types should be present in the 

MZOC in different zones (Figure 22 a). On day 21, PAX6+ and TP63+ cells were 

present in the suggested part of the colony, on zone 3 (Figure 23 a). In another 

colony, with less distinct zones, P75+ cells were visible, suggesting the presence of 

a 

b c 
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NC cells (Figure 23 b). When the cells were further cultured in ODM, on day 35 

PAX6+ and TP63+ OSE cells were detected through ICC (Figure 23 c). On day 45, 

P75+ and FOXC1+ NC/POM cells were present in the sectioned tissue (Figure 23 d). 

In the cryosections, cells were localized to from distinct structures, while some parts 

resembled sacs with hollow structures and cells aligned outside surrounding the 

hollow parts (Figure 23 c, d). 

  

  

Figure 23 Expression of OSE and NC related markers in MZOCs. a) ICC on day 21 

stained against OSE markers PAX6 and TP63 b) ICC on day 21 stained against NC 

marker P75 and PAX6 c) IHC on day 35 stained against OSE markers PAX6 and TP63 

d) IHC on day 45 stained against NC marker P75, and FOXC1. Arrows indicate hollow 

structures. Nuclei are stained with DAPI.  

TP63 PAX6 DAPI FOXC1 P75 DAPI 

TP63 PAX6 DAPI P75 PAX6 DAPI 

a b 

c d 
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 OSE differentiation is important since LG epithelia arise from CE, which is 

derived from OSE. To assess the possibility of spontaneous differentiation of OSE 

into CE, the cells were stained against CE marker K13 and ocular marker PAX6. In 

the 3rd zone, PAX6+ and K13+ CE cells were observed (Figure 24 a,b). This 

suggested that the system had the ability to support spontaneous differentiation  into 

CE and LG epithelia in a longer-term culture. On day 35, PAX6+ and K13+ cells were 

again present, in all layers of the colony with higher density of positive cells through 

the middle of the colony (Figure 24 c, d). Samples on day 35 of differentiation were 

sectioned and CE cells were again observed (Figure 24 e). On day 42 another culture 

was stained as a whole mount sample. K13+, TP63- cells, again suggesting CE 

presence were observed but differed from day 35 cells with their TP63 expression. 

That, along with different cell morphology raises questions about the ocular origin of 

these cells (Figure 24 f). 
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Figure 24 Differentiated cells stained against CE markers. a-b) ICC of day 21 

stained against K13 and PAX6 c-d) ICC of day 35 stained against K13 and PAX6 e) 

IHC of day 35 cryosections stained against K13 and TP63 f) IHC of day 35 whole 

mount samples stained against K13 and TP63. Nuclei are stained with DAPI. 

K13 P63 DAPI K13 P63 DAPI 

K13 TP63 DAPI K13 TP63 DAPI 

K13 TP63 DAPI K13 TP63 DAPI 

a b 

c d 

e f 
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During the differentiation of hiPSCs, structures resembling LG were observed. 

One of these structures is shown in Figure 25. These structures often have parts 

resembling ducts. In most cases, these structures start forming near day 30 and 

keep developing (Figure 25 a). Spontaneous emergence of these LG-like structures is 

expected since MZOCs contain both cell types required for LG development, CE and 

POM. It is highly likely that this 2.5-dimensional (2.5D) culture system with all of the 

ocular cell types present offers the proper microenvironment to support spontaneous 

LG development. 

  

  

Figure 25 BF images of a spontaneously emerging structure resembling LG a) on 

day 29 b) on day 32 c) on day 35 d) on day 38. 

MZOCs were cultured until day 120 and RNA was isolated on day 30 and day 

120 to examine the LG related marker expressions in the RNA level. The CE marker 

K13 was found to be highly increased by day 30 (around 300-fold) and the 

expression level increased even further by day 120, up to almost 5000-fold (Figure 

 a  b

 d c
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26 a). This can mean that CE cells had a higher proportion in the MZOC compared to 

other cell types. But it should be noted that K13 expression can also mean non-

ocular epithelial cells as was suggested about TP63 negative cells in Figure 24 f. K15 

is expressed in CE and is also considered to be the specific marker of developing LG 

epithelium (Hirayama et al., 2015).  Increase in K15 expression was observed in day 

30 with a 40-fold increase. Expression level was further increased by day 120 to up 

to 500-fold, suggesting a developing LG (Figure 26 b). K19 expression pattern is 

found to be parallel to K15 expression levels (Figure 26 c). K19 is another 

cytoskeletal protein expressed in the CE and is highly expressed in the developing LG 

and its expression decreases as the gland matures (Farmer et al., 2017).  

M5AC is a type of mucin expressed by CE. Increase in the M5AC expression in 

day 30 was not detected, suggesting that the present CE cells were not functional 

yet and were not secreting. However M5AC expression significantly increased on day 

120 (up to 20-fold) suggesting presence of mature and functional CE (Figure 26 d).  

AQP5 is a water channel that is considered to be the marker of LG acinar cells. LG 

secretions are excreted through these channels. AQP5 expression was detected on 

day 30 and was found to later decrease (Figure 26 e). This can be due to expression 

of the protein during early development of the gland. More samples are needed to 

assess this phenomenon’s significance. The decrease in the expression levels can 

also be explained by CE overpopulation, which can also be supported by the dramatic 

increase in K13 expression. LYZ is one of the major components of LG secretion and 

its expression was found to be 80-fold increased on day 30. LYZ expression levels 

decreased in half in parallel to AQP5 expression by day 120, supporting the 

hypothesis of CE overpopulating (Figure 26 f). 
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Figure 26 qPCR results of differentiated cells on day 30 and 120 of genes a) K13, b) 

K15, c) K19, d) M5AC, e) AQP5, f) LYZ. The expression levels are compared to 

expression levels in the pluripotent state. The values are normalized to GAPDH 

The differentiated cells were fixated on day 35 to assess the protein expression 

in the aforementioned structures resembling the developing LG. FOXC1 is an 

important transcription factor for the development of the LG and is also expressed 

both in the LG epithelia and LG mesenchyme (Mattiske et al., 2006). IHC staining 

showed FOXC1 expression throughout the structure resembling acini. Calponin 

staining suggests the presence of myoepithelial cells (Figure 27 a). Although the cell 

type is not clear, N-cadherin is another protein expressed in the structures (Figure 27 

 a b 

 d

 e  f

 c
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b). As mentioned earlier, K15 is a type of cytokeratin that is accepted to be a marker 

of the developing LG epithelia. K15 was widely expressed along with FOXC1 in these 

structures (Figure 27 c). This along with the shape of the structures support that 

these are developing LGs. More importantly, the cells expressed the LG acini marker 

AQP5, and Na+/K+ ATPase, which is also expressed in LG acini (Okami et al., 1992) 

(Figure 27 d). 

 

  

Figure 27 IHC of cryosectioned 35-day old structures resembling LG, stained against 

a) FOXC1 and Calponin b) N-cadherin and FOXC1 c) K15 and FOXC1 d) AQP5 and 

N+/K+ ATPase. Nuclei are stained with DAPI. 

FOXC1 Calponin DAPI 

K15 FOXC1 DAPI AQP5 Na
+
/K

+
 ATPase DAPI 

N-cadherin FOXC1 DAPI 

a b 

c d 
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 The findings suggesting that the structures are truly LG raised the question 

whether they were functional in terms of secretion. In order to assess that, a 42-day 

old culture was induced with 10μM forskolin. Medium was collected in different time 

intervals to assess the accumulated lactoferrin level in the medium. The results are 

shown in Figure 28, implying that the cultures are capable of tear secretion when 

stimulated, thus confirming that the culture system had functional LG structures. 

 

Figure 28 Human lactoferrin secretion ELISA results of 42-day old MZOC cultures  

Heterogeneity of the culture systems was an expected finding. This is because 

the MZOCs differentiate into all of the ocular cell types; neural retina, retinal pigment 

epithelia, OSE, NC and lens. While the coexistence of NC and OSE leads to 

spontaneous LG development, the other cell types also gives rise to more mature 

types, and differentiate to form retina, cornea, neurons, lens etc. In order to be able 

to collect pure tear, cell types other than LG must be dismissed from the culture.  

In order to purify the culture system, our first approach was to sort out CE 

combine them POM obtained via POM differentiation. However, CE does not express 

any known surface markers suitable for FACS. According to Hayashi and colleagues, 

corneal epithelial cells can be identified via co-expression of SSEA4 and ITGB4. They 

also identified SSEA4-, ITGB4+ cells as CE (Hayashi et al., 2016). To analyze the 
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differentiated cells according to this approach, 21, 30 and 35 days old cells were 

stained against SSEA4 and ITGB4 to be analyzed in FC. According to that article, Q1 

should represent CE population and Q2 should show the corneal epithelial cells 

(Hayashi et al., 2016). FC results showed increasing Q1 population parallel to time. 

On the other hand, in the Q2 region there was not a significant population before 

day 35 (Figure 29). 

 

 

Figure 29 FC analysis results of 21, 30 and 35 days old MZOC differentiation 

cultures. Q1 depicts the ITGB4+ SSEA4- population. Q2 depicts the double positive 

(ITGB4+ SSEA4+) population.  

 In order to check whether the cells in Q1 are really CE, the obtained cells were 

sorted through FACS and were cultured in ODM on a Matrigel® coated plate for 70 

days. The fixated samples were stained against the corneal epithelial marker K12 and 

CE marker K13. The results showed that the cells expressed the corneal epithelial 

marker K12 and not the CE marker K13 (Figure 30). It was expected to have K13+ 

CE cells according to the literature. This revealed that the approach Hayashi et al., 

2016 adopted may not be applied to our system (Hayashi et al., 2016). 

SSEA-4  

IT
G

B
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Day 21 Day 30 Day 35 
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Figure 30 SSEA4- ITGB4+ cells obtained via FACS were cultured for 70 days and 

stained against cornea epithelial marker K12 and CE marker K13. a) ICC of cells 

sorted on day 21 b) ICC of cells sorted on day 30 c) ICC of cells sorted on day 35. 

Nuclei are stained with DAPI. 

 Overall, the approach consisting generation of MZOCs to obtain LG cells proved 

to be successful and functional cells capable of tear secretion were obtained. 

4.5. IHC of Mice LG 

In order to examine the developing tissue before inducing its development in 

vitro, LG tissue obtained previously from E16.5 C57BL/6 mice was stained against LG 

precursor cells markers. The tissue was embedded in OCT and was cryosectioned.  

PAX6 staining confirmed that the tissue had arisen from eye field cells. PAX6 

along with K13 staining revealed CE cells present in the edge of the tissue (Figure 31 

a). FOXC1 and PITX2 staining showed presence of POM cells in the tissue (Figure 31 

b). P75 staining revealed NC cells, adjacent to FOXC1 expressing cells (Figure 31 c). 

This is probably due to the fact that POM is derived from NC cells. FOXC1 and PAX6 

staining supported presence of the developing LG (Figure 31 d). As mentioned 

earlier, the gland develops as a result of interactions between CE and POM. The 

presence of these precursor cell types revealed that the gland was still developing.  

 

 

K13 K12 DAPI K13 K12 DAPI K13 K12 DAPI 

c a b 
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Figure 31 E16.5 mice cryosections stained against markers of LG precursor cells. a) 

Section stained against K13 and PAX6 suggesting CE cell presence b) Section stained 

against FOXC1 and PITX2 suggesting POM presence c) FOXC1 and P75 stained 

section suggesting presence of NC cells d) Presumptive developing LG stained 

against FOXC1 and PAX6. Nuclei are stained with DAPI. 

 

 

K13 PAX6 DAPI FOXC1 PITX2 DAPI 

FOXC1 P75 DAPI FOXC1 PAX6 DAPI 

a b 

c d 
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5. DISCUSSION 

In this thesis, different eye-field cell differentiation methods were investigated to 

develop an approach for generation of a LG construct from hiPSCs. The methods 

were compared for their efficiencies in differentiation according to marker expression 

levels. Among the three protocols, only the MZOC approach proved to be successful 

and prolonging the MZOC culture resulted in formation of a functional LG mimicry.  

To our knowledge, the only published research investigating LG epithelial 

differentiation from pluripotent cells was conducted by Hirayama and colleagues 

(Hirayama et al., 2017). Although differentiation of human embryonic stem cells 

(hESC) into LG epithelial cells with the overexpression of the transcription factors 

involved in the organogenesis of mice LG is promising in its nature, there are some 

burdens associated with it. Firstly, mice and human LG development differs in some 

aspects, and although it is hard to find material, microarray analysis of the human 

embryonic LG is required to identify the transcription factors. Secondly, hiPSCs 

remains a much more flexible option than hESCs, and differences between hiPSC and 

hESCs can affect the results of this differentiation protocol. Thirdly, overexpression of 

the transcription factors is a rather “artificial” method to differentiate cells, utilization 

of growth factors and tailoring the ECM would aid in the maturation of the gland. 

Fourthly, the functionality of these cells was not assessed in terms of secretion, and 

the maturity of these cells is not well addressed. Finally, the native LG is composed 

of both mesenchymal and epithelial cells, and even though the epithelial cells 

possess the main secretory function, in order to construct a fully functional and 

mature gland, utilization of iPSCs and co-differentiating these cells into both epithelial 

and mesenchymal cells is a more promising approach. 

5.1. POM Differentiation 

The cells differentiated using inhibitors for WNT and TGFβ pathways showed 

FOXC1 and PITX2 expression in the RNA level, and heterogeneous expression in the 

protein level. The culture gave rise to monolayer of POM-like cells (Figures 12-14). 

However when passaged, the cells could not be maintained on a Matrigel® coated 
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plate (Figure 15) and when cultured in a Matrigel® sandwich with medium changes 

every other day, expression of marker genes decreased (Figures 16, 17).  

The loss in marker expression can be attributed to passaging itself, or to the 

difference between 2D and 3D culturing. In 3D cell culture; nutrient, differentiation 

factors and oxygen need to diffuse through the gel. This often results in gradient 

formation and possibly hypoxic regions, which stimulate the cells to further 

differentiate. This problem about the character loss in case of encapsulation posed a 

major problem for our system.  

The biggest burden about this approach is that the regime of inhibitor 

application after the differentiation period (14 days) is not clear (Lovatt et al., 2018). 

Moreover, the level of matureness of the cells is not clear. In the literature, the cells 

were labeled as “NC cells expressing POM markers” (Lovatt et al., 2018). Cells 

obtained in this thesis were shown to express FGF10, the growth factor required for 

LG formation (Figure 13 e). However the presence of the protein could not be 

investigated in the protein level.  

In this thesis, the cells obtained via this protocol were planned to be combined 

with the CE cells obtained via other protocols. Through the FGF10 produced by POM, 

the interaction between cells could potentially give rise to LG. However the question 

of when to combine the cells and the possible different maturation levels of 

respective cells come out as other problems of the employment of this method.  

5.2. SEAM Differentiation 

 35 days of SEAM differentiation protocol did not result in formation of SEAMs. 

However, through PAX6 expression analysis, it was confirmed that the cells 

differentiated into ocular cells (Figures 19 a, 20 a, b). Emergence of floating colonies 

hindered the efficiency of the protocol since removal of non-epithelial cells through 

manual pipetting would not be applicable (Figure 18).  

This can be due to various reasons. The most probable reason is the variance 

between hiPSCs obtained from different sources. Even in the protocol paper, it was 
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stated that this protocol did not work with some hiPSC lines and it was recommended 

to use 201B7 (ATCC® ACS-1023). The protocol can be optimized for each hiPSC line 

however, like the authors of the paper, we did not work on further optimizing the 

protocol (Hayashi et al., 2017). 

Another drawback of the protocol is the culture time required to obtain OSE 

cells (approximately 35 days) and CE cells (at least 75 days) (Hayashi et al., 2016). 

While in the MZOC protocol, OSE along with CE cells can be obtained after day 21 of 

differentiation (Li et al., 2019). 

Use of a matrix, iMatrix-511, that is less employed in hiPSC studies compared 

to Matrigel® was one of the complications of the protocol. Although it was shown 

that use of different types of Laminin can selectively support differentiation of hiPSCs 

into ocular lineages, adaptation of hiPSCs cultured on Matigel with mTeSR1 requires 

at least 3-4 weeks prior to induction of differentiation, making the differentiation 

protocol even longer (Hayashi et al., 2017; Shibata et al., 2018). 

5.3. MZOC Differentiation 

According to the MZOC differentiation protocol, hiPSCs cultured in 2% Matrigel®-

mixed EDM for 2 days differentiate into anterior neuroectoderm (Li et al., 2019). We 

did not investigate the anterior neuroectoderm associated markers, however later 

observed zone formation. According to the protocol, by day 21, 5 zones are observed 

corresponding to neural retina, RPE, surface ectoderm, NC, and lens. The zones have 

boundaries and differences between cell types were visible. Among the zones, zone 3 

constitutes OSE cells, the ancestors of CE required for LG formation. In addition to 

this, zone 4 houses NC cells which can differentiate into POM required for LG 

development (Li et al., 2019). 

In this study, by following the protocol by Li et al., 2019 we were able to verify 

OSE differentiation (Figure 23 a, c). We observed that by extending the culture time, 

CE and POM cells could be formed (Figure 23 d, Figure 24). And co-presence of CE 

and POM cells spontaneously gave rise to LG-like constructs (Figure 25). By analyzing 
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the constructs we were able to show that the constructs were functional LG 

organoids (Figures 27, 28).  

Success of this protocol can be attributed to the provided microenvironment. With 

this protocol, we were able to see formation of 3D structures, and other functional 

cell types (pigment secreting cells). This is potentially triggered by the coexistence of 

all of the ocular cell types. Although LG formation does not require presence of an 

optic cup, synchronized development of POM and CE cells probably leads to 

spontaneous interaction that leads to LG formation. 

SEAM method is similar to MZOC method as they both give rise to structures with 

zones mimicking eye development. MZOC differentiation differs from SEAM 

differentiation by containing five zones in comparison to four zones, and by being 2.5 

D.  In 2D SEAM culture equal amount of nutrients reach the cells as opposed to 

natural developmental process. 2D culture therefore fails to mimic the physiology of 

native tissues. The 2.5 D culture accelerates the differentiation process dramatically. 

In this system although the cells are grown adhered to the plate, they still form 

spheroids.  

FACS results did not show the expected colony characters. This can be due to 

numerous reasons. First, in the SEAM method, the culture system is purified with 

manual pipetting prior to FACS. This approach was not applicable in the MZOC 

system, since the cells are coated with Matrigel® and cannot be detached from the 

surface with pipetting. Secondly, after day 21, the cells rapidly form 3D structures, 

which are difficult to disintegrate. Even after enzyme treatment is carried out as 

explained in Section 3.6.3.8, the structures do not fully dissociate. Thus, the obtained 

cell number is almost always lower than the real number of cells in the culture. 

Moreover, extended enzyme treatment results in more dead cells. The characteristic 

of the intact cells are not known since they cannot be analyzed with flow cytometry. 

Perhaps, these cells have epithelial origin and the fact that they cannot be 

disintegrated affects the populations currently analyzed. 
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Overall, after confirming the OSE development in MZOCs, the colonies were 

further kept in ODM for a prolonged period. This allowed the probable interactions 

between the NC derived POM and OSE derived CE to give rise to LG tissue. The 

constructs were proven to be functional in terms of tear secretion after being 

stimulated with forskolin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

6. CONCLUSION AND FUTURE DIRECTIONS 

In conclusion, in this study successful differentiation of hiPSCs into a functional 

LG construct is reported for the first time in the literature. The differentiated 

constructs offer a potential source to study LG development and pathology, as well 

as can act as a platform for drug testing. Secretion of the constructs can be used to 

replace artificial tears in a patient-specific manner for the treatment of. The only 

possible burden associated with the use of the secretion is the other components 

present in the culture system.  

Although the differentiation method spontaneously gives rise to functional LG 

tissue, other ocular tissues develop along with it. Differentiation protocol should 

therefore be optimized further to obtain a construct with a less number of undesired 

cell types. FACS can be a viable choice for purifying the tissues, and can be applied 

either before LG formation, to sort out CE and POM cells, or after LG development to 

sort out the differentiated functional cells. 

 In order to appropriately recapitulate the human LG, a bioengineered 

microenvironment should be provided. The LG construct can possibly be generated 

by encapsulating the sorted cells in a synthetic hydrogel. Thus the system can be 

converted to be animal-free by using the hydrogel instead of Matrigel®. Through use 

of photocrosslinkable hydrogels, preferred patterns can be formed. 

 Generation of the construct can be transferred to a dynamic environment to 

better recapitulate the conditions of the developing gland. Culturing the developed 

LG inside a microfluidic system can offer the advantages of culturing the various cells 

of the LG by feeding with different media, and the secretion can be collected from 

the outlet of the system. 
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