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ਕਰਮ ਧਰਤੀ ਸਰੀਰੁ ਜੁਗ ਅੰਤਰਰ ਜੋ ਬੋਵੈ ਸੋ ਖਾਰਤ ॥ 
Hindi 

करम धरती सरीरु जुग अतंरर जो बोवै सो खातत ॥ 
English 

Karam ḏẖarṯī sarīr jug anṯar jo bovai so kẖāṯ. 

Sri Guru Granth Sahib, page 78 

 

Translation 

The body is the field of karma in this age; whatever you plant, you shall harvest.  
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Abstract 

Background: Common clinical approaches for replacing damaged oral mucosa are 

represented by autologous skin grafts which have numerous shortcomings and pose 

serious post-surgical morbidity. Cultured oral mucosal sheets have been developed in 

academic research laboratories and few models have even been commercialized, but 

they also present limitations and are not feasible yet for use in clinics. There is a need 

to develop alternative methods for the regeneration of oral mucosa that employ more 

robust and efficient sources of epithelial cells for generation of oral mucosal sheets. 

Aims: i) to identify the factors responsible for oral epithelial differentiation for 

generating oral mucosal sheets (Paper I); ii) to isolate and characterize cells derived 

from human epithelial rests of Malassez (ERM) and compare them with cells derived 

from matched normal oral mucosa (NHOM) with regards to their ability to generate 

oral mucosal sheets (Paper II); iii) to test whether pluripotent embryonic stem cells 

(ESC) can be differentiated into oral epithelium (Paper III); iv) to test whether  

induced pluripotent stem cells (iPSC) derived from adult human fibroblasts can be 

differentiated into keratinocytes which can further be used for the generation of oral 

mucosal sheets for regenerative therapies (Paper IV). 

Materials and methods: Different sources of cells were used for generation of oral 

mucosal sheets, i.e., normal oral keratinocytes (NOK) isolated from NHOM (Paper I), 

ERM cells isolated from human periodontal ligament (Paper II), mouse ESC (Paper 

III), and iPSC reprogrammed from human normal oral and dermal fibroblasts (Paper 

IV). The cells were characterized by flow cytometry, immunohistochemistry (Paper 

II, III and IV), immunofluorescence (Paper III and Paper IV), and RT-qPCR (Paper 

IV). Three dimensional organotypic (3D OT) cultures were constructed using these 

cells and different growth factors, such as granulocyte macrophage-colony stimulating 

factor (GM-CSF) and keratinocyte growth factor (KGF) (Paper I), or exposure to 

different extracellular matrix (ECM) components were used to differentiate them into 

epithelial lineages (Paper III). In Papers II and IV, 3D OTs were constructed using 
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alternative human sources for oral epithelial cells (ERM and iPSCs), which were 

compared to the 3D OTs constructed with NOK cells derived from NHOM. 

Results: In Paper I, it was revealed that major aspects of NOK differentiation into a 

mature oral epithelium in 3D OTs were regulated by the combination of GM-CSF and 

KGF. The terminal stage of the differentiation seemed to be however controlled by 

other yet unidentified fibroblast-derived diffusible factor(s).  

In Paper II, the ERM cells contained various proportions of PanCK positive cells and 

showed a network pattern of growth similar to the network of ERM around the root of 

the tooth, while NOK formed a uniform, continuous sheet of cells. When grown in 3D 

OT or in collagen gels, ERM cells formed a less differentiated epithelium than NHOM 

cells, yet expressing PanCK and vimentin.  

Data from Paper III confirmed that vitamin C alone could enhance the number of 

mouse ESC expressing epithelial markers, but the ECM synthesized by either oral or 

skin fibroblasts or keratinocytes was required to induce the expression of a stratified 

epithelial phenotype. Further 3D OT culture under vital fibroblast instruction was 

necessary for further differentiation into mature, regionally relevant epithelial 

structures, and only the ESC firstly ‘primed’ in 2D on keratinocyte or fibroblast derived 

ECMs reached a final epithelial maturation stage in 3D OT cultures as revealed by 

immunohistochemical staining. 

In Paper IV, iPSC derived from normal oral and skin fibroblasts were differentiated 

into keratinocytes using both growth factor and ECM-enriched protocols. These 

keratinocytes were morphologically and phenotypically comparable to normal adult 

keratinocytes. Furthermore, iPSC could be also differentiated into keratinocytes in 

xenofree conditions and used for generation of oral mucosal sheets. Taken together 

these results indicate iPSC from oral and skin adult fibroblasts as a promising to 

generate oral mucosal sheets for regenerative therapies. 

Conclusions: Overall, this thesis provides new knowledge on the mechanisms of 

differentiation of oral epithelium and the proof of principle for a novel biomedical 

application of keratinocytes differentiated from alternative sources such as iPSCs to 

generate oral mucosal sheets for regenerative therapy.  
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Sammendrag 

 
Bakgrunn: Dersom man skal erstatte skadet munnslimhinne er det vanlig å bruke 

autolog hudtransplantasjon, men å bruke hud som erstatning for munnslimhinne har 

flere begrensninger og gir ofte en dårlig tilheling. Man har greid å dyrke kunstig 

munnslimhinne i laboratoriet, og slik kunstig slimhinne er også tilgjengelig 

kommersielt. Men også denne har begrensninger og kan ikke brukes klinisk. Derfor er 

det behov for å utvikle alternative metoder for å få en bedre tilheling i munnslimhinne, 

med mer robuste epitelceller som også er lettere tilgjengelige. 

Mål: i) å identifisere hvilke faktorer som er nødvendige for å utvikle epitel fra 

munnslimhinne (Artikkel I); ii) å isolere og karakterisere celler som er utgått fra 

Malassezske epitelrester (ERM) og sammenligne dem med celler utgått fra celler fra 

normal munnslimhinne (NHOM) fra samme person, med hensyn på evne til å utvikle 

en kunstig munnslimhinne (Artikkel II); iii) å teste om pluripotente embryonale 

stamceller (ESC) kan differensieres til oralt epitel (Artikkel III); iv) å teste om 

induserte multipotente stamceller (iPSC) utviklet fra modne humane fibroblaster kan 

differensieres til keratinocytter, som videre kan nyttes for å utvikle en kunstig 

munnslimhinne til behandling av skader i munnslimhinnen (Artikkel IV). 

Materiale og metoder: Celler fra flere ulike vev ble brukt for å utvikle kunstig 

munnslimhinne, f.eks. normale keratinocytter fra munnslimhinne (NOK) isolert fra 

NHOM (Artikkel I), celler isolert fra rothinnespalten (Artikkel II), embryonale 

stamceller fra mus (Artikkel III) og iPSC som var reprogrammert fra humane 

fibroblaster fra munnslimhinne og hud (Artikkel IV). Cellene ble karakterisert med 

væskestømcytometri, immunhistokjemi (Artikkel II, III og IV), immunfluorescens 

(Artikkel III og IV) og RT-qPCR (Artikkel IV). Tredimensjonale organotypiske (3D 

OT) kulturer ble konstruert med de ulike celletypene sammen med ulike vekstfaktorer 

som granulocytt makrofag koloni-stimulerende faktor (GM-CSF) og keratinocytt 

vekstfaktor (KGF) (Artikkel I), eller å eksponere dem for ulike medier for å utvikle 

dem videre til epitelceller (Artikkel III). I Artikkel II og IV ble det konstruert 3D OT 

ved å bruke alternative kilder av epitelceller fra munnslimhinne, og disse ble 

sammenlignet med kunstig munnslimhinne utviklet fra NHOM. 
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Resultater: I Artikkel I ble det vist at differensiering av NOK til fullt utviklet oralt 

epitel i 3D OT ble regulert av en kombinasjon av GM-CSF og KGF. Det siste stadiet 

av utviklingen ble imidlertid kontrollert av en foreløpig ikke identifisert løselig faktor 

fra fibroblastene. 

I Artikkkel II ble det vist at cellene isolert fra ERM inneholdt varierende mengder av 

Pan CK positive celler, og at vekstmønsteret var ulikt sammenlignet med NOK fra 

NHOM. Når cellene isolert fra ERM ble dyrket i 3D OT eller i kollagengeler, dannet 

ERM cellene mindre differensiert epitel sammenlignet med celler fra NHOM, men de 

uttrykte både PanCK og vimentin. 

Data fra Artikkel III bekreftet at vitamin C alene kunne øke antall celler fra mus, som 

uttrykte ESC epiteliale markører, men for å danne epiteliale celler var det nødvendig 

med ektracellulær matriks (ECM) som var syntetisert av fibroblaster fra enten 

munnslimhinne eller hud. Fibroblastene var også nødvendige for en videre 

differensiering til modne epiteliale celler, og bare ESC som var først dyrket i 2D på 

keratinocytt- eller fibroblastderivert ECM oppnådde et fullt utviklet epitel, bekreftet 

med immunhistokjemi. 

I Artikkel IV ble iPSC utviklet fra fibroblaster fra normal munnslimhinne og hud 

differensiert til keratinocytter ved hjelp av ulike vekstfaktorer og ECM-rike medier. 

Disse keratinocyttene var morfologisk og funksjonelt sammenlignbare med normale 

keratinocytter fra munnslimhinne og hud. iPSC kunne også bli differensiert til 

keratinocytter under xenofrie forhold og utviklet videre til kunstig munnslimhinne. 

Funnene indikerer at iPSC fra fibroblaster fra munnslimhinne og hud kan være en ny 

mulighet for å utvikle keratinocytter som kan brukes i regenerativ behandling. 

Konklusjoner: Samlet gir denne avhandlingen ny kunnskap om differensieringen av 

epitel fra munnslimhinne og viser prinsippene for hvordan keratinocytter som er 

differensiert fra alternative kilder kan brukes til å utvikle kunstig munnslimhinne til 

regenerativ behandling. 
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1. Introduction 

1.1 Background 

Defects in oral mucosa due to tumour resections, trauma or chronic infections often 

leave the patient with major functional and aesthetic deficiencies [1]. These defects 

have significant consequences on the quality of life of these patients. Like any other 

mucosal wounds, wounds in the oral cavity heal by granulation and epithelialization 

with minimum scarring. Large oral mucosal defects are often present post-trauma or 

after tumour excision, leading to significant challenges [2, 3]. These large wounds heal 

by formation of granulation tissue followed by contraction of wound and scar 

formation which requires adequate amount of soft tissue to cover and promote healing 

[4, 5]. Current treatments for such defects are mainly autologous dermal [6] and 

epidermal grafts which might lead to severe post-surgical morbidity or the need for 

subsequent surgeries (Figure 1) [7].  In oral and maxillofacial surgery, there is a great 

demand for oral mucosal constructs for intra-oral grafting as oral reconstruction after 

trauma or tumour resections is necessary to preserve function and aesthetics [8, 9].  

 

 

Figure 1. Example of a patient treated with the currently available autologous skin 

graft method. From Hanasono MM, Advances in Medicine, 2014, Reconstructive 

Surgery for Head and Neck Cancer Patients [10] (Cited under Creative Commons 

Attribution License)  
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1.2 Oral mucosa 

1.2.1 Oral mucosa structure and function 

Mucosa is the moist lining of the body cavities such as those of gastrointestinal tract 

including mouth, nasal passages, or of genitourinary tract such as vagina, bladder, 

etc. Oral mucosa is a distinctive habitat where hard and soft tissues along with saliva 

and the commensal microbiome work in equilibrium [11]. The main function of oral 

mucosa is to safeguard the underlying structures from various external stimuli.  Oral 

mucosa also plays an important role in mastication, deglutition, and speech. Oral 

mucosa can be subdivided based on its function into masticatory mucosa, lining 

mucosa and specialized mucosa. Masticatory mucosa is present on the hard palate 

and attached gingiva. The lining mucosa is present on the buccal mucosa, labial 

mucosa, alveolar mucosa, as well as the mucosa lining the ventral surface of the 

tongue, floor of the mouth, and soft palate. The specialized mucosa is present on the 

dorsum of the tongue (Figure 2). Oral mucosa structurally consists of a stratified 

squamous epithelium called the oral epithelium and the underlying connective tissue 

called lamina propria [12]. 

 

Figure 2. The general anatomy of the oral cavity. Adapted from [12] 
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The oral mucosa is a self-regenerating tissue where cells from the basal layer (stem 

cells and transit amplifying cells) undergo mitotic division followed by differentiation 

and stratification as the cells migrate to the surface (maturing population) and replace 

cells as they are shed from the surface [13]. The oral mucosa is attached to underlying 

structures of the oral cavity by a loose connective tissue called the submucosa [12]. In 

gingiva and some parts of the hard palate, oral mucosa is attached directly to the 

underlying bone, and together with the periosteum forms a complex structure called 

mucoperiosteum. The lamina propria of the oral mucosa consists of fibroblasts, blood 

and lymph vessels, neural elements, fat cells and extracellular matrix containing fibres 

and mucopolysaccharides. Cancer treatments reduce the rate of cell proliferation in 

both epithelium and the connective tissue. The ionizing radiations affects the 

fibroblasts leading to fibrosis, hypo vascularity of the blood vessels and tissue 

ischaemia. These alterations lead to reduced ability of the oral mucosa to both 

regenerate and resist infections [11]. 

The oral cavity is a continuously changing environment with exposure to harmful 

stimuli, and the oral mucosa essentially defends and protects the underlying tissue. This 

defensive role is facilitated by the epithelium, the immune cells in the epithelium and 

the lamina propria. In addition, oral mucosa also has essential sensory functions like 

pain, touch, temperature, and taste, the last one exclusive for the oral cavity. These 

sensory functions are executed by a variety of specialised nerve endings, cells (Merkel 

cells) and cellular structures (taste buds) found in different locations of the oral mucosa 

[14].  

1.2.2 Oral epithelium 

The oral epithelium is a stratified squamous epithelium organized in distinct layers 

(stratums). The oral epithelium can be keratinized or non-keratinized based on location 

and function. The keratinized oral epithelium contains the basal layer, squamous 

(prickle) cell layer, granular cell layer, and the keratinized layer. The non-keratinized 

oral epithelium contains the basal layer, squamous (prickle) cell layer, intermediate cell 

layer, and the superficial cell layer. The basal and the prickle layer form about two 
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thirds of the thickness of the oral epithelium. In the keratinized epithelium, the layer 

after these two layers is the granular layer also called as stratum granulosum where the 

cells are flattened and contain granules. There are two types of keratinization present 

in oral mucosa, with or without the persistence of the nuclei in the keratinized layer, 

known as parakeratinized and orthokeratinized respectively [15]. Figure 3 illustrates 

the structure of the keratinized and non-keratinized mucosa. 

 

Figure 3. Outline structure of keratinized and non-keratinized mucosa. Regional 

distribution of functional tissues in the mouth. Adapted from [12] (Created using 

BioRender.com) 

 

 

The unattached, mobile alveolar mucosa has a thin, non-keratinized epithelium with 

loose collagen fibres whereas the attached mucosa has a keratinized epithelium with 

condensed/tightly arranged collagen fibres in the connective tissue. Hard palate and the 

attached gingiva have keratinized attached mucosa. It acts as a barrier against various 

damaging environmental factors like pathogens and chemical substances [16]. 

Gingiva and hard palate are lined by ortho or para-keratinized squamous epithelium, 

while the floor of the mouth and the buccal mucosa are lined by non-keratinized 

stratified squamous epithelium (Figure 4). The specialized mucosa which is present on 
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the dorsal part of the tongue presents several types of papillae and has both keratinized 

and non-keratinized epithelium [17]. 

The structural differences in the oral epithelium are also accompanied by variations in 

the chemical and physical composition of keratinocytes such as the type of keratins, 

keratin-associated proteins like for example filaggrin and involucrin, and cell surface 

carbohydrates. Keratins belong to a family of 20 proteins, and the expression is site 

specific as well as specific to the differentiation pattern. All the cells in the basal layer 

of the stratified squamous oral epithelium express cytokeratins 5 and 14 whereas the 

cells in the suprabasal layers express cytokeratins 4 and 13. The suprabasal cell layers 

of the keratinized oral epithelium express also cytokeratins 1 and 10, similar to 

epidermis[11, 14, 18].  

 

Figure 4. Haematoxylin & eosin Images of keratinized and non-keratinized mucosa 
(Squier and Finkelstein, 2003, Copyright Mosby) 

 

 

Stem cell hierarchy of oral mucosa 

The homeostasis of oral epithelium is maintained by continuous balancing of the cell 

loss on the surface of the oral epithelium with cell division every 14 to 21 days due to 
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the high functional demands of the oral mucosa. The replenishment starts from the 

basal layer. Like any other epithelia, the oral epithelium is considered to contain three 

types of cells: adult epithelial stem cells, transit amplifying cells, and post-mitotic 

terminally differentiating cells [19]. Each stem cell division normally produces one 

stem cell and one amplifying cell that undergoes a series of further divisions to produce 

terminally differentiating cells [13]. These cells start moving superficially. They 

become flattened and sloughed off at the surface [11]. 

1.2.3 Skin vs. oral mucosa  

Human skin is made up of epidermis, dermis, and the dermo-epidermal junction 

which is constituted by the basement membrane [20]. The outermost layer of the skin, 

epidermis, acts as barrier by protecting the body from various microorganisms and 

providing resistance to body against injuries, while also preventing the loss of water 

and other body fluids. The epidermis is mainly made up of keratinocytes.  

Skin and the oral mucosa are structurally and functionally similar tissues and are 

characterized by the presence of a protective stratified squamous epithelium and a 

supportive underlying connective tissue layer [21]. Even though both have a stratified 

squamous epithelium and a supportive connective tissue, there are several structural 

differences between skin and oral mucosa. Skin has hair follicles and sweat glands 

which are not present in the oral mucosa. The outermost layer of the epidermis, the 

stratum corneum, consists of 10-20 layers of cornified cells which provide a robust 

permeability barrier to the skin. Regions of gingiva and the hard palate in oral cavity 

are also keratinized and have the stratum corneum, but this is present in lower amount 

hence it is considered as more permeable that the skin epidermis. Also, the oral mucosa 

has a continuous flow of saliva hence low water gradient and loss of water through the 

mucosa [22, 23]. 
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Figure 5. Schematic representation of skin and oral mucosa histology [21]. (Cited 

under Creative Commons Attribution License)  

1.3 Current treatments for oral mucosal defects 

To reconstruct large oral mucosal defects and promote healing, the procedures vary 

from application of various decellularized scaffolds to autologous skin grafts and more 

recently three-dimensional mucosa sheets reconstructed in the laboratory [24-26]. The 

current approaches for treatment of oral mucosal defects (Figure 6) can be broadly 

classified as follows: oral mucosal grafts and tissue-engineered oral mucosa 

equivalents. 

 

Figure 6. Current approaches for treatment of oral mucosal defects. Adapted from 

[27]. 
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Autologous skin transplantation is the gold standard used in clinics after major 

surgeries/trauma with defects of oral mucosa in the oral cavity (Figure 1). Skin grafts 

have several disadvantages like hair growth, a different keratinization pattern, as well 

as possible infection due to the wet oral mucosa [5, 28, 29]. Oral mucosa is an excellent 

source for intraoral grafts, but due to limited amount of graft material available it is 

difficult to use in treating large defects [4, 5]. 

By comparison, skin wounds that are deep into the dermis usually are unable to heal 

on their own, often leading to scarring, cosmetic deformities and thus require a 

specialized treatment. The gold standard for such cutaneous wounds is autologous skin 

grafts which have limitations of inadequate donor sites to harvest skin [30]. Skin 

substitutes have been developed to address some of these limitations and have been 

widely used for replacement of skin [31]. While none of these existing substitutes can 

fully replace the damaged skin, they have been used extensively to treat burns and other 

chronic and non-healing wounds [32-34]. 

Both oral mucosal and skin grafts require two surgical procedures: i) harvesting of the 

tissue and ii) transplantation of the tissue, which usually results in increased donor site 

morbidity [4, 5, 35]. Additionally, there may be postoperative pain, scar formation and 

other surgical complications which altogether limit the use of autologous grafts. There 

is a need to develop new approaches for reconstruction of oral mucosal defects [36-

38]. In vitro engineered oral mucosal substitutes are a promising alternative to the use 

of autologous grafts. 

Another alternative for replacement of mucosa is human amniotic membrane. Amniotic 

membrane is a semipermeable membrane, and it is an immunotolerant structure. The 

biomechanical guided tissue regeneration (GTR) using amniotic membrane seems to 

be a good alternative since it not only maintaining the structural and anatomical 

configuration of regenerated tissues but also contributes to the enhancement of healing 

through reduction of postoperative scarring and subsequent loss of function [39]. 

Epidermal cell sheets have been used to treat severe cutaneous defects, such as burns 

and wounds, and based on this principle, small oral biopsies have been used to develop 
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autologous oral epithelial cell sheets. However, oral epithelial cell sheets developed so 

far had some drawbacks: they were very fragile, difficult to handle, and prone to 

contract [40-44]. There are several other tissues engineered alternatives available 

which are further discussed in section 1.4. 

1.4 Tissue engineering  

Tissue engineering is a developing field originally proposed by Langer et al in 1993 

that aims at using progenitor cells, biocompatible biomaterials, along with appropriate 

biochemical and mechanical signals, to repair and regenerate damaged tissues [45, 46]. 

The standard principle relies on the combination of biomaterial scaffolds, cells, and/or 

bioactive molecules to form tissue engineered constructs that promote the formation 

and integration of injured tissue within the host environment (Figure 7) [47].  

In addition to the clinical applications of tissue engineering, it can also be used to create 

tissue-like structures or organs-on-a-chip for drug toxicity and efficacy testing [48]. 

 

Figure 7. The three key components in tissue engineering, (1) cells; (2) a scaffold for 

transplantation and support; and (3) biological factors, such as cytokines and growth 
factors (Created using BioRender.com) 
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The prerequisite for the in vitro fabrication of engineered oral mucosal and dermal 

equivalents is the primary cultures of fibroblasts and keratinocytes from human oral 

mucosa and human skin. Rheinwald and Green pioneered this field already in 1975 by 

establishing techniques for isolating primary keratinocytes from patient samples and 

expanding them in vitro. They first managed to culture keratinocytes on the extra-

cellular matrix synthesized by post-mitotic mouse fibroblasts which acted as a feeder 

layer. They further developed this technique by eliminating the feeder layers and the 

use of various recombinant growth supplements in the media like epidermal growth 

factor (EGF) [49].  

Since the development of tissue engineered epithelial sheets by Rheinwald and Green 

and their use as for example reported by O'Connor et al for grafting [50] many studies 

have been reported successful fabrication and implantation of tissue engineered 

epidermal sheets [51, 52]. The two major disadvantages for using these in vitro 

fabricated epithelial sheets were: 1) the possibility of transferring exogenous 

components to patients undergoing grafting from the feeder layer used for culture of 

keratinocytes which was comprised by irradiated 3T3 mouse fibroblasts, and 2) the 

fragility of the sheets while handing and suturing [52].  

With the increasing knowledge about the importance of the role of the extracellular 

matrix (ECM) in tissue regeneration, the tissue engineering approaches were focusing 

on developing biomimetic biomaterials that mimicked the bioactivity of an ECM while 

acting as scaffolds for the delivery of the therapeutic cells. They also can act as 

scaffolds and provisional matrices to support the tissue that is lost until the new tissue 

grows and replaces the scaffold. The scaffolds provide a suitable ecosystem for the 

delivery of cells and guidance for regeneration or repair of the tissue [53-55]. 

 

1.4.1 Tissue engineering of oral mucosa 

Tissue engineering requires progenitor cells from a donor tissue, which are often in 

limited number. The most common used progenitor cells in mucosal tissue engineering 

are adult and embryonic stem cells (ESC). Stem cells have two major characteristics: 
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(a) self-renewal and (b) pluripotency, or the ability to differentiate into cells of multiple 

lineages [56]. 

A wide range of biomaterials both natural and synthetic have been explored in 

regeneration of the oral and maxillofacial region such as collagen, gelatine, poly (lactic 

acid), poly(caprolactone), poly (lactic-co-glycolic acid), and poly (glycolic acid)  [57-

59]. Specifically, in regeneration of oral mucosa, biomaterials should be appropriate 

for providing the characteristic moist environment of the oral cavity. To accomplish 

these properties, the most suitable scaffold should mimic the natural ECM [60]. 

Naturally derived scaffolds are known to have high biocompatibility [61, 62]. Recently, 

the use of decellularized matrix from the donor tissue have gained popularity in the 

field of tissue engineering [63]. The decellularized scaffolds are the biological tissues 

obtained by the different decellularization methods like physical, chemical, and 

enzymatic methods [64] and posess the structural characteristics of a hydrogel while 

retaining the function characteristics of ECM.  

The studies by Badylak et al. in 2004 have shown that decellularized matrix can be 

used between the species and hence reduce immune rejection [65]. This method has 

become lately more widely used for regeneration of oral tissues and skin [66, 67]. 

Another important consideration in tissue engineering is the signals in the form of 

growth factors and differentiation factors for the stem/progenitor cells. The frequently 

used growth factors for tissue engineering of skin and oral mucosa are bone 

morphogenetic proteins (BMP), basic fibroblast growth factor (bFGF or FGF-2), and 

recombinant human epidermal growth factor (rhEGF) [68-70]. Several studies have 

been reported where the growth factors were used in regeneration of the mucosa [71-

74] in the past few decades, but still there is lack of adequate techniques specially in 

relation to regenerative procedures of the oral mucosa. 

Numerous sources of cells have been used in tissue engineering of oral mucosa in 

preclinical and clinical studies such as stem cells, fibroblasts and keratinocytes derived 

from the same patient, healthy donors or animals [75].  

In 2012 Peramo et al. reported a 3D tissue structure that can be used in the repair of lip 

defects which consisted of a continuous layer with morphological features of a lip, 
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epidermal skin, vermilion border and oral mucosa [76]. Yoshizawa et al. reported in 

2012 the ex-vivo graft produced by the oral mucosa equivalent (EVPOME) with 

keratinocytes which, when placed on the intraoral wounds, promoted epithelial 

regeneration of the oral mucosa [52].  

In the recent years there has been stupendous advances in the regeneration of oral, 

dental, and craniofacial structures, but still there is need for improving and optimizing 

the methods before they are routinely used in the clinic for a favourable outcome. 

1.4.2 Tissue engineering of skin 

Amongst one of the first tissue-engineered skin constructs was the product developed 

by Howard Green and colleagues [50, 77, 78]. It contained few layers of cells and no 

dermis. This led to the development of the first commercially available skin product, 

Epicel (Genzyme, Cambridge, MA, USA), which contains sheets of autologous 

keratinocytes [79]. Eugene Bell and co-workers in 1981 fabricated a complex skin 

substitute reconstituting both dermis and the epidermis. The dermis was made by 

seeding the fibroblasts in the collagen gel which led to contraction of the gel, and this 

formed the neodermis. The keratinocytes were grown on top of the neodermis initially 

in submerged culture and later on were airlifted and exposed to air-liquid interface 

which lead to differentiation and keratinization [80]. Chai et al in 2012 established a 

three-dimensional oral mucosal model using primary keratinocytes, fibroblasts and 

scaffold derived from the skin [81]. 

Current approaches for skin tissue engineering 

The most commonly used method in skin tissue engineering is regeneration of the 

keratinocyte layer by use of a scaffold containing growth factors and ECM to stimulate 

the proliferation of the keratinocytes (Figure 8). These methods work efficiently in 

cases of partial-thickness wounds. They have also been used in cases of full thickness 

wounds but have not been very successful [62]. The most comprehensive tissue-

cultured skin incorporates both living dermis and epidermis, which are usually cultured 

from allogeneic sources [62]. 
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Figure 8. Current approaches to skin tissue engineering [82]. (Cited under Creative 

Commons Attribution License)  

 

The tissue engineered skin therapies have been commercially available for decades but 

still have limited clinical use [83, 84] due to lack of competent full thickness skin 

substitutes that can be vascularized. They usually act as temporary wound dressing 

until the patient’s own skin regenerates and is available for autografts [85]. One of the 

main limitations of the tissue engineered skin is slow revascularization and poor 

attachment to the wounds. This leads to increased risk of infection and rejection [86]. 

The tissue engineered skin also lacks important structures like sebaceous glands, sweat 

glands and cells like melanocytes, Langerhans cells [87, 88]. Tissue engineered skin 

models are used in clinical applications as grafts as well as in vitro models. Fibre 

matrices in combination with the hydrogels or alone are developed to deliver the 

growth factors and the cells to promote healing [89].   

 

The fields of regenerative medicine and tissue engineering are significantly complex 

and widely interdisciplinary. They require a deep understanding on the intertwined 

relationship around the development and sustainability of tissues and organs. Those 

encouraged by early successes in this field on skin regeneration, hoped to succeed by 

implanting a construct formed from any cell type placed in a matrix [62]. 
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Recent advances in stem cell biology may enable intelligent tissue engineering 

techniques for replacement and regeneration of skin.  

1.5 Stem cells 

Cell based therapies for wound healing have gained popularity in the last decade. Stem 

cells have become an important source for cells in tissue engineering and regeneration. 

Stem cells are undifferentiated cells and have the ability to renew themselves (self-

renewal) [90]. The developmental stage at which the stem cells are isolated determines 

what type of cells they can differentiate into. The ESC which are isolated from the 

inner cell mass of the blastocyst are pluripotent as they can differentiate into all three 

germ layers (endoderm, mesoderm, and ectoderm). The adult stem cells which are 

isolated from the adult tissue are multipotent and exhibit limited differentiation. Along 

with this ability to differentiate, as mentioned above stem cells also have the ability to 

self-renew and maintain tissue homeostasis [91]. This inherent capacity to divide and 

proliferate makes stem cells a favourable source for regeneration.  

Stem cells are the internal repair system of the body. Stem cell activity mainly depends 

on the organ from which they originate [92]. Stem cells have a great potential in 

medicine. Due to their abilities, stem cells have become an attractive source for use in 

the regeneration and repair. The use of stem cells for tissue regeneration can be 

enhanced using various scaffolds and/or by adding different growth factors which 

provide the lineage specific cues for the differentiation and proliferation of the stem 

cells  [93]. 

1.5.1 Stem cell classification based on origin 

Stem cells can be divided into 4 broad categories based on their origin: ESCs, fetal 

stem cells, adult stem cells (ASC), and induced pluripotent stem cells (iPSCs). ESCs 

and iPSCs are pluripotent, while the ASC are multipotent, oligopotent, or unipotent 

[94, 95]. 

ESCs differentiate into any of the three germ layers and become multipotent stem cells, 

when the potency is limited to the cells of that particular germ layer. ASC include 
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different types of cells such as haematopoietic stem cells (HSC), mesenchymal stem 

cells (MSC), neural stem cell, and epithelial stem cells.  

The iPSC are reprogrammed from adult somatic cells using 4 transcription factors 

called the Yamanaka factors Oct3/4, Sox2, c-Myc, and Klf4 (Figure 9) [96]. 

Figure 9. Figure shows how reprogramming of normal human fibroblasts into iPSC 
is done by retroviral delivery of four genes. (Created using BioRender.com) 

 

 

1.5.2 Sources of stem cells in oral and maxillofacial tissues 

Oral and maxillofacial region is a rich source of adult stem cells. These cells have 

comparable properties of self-renewal and differentiation in vitro. Based on the 

location, these ASCs are divided into two major categories: dental and non-dental 

(Figure 10) [97, 98]. 
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Figure 10. Human stem cells in oral and maxillofacial region. Adapted from [99] 

 

 

Dental pulp stem cells, are the first human derived dental MSCs found in teeth, and are 

considered an important source for regenerative procedures [100]. Dental pulp stem 

cells are extracted from the pulp of deciduous and permanent teeth. They have a 

capacity to differentiate into odontoblast, osteoblast, myoblast, adipocyte, 
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cardiomyocyte, neuron-like cell, and hepatocyte-like cells in vitro [75, 101, 102]. 

Periodontal ligament (PDL) stem cells are present on alveolar bone and the root 

surfaces. They have a definite role in regeneration of cementum and PDL. They can 

produce cells of mesenchymal origin in vitro [103, 104]. Other source of epithelial 

progenitors from oral mucosa could be the epithelial rests of Malassez (ERM). These 

are islands and strands of epithelial cells surrounding the dental root, located in the 

periodontal ligament (Figure 11) [105]. They are derived from the Hertwig’s epithelial 

root sheath (HERS) fragments during advanced dental-root development. The ERM 

are therefore in a direct lineage from the HERS and are derived from the cervical loop 

epithelium in the enamel organ. The ERM may contain epithelial progenitor/stem cells 

with the capacity to generate oral epithelium in a fashion similar to the progenitor 

epithelial cells from oral mucosa and can be a novel source for regeneration of oral 

mucosa.  

 

Figure 11. Epithelial rests of Malassez (Created using BioRender.com) 

 
 

Stem cells derived from apical papilla are of mesenchymal origin. They are found in 

the immature roots and can be isolated from permanent tooth apical papilla. They have 

a higher capacity to proliferate as compared to dental pulp stem cells and can be a 

promising source of stem cells with their ability to differentiate into multiple cell types 

[106].  
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Dental follicle stem cells are derived from the dental follicle surrounding the 

developing tooth. They can differentiate into multiple cell types like osteoblast, 

cementoblast, alveolar bone, dentin-like tissues, PDL, cementum, adipocyte, 

chondrocyte, cardiomyocyte, and neuron-like cells [103].  

Tooth germ progenitor cells are derived from the dental mesenchyme of the third molar 

tooth germ in the late bell stage. They have demonstrated high proliferation capacity 

and can differentiate into adipogenic, chondrogenic, osteogenic, odontogenic, and 

neurogenic tissue [107, 108].  

Stem cells of human exfoliated deciduous teeth are extracted from exfoliated deciduous 

teeth. They have higher proliferation capacity than dental pulp stem cells and can 

differentiate into many different tissues and SCs, including adipocytes, osteoblasts, 

odontoblasts, neural cells, hepatocytes, and endothelial cells. Stem cells of human 

exfoliated deciduous teeth have a high proliferative capacity, high multipotency, 

immunosuppressor ability, and least risk of oncogenesis [109].  

Alveolar bone-derived mesenchymal stem cells are isolated from the human alveolar 

bone and are a favourable source of MSCs. They are multipotent cells and can 

differentiate into osteoblasts, adipocytes, and chondroblasts [98].  

Salivary gland-derived stem cells are isolated from salivary glands [110].  

Oral mucosa-derived stem cells include oral epithelial stem cells, gingiva-derived 

mesenchymal stem cells, and periosteum-derived stem cells. Oral mucosa-derived 

mesenchymal stem cells  can differentiate into distinctive mesenchymal lineages and 

have immunomodulatory properties [110]. 

1.5.3 Stem cells in regeneration of skin and oral mucosa 

The use of stem cells in tissue engineering of the skin and oral mucosa may provide a 

potential solution to overcome the limitations of current technologies by use of 

autologous/ allogeneic cells. Use of stem cells has been partly effective, though, the 

long-term adverse effects and possibility of teratoma formation with the use of 

pluripotent stem cells should be considered [111, 112].  
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Bone marrow-derived mesenchymal stem cells (BM-MSC) promote wound repair 

when applied on cutaneous wounds as the MSC stimulate the fibroblasts to upregulate 

the expression of integrin alpha 7 and downregulate the expression of MMP11, ICAM1 

and VCAM1 [113]. 

The iPSC reprogrammed from somatic cells are an important source for patient-derived 

cells for therapeutic applications. The iPSC can be differentiated into a wide variety of 

cells [114]. It has been experimentally proven that the fibroblasts differentiated from 

iPSC expressed the specific properties comparable to the parent population and in some 

cases even exceeded it [114-117]. The ECM produced by the iPSC-derived fibroblasts 

had an amplified potency as compared to the parent fibroblast [118]. The iPSC-derived 

fibroblasts may improve effectiveness of regenerative therapies. Human induced 

pluripotent stem cells are a novel source of autologous cells for dermal and oral 

regeneration. ESCs have shown controlled differentiation into tissue specific lineages 

in vitro and in vivo for regeneration of oral mucosa [119]. Perinatal stem cells like human 

umbilical cord Wharton's jelly stem cells  have been used in regeneration of oral mucosa and 

skin [120].  

Hard tissue engineering in oral and maxillofacial region has evolved rapidly over the 

recent past, and clinical usage of growth factor, scaffolds and stem cells has been 

progressively increasing in correcting small and large bone craniofacial defects [121]. 

On the other hand, the same cannot be stated towards oral soft tissue engineering, where 

both research and clinical applications for oral mucosa and soft tissues need further 

studies [27]. Skin substitutes for regeneration have progressed remarkably in the last 

two decades but there are no efficient models for regeneration of oral mucosa. This 

lack of efficient methods for regeneration of oral mucosa leads us to the need of this 

study to explore novel/alternative sources and methods for generation of clinical grade 

mucosal sheets. 

The above-mentioned studies demonstrated that tissue engineering can be used for 

repair of oral mucosal and skin defects and can overcome the challenges of use of 

traditional autologous grafts. However, there are some limitations of use of cells, 

growth factors and scaffolds used in tissue engineering. 
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1.6 Challenges in tissue engineering 

1.6.1 Challenges of scaffolds 

An ideal scaffold should be biocompatible, have tuned degradability and mimic the 

ECM. In the tissue, the ECM should provide functional and structural integrity as well 

as appropriate conditions for growth of the cells. This complexity of the ECM is 

difficult to recapitulate by biomaterials [55, 122]. The ECM derived materials have 

evolved in the form of various shapes, coatings, hydrogels, cell sheets and 

decellularized tissues over the past decades, but it is still challenging [123]. Native 

tissues exhibit physiological stiffness to provide adequate environment for growth and 

function of the cell which is difficult to reproduce by the biomaterials. Synthetic 

polymers can be easily fabricated with desired stiffness and thickness, but the use of 

synthetic scaffolds could lead to immune responses and also lack the biological cues 

required for the cells [55, 124].   

1.6.2 Challenges of growth factors  

In tissue regeneration the cells in the microenvironment produce various bioactive 

molecules like cytokines and growth factors. The growth factors released stimulate 

the various cellular processes like proliferation, differentiation and migration [125]. 

To be an effective therapeutic agent, growth factors should reach the site of injury 

without undergoing degradation and should remain long enough to induce regeneration 

[126]. The growth factors usually provided exogenously are not very effective as they 

are diffused away from the wounds and often get digested or deactivated. Also, they 

may fail in induction of tissue regeneration due to low availability and slow penetration 

due to large size or toxicity if in excess [127, 128]. 

1.6.3 Challenges of cells 

ASC are predominantly used in mucosa and skin tissue engineering which is 

challenging due to inadequate number of cells. They need lineage specific expansion 

medium for the cells to retain their phenotype. For clinical use of these cells efficient 

xeno-free culture conditions need to be followed which often lead to low yield in cells 
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[129]. MSCs are the most commonly used stem cells [130]. Though MSCs have been 

used extensively in regenerative therapies, potential tumorigenicity has been reported 

with the use in clinical therapies [131, 132].  

Apart from the stem cells – autologous, allogeneic and xenogeneic somatic or 

differentiated cells have also been used for tissue engineering. The problem of immune 

rejection by use of xenogeneic cells has been overcome as demonstrated by various 

studies, but long-term effects still need to be tested [133-135]. As compared to 

xenogeneic cells, allogeneic cells are better to overcome the problem of immune 

rejection [136]. The use of allogeneic cells also has its limitation as these cells may 

cause ethical problems. Autologous cells are the best source as the problems of immune 

rejection and other ethical issues will not be faced, but the use is restricted due to 

limited sources for harvesting these cells. 

All these challenges with the use of adult stem cells as well as with the other cell 

sources mentioned above, call for the need to explore alternative sources of stem cells 

for regeneration of oral mucosa.   
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2. Rationale and aims of the study 

There is an increasing need for regeneration of oral soft tissues due to tumour 

resections, injuries such as burns, trauma, and congenital disabilities. Soft tissue defects 

generally heal on their own by regeneration, but large defects cause permanent loss of 

tissue and scar tissue. Presently, the restoration of the soft tissue defects in the oral and 

maxillofacial region remains a clinical challenge due to lack of effective therapies for 

such defects, especially when they are large [137, 138]. Despite several advancements 

in tissue engineering over the past decades, there is still a need to develop efficient 

methods for regeneration of oral mucosa, to overcome the problems associated with 

the use of conventional autologous grafts for treatment of oral mucosal defects. Tissue 

engineering of oral mucosa, using various sources of cells together with more 

innovative differentiation methods, can overcome these problems and address the 

unmet clinical need for regeneration of the mucosa. More focussed studies are required 

to study alternative sources of cells for regeneration of oral mucosa. The hypothesis of 

this study was that alternative sources of epithelial cells can be used for the generation 

of oral mucosal sheets for regeneration of oral mucosa.  

Aims 

General Aim 

To assess novel methods for regeneration of oral mucosa by using various sources of 

cells.  

Specific Aims 

1. To identify the factors responsible for oral epithelial differentiation for 

generating oral mucosal sheets. 

2. To isolate and characterize human ERM cells and compare them with cells 

derived from matched NHOM for their ability to generate oral mucosal sheets. 

3. To test whether pluripotent ESC can be differentiated into oral epithelium. 

4. To differentiate iPSC derived from adult human fibroblasts into oral 

keratinocytes which can then further be used for generation of oral mucosal 

sheets for regenerative therapies.  
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3. Methodological considerations 

To cover the scope of the thesis, patient tissue samples were used, as well as 

experimental in vitro models and methods that are described in detail in the individual 

papers, and in vivo mouse models. In the following section, particular aspects and 

rationale for the methods used are discussed.  

3.1 Patient samples and ethical approvals 

Cells were isolated from normal human skin (NHS), NHOM, and PDL of human 

extracted teeth, as well as fibroblasts from skin (ear) and oral (buccal) mouse mucosa.  

Paper I 

NHOM samples were obtained from eighteen healthy donors undergoing wisdom tooth 

extraction after informed consent. Out of these eighteen samples, seven samples were 

snapped-frozen in isopentane and six were embedded in paraffin. These served as 

positive controls for different immunostainings. Five samples were used for primary 

cell isolation for 2D and 3D organotypic cultures. The study was approved by the 

Ethics Committee of Western Norway (REK nr.2010/481).  

Paper II 

Matched samples of tissues from the PDL of extracted tooth and NHOM were collected 

after informed consent from healthy patients undergoing wisdom tooth extraction. The 

project was approved by the Ethics Committee of Western Norway (REK nr.2010/481). 

Paper III   

Normal skin and oral fibroblasts were isolated from mouse ear and buccal mucosa, 

respectively. This project was approved by Norwegian Food Safety Authority (NFSA) 

(FOTS ID 2006400). 

Paper IV 

NHOM and NHS samples were obtained from three healthy donors after informed 

consent and used for cell isolation in culture. The project was approved by the Ethics 

Committee of Western Norway (REK nr.80005). 



 

 

 

46 

3.2 Choice of methods 

The thesis includes specific studies described in Paper I, II, III and IV (Figure 12) 

that included in vitro assays to investigate the biological characteristics and behaviour 

of epithelial and stem cells when exposed to different ECM components, as well as in 

vivo assays as proof of principle for in vivo mucosal regeneration (described in the 

thesis only as a pilot study).  

We have previously shown that oral epithelial differentiation is directed by underlying 

fibroblasts, but the responsible factor(s) has not been identified. We wanted to identify 

fibroblast-derived factors responsible for oral epithelial differentiation. To study the 

interactions between fibroblasts and epithelial cells, in vitro 3D OT models were 

constructed using a well-developed protocol used in our lab [139]. Paper I 

We also wanted to find alternative sources for stem cells for oral mucosal regeneration. 

In lieu of this we isolated cells from ERM, differentiated mouse ESC, and generated 

human iPSC by reprogramming of human normal oral and skin fibroblasts. To analyse 

and characterize epithelial and stem cells obtained from the above-mentioned sources 

we used several in vitro assays including light microscopy, flow cytometry, 

immunohistochemistry (IHC), western blotting and qPCR. 3D OT models were also 

used to test the ability of these cells to make oral mucosal equivalents in vitro and were 

compared to 3D models which were made using cells isolated from NHOM. Paper II, 

III and IV 

In addition, a mouse model was devised to test in vivo the viability of oral mucosal 

sheets generated by use of iPSC (thesis only). 

 

Challenges in this study 

Since this study involved the isolation of primary cells from patient samples, we faced 

challenges due to bacterial and fungal infections and difficulty in isolation of primary 

cells from all patient tissues. The iPSCs used were observed carefully and regularly 

checked for mycoplasma using MycoAlertTM mycoplasma detection kit (Lonza, LT07-

318), as per manufacturer’s instructions. During the differentiation of iPSC into 
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keratinocytes the use of antibiotics and antimycotics was avoided in order not to perturb 

the differentiation process, hence the cells were often infected with fungus and bacteria 

and had to be discarded while the lengthy differentiation protocols were run. 

 

Figure 12. Schematic outline of the work. Stepwise presentation of the techniques 
used in this thesis, divided into the four study groups, starting with the 3D OT 

standardization in Paper I and ending with 3D OT in Paper IV. Each step is colour 

co-ordinated in all the four studies. 
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3.2.1 In vitro cell culture  

In vivo models provide an insight into the whole body, while in vitro cell models help 

in studying the biological functions of cells and facilitate functional manipulation of 

specific proteins and genes to identify affected cellular pathways [140]. 

Primary cell isolation and culture 

Extracted teeth, NHOM and normal human skin samples were transported on ice in 

transport medium: Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis, 

MO, USA) with 200 IU penicillin per mL (GibcoBRL), 200 μg streptomycin per mL 

(GibcoBRL), and 0.5 μg amphotericin B per mL (GibcoBRL). Cells were isolated 

following the standard explant method at 37 °C in 5% CO2, in a humidified incubator 

[139]. Briefly, no enzymes were used, and the tissue was cut into smaller pieces on 

culture dishes. Using this technique, cells remain attached to the ECM as there is no 

separation of the epithelium from the connective tissue, which helps the cells to recover 

from stress [141]. 

The periodontal ligament (PDL) attached to the cervical, middle and apex one-third of 

the root was removed with a scalpel and collected separately under a dissecting 

microscope. The PDL and NHOM tissues were cut in approximately 1 mm3 pieces, 

allowed to adhere to cell culture dishes (Nunclon™ Delta, Thermo Fisher Scientific, 

CA, US) and were cultured using the explant method mentioned above [139]. (Paper 

II) 

Primary human normal oral fibroblasts (NOF) and keratinocytes (NOK) were isolated 

from the tissue samples as previously described [139]. Keratinocytes were routinely 

grown on plastic surfaces (Nunc, Naperville, I.L., USA) with no feeding layers, in 

keratinocyte serum free medium (KSFM) (Gibco BRL, Grand Island, N.Y., USA) 

supplemented with 1 ng/ml human recombinant epidermal growth factor (Gibco BRL), 

25 μg/ml bovine pituitary extract (Gibco BRL), 2 mM L-glutamine (Gibco BRL), 100 

U/ml penicillin (Gibco BRL), 100 μg/ml streptomycin (Gibco BRL), and 0.25 μg/ml 

amphotericin B (Gibco BRL). Fibroblasts were grown in Minimum Essential Medium 

Eagle (MEM) (Sigma, St. Louis, M.O., US) supplemented with 10% fetal calf serum 
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(FCS) (Sigma), 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 

0.25 μg/ml amphotericin B. (Paper I) 

Mitomycin C (Sigma)-inactivated 3T3 fibroblasts (10–100 µl/ml of mitomycin C 

solution per ml of culture medium for 2 h) were added to the dishes planed for isolation 

of epithelial cells and incubated in keratinocyte serum-free media (KSFM, Gibco BRL) 

supplemented with 1 ng/ml epidermal growth factor (EGF human recombinant), 

25 µg/ml bovine pituitary extract (BPE), 20 µg/ml L-glutamine, 1% AB/AM 

(100 U/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml amphotericin B) (all 

from Gibco BRL). Cells with the same morphology from different explants were then 

pooled together to eliminate the risk of clonality of isolated cells and further propagated 

in lineage-specific medium. (Paper II) 

The feeder independent ESC line E14.2 [142] was primed by growth on various 

matrices in media containing vitamin C, without any leukaemia inhibitory factor (LIF). 

The matrices investigated were gelatine, laminin, those formed by skin and oral 

fibroblasts, and those formed by skin and oral keratinocytes. (Paper III) 

Primary mouse normal skin and oral fibroblasts were isolated from the tissue samples 

as previously described [139]. They were grown in Minimum Essential Medium Eagle 

(MEM) (Sigma, St. Louis, M.O., US) supplemented with 10% fetal calf serum (FCS) 

(Sigma), 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 

μg/ml amphotericin B. (Paper II) 

Human NOF and NSF were isolated from the tissue samples, as  previously described 

[139]. They were grown in Dulbecco′s Modified Eagle′s Medium – high glucose 

(DMEM) (D6429, Sigma) supplemented with 10% new-born calf serum (NBCS) 

(Fischer scientific), 100 IU/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml 

amphotericin B (Gibco). The NOF and NSF were also grown in xenofree conditions 

using Dulbecco′s Modified Eagle′s Medium – high glucose (DMEM) (D6429, Sigma) 

supplemented with 5% platelet lysate (PL) (BergenLys (R) Platelet lysate, unfiltered, 

4-month storage (PC), 23 October 2019 AIT/IKO, 1% Heparin, 100 U/ml penicillin, 

100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B (Gibco). The NOK and NSF 

were reprogrammed to gingival and skin iPSC using Yamanaka factors (Oct3/4, Sox2, 
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Klf4, c-Myc). For reprogramming of fibroblasts, cells were transfected (Nucleofector 

2b Device, Lonza, Switzerland) with 1ug each of the three episomal reprogramming 

plasmids (hUl, MYC & LIN28; hSk, SOX 2 & KLF 4; hOCT4/shp53, OCT 4 & RNA 

against p53) and plated onto a six well plate containing either FBS or PL supplemented 

with DMEM. After reaching confluency, the cells were passaged onto pre-coated 

dishes with Geltrex (Gibco, ThermoFisher Scientific, Massachusetts, United States). 

The following day, the media was changed to StemFlex media (StemFlex Medium, 

Gibco, ThermoFisher Scientific, Massachusetts, United States) with supplements and 

1% AB/AM (100 U/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml 

amphotericin B). Each iPSC colony was cultured individually in StemFlex media until 

passage 10, after which the cells were characterized. (Paper IV) 

3.2.2 Differentiation of iPSC into skin and gingival keratinocytes 

In the quest to differentiate oral and skin fibroblast-derived iPSC into oral 

keratinocytes, three different protocols (Table 1), two growth factors enriched and one 

ECM-enriched, were tested and adapted from previous literature on differentiating skin 

fibroblast-derived iPSC into skin keratinocytes [143-145]. 

Skin and gingival fibroblast-derived iPSC were obtained from our collaborators at the 

Tissue Engineering Group at Department of Clinical Dentistry and Diabetes research 

Group at Department of Clinical Science at the University of Bergen. Cells obtained 

from all the three protocols were characterized and based on the obtained results, the 

ECM-enriched protocol (protocol no.3) [145] was selected to produce oral 

keratinocytes by growing the iPSC cells on ECM synthesised by human fibroblast 

inactivated feeder layer, and it was further tested in xeno-free conditions. (Paper IV) 

Table 1. The protocols tested for differentiation of iPSCs to keratinocytes 

Protocols Conditions 

Protocol 1 (Zao et al) [143] hEGF, bFGF, BMP4, RA 

Protocol 2 (Bilousva et at) [144] N2B27 media, BMP4 & RA 

Protocol 3 (Yoshida et al) [145] 
ECM produced by mitomycin-inactivated 

human primary fibroblasts, BMP4 
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3.2.3 Immunohistochemical staining (IHC) 

IHC is a technique that uses antibodies to visualize a protein of interest in tissues [146]. 

This is the most widely used technique for detection of proteins. Immunostaining 

includes both enzymatic and fluorescent visualization of the proteins. The IHC and 

immunofluorescence (IF) techniques allow a detailed analysis of protein expression in 

individual cells within intact tissue sections. Since these techniques involve several 

steps, substantial optimization is required to limit the false positive and false negative 

results [147]. In Paper I, II, III and IV we used IHC to assess the expression of various 

epithelial and mesenchymal markers in 3D organotypic models. The method has been 

also used to evaluate the phenotype of the epithelium of the mucosal sheets 

xenotransplanted in the animal model. 

Paper I 

The immunohistochemical staining was carried out using the DAKO autostainer – 

Universal Staining System (DAKO-USA, Carpinteria, California, US). Five μm thick 

FFPE 3D organotypic sections were used. The staining for α6 integrin and E-cadherin 

was first carried on fresh frozen sections fixed for 30 sec. in 50% cold acetone, then 

for 5 min. in 100% acetone before washing in distilled water. All sections were then 

processed as previously reported [139]. Primary antibodies (all IgG1) used in this study 

were: Ki-67, MIB-1clone, 1:50 (DAKO), cytokeratin 13 (CK13), KS-1A3 clone, 1:400 

(Novocastra Laboratories Ltd, Newcastle, UK); 1-integrin, K20 clone, 1:2000 

(DAKO), 6-integrin, BQ16 clone, 1:1000 (DAKO), EGF-R, E30 clone, 1:100 

(DAKO), E-cadherin, HECD-1 clone, 1:9000 (R&D Systems, Abingdon, U.K), 

collagen IV, CIV221 clone, 1:25 (DAKO). The presence of antigen was visualised with 

DAB+ (3,3’-diaminobenzidine, DAKO).  

Paper II 

Cells isolated from NHOM and PDL were grown on coverslips and fixed in 4% PFA 

for 20 min. at room temperature and then exposed for 1 hr to a solution containing 

antibodies against PanCK (DAKO, Glostrup, Denmark). The presence of antigens was 

then evidenced by adding DAB (3,3′diaminobenzidine, DAKO) for 10 min. The 

sections treated with antibody diluent instead of primary antibody were used as 
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negative controls. To stain 3D organotypic cultures and gels, 3 µm sections were cut, 

deparaffinized and rehydrated by immersion in xylene and diminishing concentrations 

of alcohol. Sections were then incubated over night at 4 °C with one of the following 

monoclonal mouse anti-human primary antibodies: anti-pancytokeratin (1:2000, 

DAKO) and anti-vimentin (1:2000, DAKO). Envision+® anti-mouse (DAKO) was 

used to detect the site of reaction according to the manufacturer`s instructions. The 

reaction was visualized using 3,3′-diaminobenzidine tetrahydrochloride (DAB). 

Sections were then counterstained with haematoxylin (DAKO), dehydrated and cover 

slipped. 

Paper III 

ESC ‘primed’ first on various matrices in 2D cultures were then grown in 3D 

organotypic cultures and the tissues obtained were examined to assess their regional 

specificity in the differentiated phenotype of the epithelium [148]. Keratin pairs 1/10 

and 4/13 were used to distinguish keratinized (skin) versus non keratinised (oral) 

epithelial phenotype. Five μm thick FFPE 3D organotypic sections were used. All 

sections were processed as previously reported [139]. The presence of antigens was 

detected using DAB+ (3,3’-diaminobenzidine, DAKO). Formalin-fixed paraffin-

embedded (FFPE) blocks of mouse skin and oral mucosa were used as positive 

controls. 

Paper IV 

The differentiated iPSC both in FBS and PL were grown in 3D organotypic cultures, 

and the tissues obtained were examined to assess the epithelium produced by the 

differentiated iPSC. Primary antibodies anti-pancytokeratin, AE1/AE3 clone (1:100 

DAKO), anti-vimentin (1:2000, DAKO), anti-CK10 and anti CK 13 (1:10, CRUK) 

were used. Four μm thick FFPE 3D organotypic sections were used. All sections were 

processed as previously reported [139]. The presence of antigens was detected using 

DAB+ (3,3’-diaminobenzidine, DAKO).  

The same panel of antibodies has been used to evaluate the phenotype of the epithelium 

of the mucosal sheets xenotransplanted in the animal model. 
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3.2.4 Immunofluorescence (IF) 

To quantify the extent of differentiation into epithelial lineages after ‘priming’ of ESC 

in 2D cultures, the expression of PanCK (DAKO A/S, Glostrup, Denmark, titration 

1:200) as a marker of epithelial differentiation and of embryonic stem cell markers 

stage-specific embryonic antigen-1 (SSEA-1 or CD15, Clone MC-480, Stem Cell 

Technologies, Cambridge, UK) and OCT-3/4 (POU5F1, Clone 40, Stem Cell 

Technologies) were analysed. The cells were grown on cover slips and fixed with 4% 

PFA for 15 min. Cells were then washed with PBS before being permeabilized using 

0.3% Triton for 10 min. and then again washed with PBS. Blocking was done using 

5% BSA (Sigma) in PBS for 45 min. followed by primary antibody (1ug/ml) for 60 

min. The cells were then washed with PBS and secondary antibody (goat anti-mouse 

IgG, FITC, Stem Cell technologies) was added for 60 min. in dark. Cells were then 

mounted in Mounting Medium with DAPI Fluoroshield (Abcam, UK). The IgG1 

isotype primary antibody was used as negative control. (Paper III) 

The NOK, both skin and gingival fibroblast-derived iPSC and differentiated iPSC were 

cultured on cover slips and fixed with 4% PFA at room temperature. The cells were 

then permeabilized with 0.1% Triton, blocked using 5% BSA, and immunostaining 

was done using anti-pancytokeratin, clones AE1/AE3 (1:100 DAKO). Alexa Fluor 488 

anti-mouse IgG was used to detect the site of reaction according to the manufacturer`s 

instructions and were then mounted on the slides with vectashield (Vector Labs), and 

the images were captured using florescence microscope. (Paper IV) 

3.2.5 Detection of apoptotic cell death 

TUNEL Method 

Cell death by apoptosis was detected by the TUNEL method (terminal 

deoxynucleotidyl transferase-mediated dUTP in situ nick end-labelling) on formalin 

fixed paraffin embedded sections of 3D organotypic cultures [149]. For positive 

controls, specimens were treated with 0.5 mg/ml DNase (Roche Diagnostics) in Tris-

buffered saline (TBS) for 15 min at 37°C prior to incubation with bovine serum 

albumin. The specificity of the TUNEL reaction was tested by substituting the 
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biotinylated dUTP in the TUNEL labelling mixture with unbiotinylated UTP (Roche) 

in excess. TUNEL positive keratinocytes found within the basal cell layer were 

considered spontaneously apoptotic cells, while TUNEL positive cells found at the 

superficial cell layer on top of the epithelium were considered terminally differentiated 

keratinocytes [150]. (Paper I) 

3.2.6 ELISA 

The enzyme-linked immunosorbent assay (ELISA) is an immunological assay 

commonly used to detect and quantify antibodies, antigens, proteins, and glycoproteins 

in biological samples. The antigen is immobilized on a solid surface and then 

complexed with an antibody that is linked to a reporter enzyme. It is a highly specific 

antigen-antibody reaction [151]. The conditioned media from NOFs grown in 3D in 

collagen gels (0.5mil/ml) was analysed for levels of various growth factors and 

cytokines by using the Widescreen Human Cancer Panel 2 (Novagen, Millipore, US) 

with Luminex beads (R&D Systems, Inc, Minneapolis, MN). (Paper I) 

3.2.7 Evaluation of NHOM tissue samples  

The NHOM tissue, as previously described, was embedded in paraffin and five µm 

sections were stained for hematoxylin-eosin. The Ki-67 /proliferation index was used 

to determine the percentage of proliferating cells in the basal cell layer per 400 m 

length of epithelial-mesenchymal interface. The measurements and counts were done 

at 200-fold magnification using a standard microscope (Leika DMLM, Germany). 

(Paper 1) 

3.2.8 Flow cytometry  

Flow cytometry is an established method to analyse the expression of cell surface and 

intracellular molecules and to characterize and define different cell types.  It measures 

the fluorescence intensity produced by fluorescent-labelled antibodies detecting 

proteins, or ligands that bind to specific cell-associated molecules [152-154]. 

For fluorescent-activated cell sorting (FACS), cells isolated from the PDL and NHOM 

were stained with the following antibodies: anti-ESA-APC conjugated (Biomed, 
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USA), anti-PDGFRB-PE conjugated (CD140b-PE conjugated, R&D Systems, UK), 

anti-CD44-PE (R&D Systems, USA), anti-CD31-PE conjugated (R&D Systems, USA) 

with both positive and negative controls. DAPI nuclear dye (Sigma) was used at 

1 µg/ml to exclude dead cells. All analyses were performed on the FACS aria SORP 

(Becton Dickinson, USA). (Paper II) 

To quantify the differentiation of embryonic stem cells and differentiated iPSC into 

epithelial lineages, a FACS analysis was carried out to analyse the expression of the 

epithelial markers using cytokeratins, E-cadherin and pluripotency markers using 

SSEA-1 and Oct-4 and TRA60. (Paper III and Paper IV) 

3.2.9 Gene expression analysis using real time PCR 

Francis Crick’s 1957 statement “DNA makes RNA, and RNA makes protein” is the 

central dogma of molecular biology and succinctly explains the flow of genetic 

information within a biological system [155]. Each step in this system is critical for 

gene expression and even a small change may have a butterfly effect towards the 

differentiation of stem cells. We used the real-time quantitative PCR (RT-qPCR) 

technique to study the amplification of the target gene expression. The TaqMan assay 

is a real-time quantitative PCR (RT-qPCR) method which uses fluorogenic single 

stranded oligonucleotide probes which bind to the specific target and generate 

fluorescent signals [156, 157]. To quantify the expression of epithelial and stemness 

markers for the keratinocytes differentiated from the iPSC we used cytokeratins, 

OCT3/4, SOX2 and Nanog for qPCR. The cells were gown in a 6-well plate and the 

lysate was collected using an RNA lysis buffer. The RNA extraction was done using a 

Qiagen RNeasy Mini Kit as per manufacturer’s instructions. Measurement of the total 

RNA concentration was done using a Nanodrop spectrophotometer. An amount of 100 

ng of total RNA were converted to cDNA using the High-capacity cDNA kit as per 

manufacturer’s instructions (Applied Biosystems, Carlsbad, US). TaqMan gene 

expression assays (Applied Biosystems®) were used to detect the mRNA levels of 

stemness (OCT3/4, SOX2, Nanog) and epithelial markers (KR1, 5, 13, 18, 19). An RT-

qPCR amplification was performed using AB 7500 PCR system for 40 cycles. (Paper 

IV) 



 

 

 

56 

3.2.10 Immunoblotting  

Immunoblotting is a semi quantitative detection of proteins in a protein mixture, e.g., 

a cell lysate, which is applied to a gel electrophoresis to sort the proteins based on size. 

The separated protein bands are then transferred to a carrier membrane, e.g., 

nitrocellulose, nylon or PVDF. This process is called blotting. The proteins adhere to 

the membrane in the same pattern as they have been separated due to interactions of 

charges. The proteins on this immunoblot are then accessible for antibody-binding for 

detection [158, 159]. 

The protein expression of PanCK from iPSC-derived epithelial cells was detected using 

immunoblotting. PanCK was detected for all the cells that differentiated to 

keratinocytes using protocol 3, in both xenogeneic and xenofree conditions. (Paper 

IV) 

3.2.11 3D OT cultures 

The conventional two-dimensional (2D) monolayer cultures lack the complex 

intercellular and cell matrix interactions occurring in real-life physiologic state. To 

circumvent the limitation of 2D models, 3D OT models have been elaborated [160, 

161].  

Organotypic models are the in vitro representations in 3D of the in vivo environment. 

These models have been used extensively for many years to study the cellular 

behaviour inside the body [162]. In this thesis, we constructed 3D OT models using 

epithelial cells and stem cells from different sources and fibroblasts to study the oral 

mucosa and oral epithelial differentiation. 

The 3D OT cultures were obtained by growing epithelial cells on top of fibroblast-

populated collagen type I (BD Biosciences) biomatrices, using a protocol well-

established in our laboratory[139]. In Paper I, II, III, and IV simple collagen gels were 

prepared on ice by mixing 7 vol. (3.40 mg/ml) of rat tail collagen type I (Collaborative 

Biomedical, Bedford, M.A., USA), 2 vol. reconstitution buffer (261 mM NaHCO3, 

150 mM NaOH, 200 mM HEPES) pH 8.15, 1 vol. DMEM 10x (Sigma) and 1 vol. FCS. 

The 3D organotypic cultures were grown in serum-free FAD medium (DMEM: Ham’s 
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F-12 / 3:1) supplemented with 1 μM hydrocortisone, 0.8 μM insulin, 0.25 mM 

transferrin, 0.25 mM L-ascorbic acid, 15-30 μM linoleic acid, 15 μM bovine serum 

albumin, and 2 mM L-glutamine (all from Sigma).  

Human growth factors (EGF, KGF, GM-CSF, TGF, IL-1α, HGF, SCF) (Sigma) were 

added to the culture media of some of the simple collagen matrix cultures at a range of 

0.1-100ng/ml. Sandwich models were prepared by interposing a layer of collagen 

biomatrix between the epithelial compartment and the fibroblast containing matrix. 

(Paper I) 

The epithelial cells isolated from NHOM and PDL were also embedded in collagen 

gels, formalin fixed, paraffin embedded and sectioned. These 3D OT tissue sections 

were stained with hematoxylin and eosin. (Paper II).  

The ESC which were primed on matrices were grown in 3D cultures and were analyzed 

for regional specificity. (Paper III). 

The differentiated iPSC grown in 3D OT cultures were analysed for their ability to 

form epithelium to be used as oral mucosal sheets in regenerative medicine. (Paper 

IV) 

3.2.12 3D printing of Poly ɛ-caprolactone (PCL) chambers for 

xenotransplantation of mucosal sheets 

A 3D CAD model was designed (dimensions in Figure 13A,B) with Magics software 

(EnvisionTEC, Germany), then sliced into layers at a slice thickness of 80% of the 

inner needle diameter (ID). In accordance with the manufacturer's guidelines (3D 

Bioplotter® RP, EnvisionTEC), a slice thickness of 0.32 mm was applied to a stainless-

steel needle 0.4 mm in diameter (ID). Before adding 2.5 g of PCL (MW 45 kDa, 

melting temperature = 60 °C, Sigma-Aldrich) granules to the cartridge, it was preheated 

to a preheating temperature of 110°C. The PCL was then kept constant at this 

temperature during the entire printing time. Chambers were extruded at the predefined 

designs. 
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3.2.13 In vivo mice models 

The study was approved by the Norwegian Food Safety Authority (NFSA) (FOTS ID 

22627 and FOTS ID 2006400). A total of 11 NSG mice were used for this study. These 

mice are immunocompromised and lack B and T lymphocytes, as well as natural killer 

cells. The differentiated iPSCs were both injected subcutaneously within the pre-

implanted PCL chambers (6 mice, Figure 13A), as well as implanted as a mucosal sheet 

after being pre-assembled in vitro in 3D OT models seven days prior to 

xenotransplantation and then glued to the lower edge of the PCL chambers with tissue 

glue Histoacryl® (5mice, Figure 13B). The chambers and tissues underneath were 

harvested after 2 more weeks. 
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Figure 13. In vivo mice models. A) PCL chambers were glued using Histoacryl® either 

directly on the back of the mice (B) or were glued to the 3D OTs (C). After the 

chambers were glued to the mice in both the models the pockets were sutured and 
secured with metal clams (D). In the first animal model the cells were injected under 

the chambers (E). F shows how the chambers looked on the back of the mice at the day 

they were harvested. G and H show the macroscopic image of how the chambers and 

the mucosal sheets looked the day they were harvested and placed in cassettes for 

processing. 
 

 

3.2.14 In situ hybridization (ISH) 

To identify the transplanted human cells, ISH for the human specific repetitive Alu 

sequence was used. ISH was performed by RNAscope 2.5 High-Definition Brown 

Assay according to the manufacturer’s instructions (all from Advanced Cell 

Diagnostics, Newark, CA, United States). Briefly, the tissue sections were baked at 

60°C for 1 h followed by deparaffinization in 100% xylene and twice for 5 min each 

and then two times in 100% ethanol. The slides were then treated with an endogenous 

peroxidase-blocking reagent, for 15 min by boiling in target retrieval buffer and then 

treated with protease buffer for 30 min at 40°C. The slides were then incubated with 

the target Alu probe for 2 h at 40°C, followed by signal amplification. For colorimetric 

detection, 3,3′- Diaminobenzidine (DAB) was used for 5 min at RT followed by 

counterstaining with hematoxylin for 5 min. A peptidylprolyl isomerase B (PPIB) 

Positive Control Probe was used to validate the assay. 
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3.2.15 Statistical analysis 

The statistical analysis was performed using the Wilcoxon paired test with a level of 

significance set at 5% (SPSS 11.0) in Paper I.   

One-way ANOVA was used to compare the expression of different markers in the 

isolated cells. All statistical analyses were performed using the statistical package IBM 

SPSS version 15 (IBM, USA), considering p values less than 0.01 statistically 

significant in Paper II. 

One-way ANOVA analysis with Tukey’s test for multiple comparisons was used to 

compare the expression of pluripotency and epithelial markers in the differentiated 

cells. All statistical analysis was performed using GraphPad prism 9, considering p 

values less than 0.05 statistically significant in Paper IV. 

 

Overall considerations 

Primary human cultures are a source of significant biological variations [163]. We 

consider that we have reduced variation in 3D cultures due to our tough primary cell 

isolating procedure. Our method for isolation of cells is based on a combination of 

enzymatic and mechanical treatment which is much tougher to the cells than the explant 

method. By using this tough isolation method, we usually obtain cells from fewer 

donors but during isolation procedure we selected more robust and homogenous cells, 

that usually propagate well and are giving rise to quite similar epithelium in 3D OT 

cultures. In addition, the experiments were planned and performed meticulously to 

limit the unwanted technical variations to reach reproducible conclusions. To reduce 

experimental variations, the regular practices included consistent seeding densities, 

coated plates, reproducible experimental setup, adequate number of replicates and 

appropriate controls and mycoplasma testing.  

Data from assays using live cells were normalized to the cell number of the individual 

cell populations used as estimated by using trypan blue and Annexin V/PI staining. 

Data from end-point assays performed using cell lysates were normalized to total the 

protein content or total RNA content estimated spectrophotometrically.  
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To summarize, by employing adequate technical and biological replicates and 

appropriate normalization methods, we performed a robust assessment of the oral 

mucosa, oral epithelial differentiation, and differentiation of embryonic stem cells and 

iPSC. We were then able to draw overall conclusions of the study from the combination 

of different differentiation experiments and patient cohorts.  
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4. Summary of results 

 

Paper I: Granulocyte macrophage-colony stimulating factor and keratinocyte 

growth factor control early stages of differentiation of oral epithelium 

In this study we sought to identify fibroblast derived factors which are responsible for 

oral epithelial differentiation. The NOK and NOF were isolated from healthy 

volunteers and used to construct 3D OT cultures. The oral epithelium formed by 

growing primary NOK on simple collagen gels in absence of fibroblasts displayed a 

thin, undifferentiated epithelium with low cell proliferation. Presence of fibroblasts in 

the collagen matrix, either in direct contact with keratinocytes or at distance (‘sandwich 

models - SW’) induced a significant increase in epithelial thickness and cell 

proliferation. Analysis of conditioned medium from 3D gels populated with NOFs 

showed that NOFs were able to secrete significant amounts of HGF, KGF, GM-CSF 

and IL-1α when grown in 3D monocellular cultures in vitro. Both KGF and GM-CSF 

at concentrations higher than 1 ng/ml, either alone or in combination, significantly 

increased cell proliferation in the basal cell layer. EGF, TGF, IL-1α, HGF or SCF did 

not alter significantly epithelial thickness or epithelial cell proliferation in 3D OT 

monocellular cultures of keratinocytes. The IHC for various differentiation markers 

showed a weak expression of CK13 and strong expression of 1 integrin and EGF-R 

in all the cell layers and no deposition of collagen IV at the interface of the epithelium 

and matrix in 3D cultures. When fibroblasts were present in direct contact or at a 

distance from NOK grown in 3D-OT, strong expression of CK13 was seen throughout 

the suprabasal cell layers, and a polarization to the basal cell layer of 1 integrin and 

EGF-R, as well as synthesis and deposition of collagen IV at the interface of the 

epithelium and matrix were observed. Addition of KGF (0.1-100 ng/ml) did not change 

the undifferentiated phenotype of the oral epithelium grown on simple collagen gels. 

Addition of GM-CSF (>1 ng/ml) induced the expression of CK13 in all suprabasal cell 

layers and polarization of 1 integrin to the basal cell layer. The admixture of GM-CSF 

and KGF (10 ng/ml each) induced, in addition, polarization of EGFR to the basal cell 

layer and a fine deposition of collagen IV at the epithelium-matrix interface. None of 
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the other growth factors tested in the study (EGF, TGF, IL-1α, HGF, SCF) influenced, 

when added, the phenotype of the epithelium grown on simple collagen gels.  

The 3D OT monocellular cultures of oral keratinocytes displayed TUNEL positive cells 

randomly distributed within the epithelium. There was no polarization of TUNEL 

positive cells to the superficial layer, suggesting that cells did not complete the terminal 

stages of epithelial differentiation in these cultures. Similar pattern of distribution of 

TUNEL positive cells was also observed in the 3D OT monocellular cultures of oral 

keratinocytes supplemented with GM-CSF alone or in combination with KGF. 

Polarization of TUNEL positive cells to the superficial cell layer was observed only 

when fibroblasts were present in the connective tissue equivalent, either in direct 

contact or at distance from the epithelium. Addition of an anti-GM-CSF antibody to 

the culture medium of fibroblast-containing cultures did not impair cell growth or the 

terminal differentiation of the reconstituted oral epithelium. None of the other added 

growth factors tested in the study (EGF, TGF, IL-1α, HGF, SCF) influenced the 

distribution of TUNEL positive cells within the epithelium grown on simple collagen 

gels.  

Overall, this data suggested that major aspects of oral epithelial differentiation are 

regulated by GM-CSF in combination with KGF, but its terminal stage is controlled by 

another yet unidentified fibroblast-derived soluble factor. 

 

Paper II: Isolation and characterization of cells derived from human ERM 

In this study we aimed to investigate whether cells isolated from ERM can be used as 

an alternative source of stem cells for regeneration of normal human oral mucosa. We 

isolated and characterized the cells derived from ERM surrounding extracted human 

wisdom teeth and compared them to cells derived from donor-matched normal human 

oral mucosa. The cells were characterized by immunohistochemistry and flow 

cytometry for the expression of epithelial markers (PanCK, ESA), mesenchymal cell 

marker PDGFRB, blood vessel marker CD31 and stem cell marker CD44. The cells 

with epithelial morphology were isolated from periodontium of cervical, middle, and 

apical parts of the root, but expressed a considerably lower percentage of ESA and 
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PanCK-positive cells than cells isolated from NHOM (p < 0.001). ERM cells expressed 

a significantly higher percentage of the stem cell related marker CD44 (cervical 92.93 

± 0.25%, middle 93.8 ± 0.26%, apical 94.36 ± 0.41%) than cells isolated from NHOM 

(27.8 ± 1.47%, p < 0.001). Oral mucosa was reconstructed in 3D OTs by growing the 

cells isolated from REM on top of collagen gels populated with fibroblasts. The cells 

isolated from both ERM and the NHOM expressed the epithelial markers (ESA and 

PanCK), to a certain degree PDGFR which is a marker for mesenchymal phenotype, 

but not CD31 which is an endothelial cell marker. The ERM cells formed a less 

differentiated epithelium in 3D organotypic cultures when compared to the epithelium 

formed by cells from NHOM but expressed PanCK and vimentin.  

To summarize, epithelial cells could be isolated from the human periodontium and 

expanded in culture while expressing stemness and epithelial markers.  

 

Paper III: Differentiation of mouse ESC into epithelial lineages for skin and oral 

mucosal regeneration 

This study aimed to investigate if pluripotent ESC can be induced into epithelial 

lineages for generation of skin and oral mucosa sheets by exposure to matrix products 

of connective tissue cells. Feeder-independent mouse ESC, when grown in standard 

undifferentiating conditions of media containing LIF, formed tight colonies with high 

expression of SSEA-1 (38.5±3.2%) and no expression of PanCK (less than 1%). When 

LIF was removed, the ESC became scattered, flattened, and acquired a differentiated 

morphology, with very few tight colonies and reduced expression of ESC markers 

SSEA-1 and OCT-3/4. Though, the lack of staining with the PanCK antibody indicated 

still no differentiation into epithelial phenotypes. Further loss of tight colonies with 

scattering and flattening of cells with a further decrease in expression of SSEA-1 to 

15.5±2.4% was observed with the addition of vitamin C. The percentage of the ESC 

cells expressing PanCK was less than 1% when grown in presence of BMP4 but rose 

to 1.7±0.4% with addition of vitamin C. The matrix formed by the ear-derived 

fibroblasts and the laminin-coated plates in combination with vitamin C were most 

effective in influencing epithelial differentiation of ESC. PanCK expression 
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significantly increased to 7.0±0.6% (p<0.05%) when grown on laminin, to 5.3±0.7% 

(p<0.05) when ESCs were grown on oral fibroblasts-derived matrix, and to 8.6±1.3% 

(p<0.05) when ESCs were grown on ear fibroblasts-derived matrix. Keratinocytes 

derived from oral mucosa and ear skin were the controls and showed high expression 

(98-100%) of PanCK and low expression (1.7±0.5%) of the SSEA-1.  

Both primed and non-primed ESC developed into two morphologically distinct cell 

populations when grown for 14 days in 3D-OT organotypic cultures on simple collagen 

gels. More marked differences in differentiation patterns were observed in 3D cultures 

after 21 days of culture. On 3D-OT gels populated with buccal fibroblasts, ESC primed 

on buccal fibroblasts fully differentiated into a parakeratinized stratified squamous 

epithelium, similar to normal buccal epithelium. 

ESC primed by ear skin mouse fibroblasts and keratinocytes and further grown on 3D-

OT gels populated with ear fibroblasts developed into a typical ortho-keratinized 

epidermis with structures similar to sebaceous glands.  

To summarize, the results indicate that ESC can be a promising source of mucosal 

sheets which can be used in regenerative medicine. 

 

Paper IV: Generating oral keratinocytes for regenerative therapy from iPSCs 

derived from normal human skin and oral fibroblasts. 

In this study the skin and gingival fibroblast-derived iPSC were investigated for their 

potential to differentiate into keratinocytes to generate mucosal sheets for regeneration 

of oral mucosa. All the three protocols tested were able to differentiate the iPSC to 

keratinocytes. The most efficient protocol was the ECM-enriched protocol (protocol 

III) and this was chosen for differentiation of iPSC in xeno-free conditions as well. 

Further characterization using flow cytometry for expression of TRA-60, Oct3/4, Sox2 

(pluripotency markers) and E-cadherin (epithelial marker). The keratinocytes 

differentiated from skin and gingival iPSC in xenogeneic conditions showed lower 

expression of TRA-60, Oct3/4, Sox2 and higher expression of E-cadherin as compared 

to the controls undifferentiated iPSC and NOK respectively. However, the 
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keratinocytes differentiated from skin and gingival iPSC in xeno-free conditions 

expressed a considerably lower percentage of E-cadherin and higher percentage of 

TRA-60, Oct3/4, Sox2 than cells in xenogeneic conditions, although not statistically 

significant. Gene expression analysis using RT-qPCR showed decrease in expression 

of stemness markers Sox2, Oct3/4, Nanog and increase in expression of epithelial 

markers cytokeratin 1,5,13,18,19 in both xeno-free and xenogeneic conditions, but to 

a lesser extent in xenogeneic conditions. Immunoblotting for PanCK was positive for 

cells in both xenogeneic and xeno-free conditions. Oral mucosa was reconstructed in 

3D OTs by growing the differentiated iPSC in both FBS and PL on top of collagen gels 

populated with fibroblasts. The iPSCs differentiated in FBS-containing conditions 

formed a cohesive 5-6 multi-layered tissue on top of collagen gels (both those derived 

from skin and gingival fibroblasts), with a basal compartment with cells perpendicular 

on the collagen interface and a more superficial compartment with more flattened cells.  

Cells differentiated in PL formed also a multilayer tissue on top of collagen gels, which 

in some areas was even thicker (8-10 cell layers) but the tissue formed showed less 

distinct basal and superficial cell layers. Immunophenotyping of this tissue developed 

from differentiated iPSCs in FBS-containing conditions showed strong expression of 

PanCK, indicating differentiation towards stratified squamous epithelium by iPSCs 

differentiated in FBS (both gingival and skin fibroblast derived iPSCs). The tissues 

formed on top of the collagen gels by differentiated iPSCs in PL-containing conditions 

showed only patchy expression of PanCK, indicating a limited differentiation towards 

stratified squamous epithelium when iPSCs were differentiated in xeno-free conditions 

(both skin and gingival fibroblast derived iPScs). Differentiated gingival fibroblast-

derived iPSCs gave rise to an epithelium that was negative for CK10 but positive for 

CK13 in the suprabasal layers both in FBS and PL conditions, suggesting 

differentiation of the epithelium formed in the 3D OTs on top of collagen gels towards 

an oral phenotype under oral fibroblast directionality. The expression was, however, 

weaker than in the 3D OT models reconstructed with NOK.  

Vimentin was expressed, as expected by the fibroblasts in the collagen matrix but also 

by few cells in the basal compartment of the tissues regenerated using differentiated 

iPSCs, similar to the epithelial sheets reconstructed from NOK.  
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To summarize, epithelial cells could be differentiated from iPSC in both FBS and PL 

and when cultured in 3D OT cultures expressed epithelial markers and were able to 

form an oral epithelium under the influence of oral fibroblasts. Based on the results 

from Paper I, GM-SCF (10 ng/ml) was also added to some of the 3D OT cultures. No 

significant differences were observed in differentiation of the epithelium-like tissue 

formed by differentiated iPSCs with or without GM-CSF. However, in presence of 

GM-CSF a thicker epithelium-like tissue was formed on top of the collagen gels, 

suggesting a higher proliferation of the epithelial-like tissue generated by differentiated 

iPSCs in presence of GM-CSF, especially when grown in PL conditions.  

 

Viability of in vivo xenotransplanted 3D OTs in a mice model as a proof of 

principle for clinical use of the oral mucosal sheets derived from differentiated 

iPSCs 

As a proof of principle, we first used an animal model based on previous literature 

[164] in which differentiated iPSCs admixed with fibroblasts were injected into the 

inner space of the PCL chambers as explained in Figure 13A.  The results of that 

experiment showed inconsistent formation of a single epithelial layer only even in the 

control mice injected with admixture of NOK and NOF (confirmed with pancytokeratin 

staining and hAlu ISH – data not shown).  

The model has been adapted and improved to xenotransplant differentiated iPSCs 

already assembled in 3D OT cultures prior to xenotransplantation as explained in 

Materials and methods (Figure 13B).   

For this model, we first constructed 3D OTs using differentiated iPSCs on top of NOF-

populated collagen gels and xenoimplanted them in five NGS mice using the PCL 

chambers (Figure 13). As control of the method, we constructed 3D OT models using 

NOK and NOF isolated from normal adult human oral mucosa and xenoimplanted 

them after 7 days of in vitro culture on the back of the NGS mice, similar to the other 

3D OT cultures (Figure 13). Both gingival and skin fibroblast derived iPSCs grown in 
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FBS formed a stratified squamous epithelium – like structures facing the inner side of 

the PCL chambers (Figure 14). Immunophenotyping confirmed epithelial 

differentiation by showing strong expression of PanCK. Particularly G-iPSC gave rise 

to an epithelium that was negative for CK10 but expressed CK13, indicating epithelial 

differentiation towards an oral phenotype (Figure 14).  

When differentiated and grown in xeno-free conditions (PL), both gingival and skin 

fibroblast derived iPSCs formed a stratified multi-layered epithelial-like tissue which 

was not that cohesive and was more basaloid-like throughout all its thickness, 

indicating less differentiation towards stratified squamous epithelial phenotype in these 

conditions. However, the epithelial-like tissues generated from iPSCs differentiated in 

xeno-free conditions showed expression of PanCK and CK13, although weaker than in 

FBS containing conditions.  

When compared to the epithelium generated by xenotransplanted NOK-containing 3D 

OTs, the epithelium generated by differentiated iPSCs was less differentiated and 

expressed weaker CK13, while PanCK expression was comparable for the FBS-

containing conditions.  

Vimentin was expressed, as expected by the human fibroblasts present in the collagen 

matrices of the xenotransplanted 3D OTs but also by the cells in the basal compartment 

of the tissues regenerated using differentiated iPSCs, similar to the epithelial sheets 

reconstructed from NOK.  

The human origin of the tissues analysed was proven by the detection of hALU by ISH 

(Figure 14).  

Taken together, the results from the in vivo model corroborate well with the results 

obtained from the in vitro 3D OT tests.  
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Figure 14. Histological images (haematoxylin-eosin) and representative 

immunostaining of 3D OT cultures of cells differentiated from gingival and skin 

fibroblast derived iPSC (G-iPSCs and S-iPSCs) in FBS and PL seeded on top of 

human oral fibroblast populated collagen matrices for 7 days and then implanted in 

NGS mice using PCL chambers for 14 more days. 
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5. Discussion  

The dynamic and wet environment of the oral cavity makes the treatment of oral 

mucosal defects challenging, unlike other external epidermal lesions. In addition, the 

continuous facial movements during chewing, swallowing and speech, as well as facial 

expressions cause movements of tongue and oral mucosa that makes local treatment 

ineffective due to short retention on the mucosal surfaces [165-167]. Various dressing 

materials to cover the oral wounds have been cited in the literature, but each material 

comes with its pros and cons [168]. The mucosal grafts are the ideal grafts, but limited 

availability and donor site morbidity limit their use [169]. Skin grafts have also been 

used as a biological dressing, but they often fail to retain oral mucosa texture [170]. 

Recently, in vitro culture of skin and oral keratinocytes has been used to generate 

autologous grafts for these defects. They are a good alternative to the above-mentioned 

grafts, but the use is still limited due to elective surgeries, as well as the cost of the 

procedure [9, 168]. 

5.1 Role of KGF and GM-CSF in proliferation and 

differentiation of epithelial cells 

To generate mucosal grafts with a phenotype as close as possible to the native mucosa 

and using standardized and xeno-free conditions, one first needs to know what factors 

are responsible for generating that phenotype. Therefore, this study aimed first at 

identifying the optimal conditions, i.e., well defined growth and differentiation factors 

necessary for obtaining in vitro a fully differentiated oral mucosa epithelial phenotype. 

At the time of starting this study, it was known that KGF was able to induce cell 

proliferation and played a vital role in wound healing [139]. Previous studies have 

shown that for activation of fibroblasts in wound healing, upregulation of KGF is 

necessary [171]. Upregulation of KGF has also been observed to be induced by the 

presence of keratinocytes in the co-culture [172, 173].  

GM-CSF is a hematopoietic growth factor, but it was also shown to regulate growth 

and differentiation of dermal keratinocytes and to play an important role in wound 

healing [174, 175]. KGF and GM-CSF receptors have been shown to be expressed in 
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keratinocytes by paracrine regulation mediated by KGF and GM-CSF secreted by 

fibroblasts, or by autocrine regulation mediated by TGF-α [176]. 

Studies on skin models have shown that IL-1 produced by keratinocytes induce the 

fibroblast production of KGF, GM-CSF, TGFα, IL-6, IL-8, IL-1. In return, KGF and 

GM-CSF promote the proliferation and differentiation of the keratinocytes, in a 

positive feedback loop. The production of IL-1 by fibroblasts may amplify the 

production of KGF and GM-CSF [177]. From all the growth factors which were tested 

in this study only GM-CSF, alone or in combination with KGF had a significant effect 

on differentiation of the oral epithelium.  

5.2 Terminal differentiation of oral epithelium in vitro by 

underlying fibroblasts in 3D OT 

The effect of fibroblasts on proliferation of the dermal keratinocytes has been 

previously investigated and demonstrated by several studies [178-180]. The survival 

of keratinocytes is enhanced by reduced apoptosis, decreased expression of Bcl2 and 

upregulation of p53 in the presence of fibroblasts [178, 181, 182]. The role of dermal 

fibroblasts in proliferation, migration and differentiation of keratinocytes has been 

studied in detail in both in vivo and in vitro models [183, 184]. The epidermal 

homeostasis is mainly mediated by the ECM, growth factors and cytokines [185, 186]. 

Studies have suggested that the diffusible factors secreted by fibroblasts are sufficient 

for full epidermal differentiation [182]. Formation and maintenance of mature oral 

epithelium rely also on a tightly balanced process of keratinocyte proliferation and 

terminal differentiation [187], but the knowledge about the specific factors involved is 

more limited than for skin. Our research group has previously developed standardized 

3D OT models of the human oral mucosa [188] and has also shown that fibroblasts are 

essential for the differentiation of oral epithelium [139]. The results of this study further 

show that the fibroblast-derived diffusible factors can fully restore the differentiated 

phenotype of in vitro oral epithelium, including the fine-tuned terminal stage of 

epithelial differentiation.  
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In contrast to reported studies from skin models proving that a combination if KGF and 

GM-CSF can substitute for the dermal fibroblasts and provide sufficient support for 

both growth and terminal differentiation of skin keratinocyte in their absence [189-

191], our current study shows that the final stages of oral epithelial maturation could 

not be restored by KGF and GM-CSF only. These differences between skin and oral 

mucosa morphogenesis might be due to the fact that oral mucosal fibroblasts and adult 

skin fibroblasts have different origin (the former originates from the neural crest and 

the latter from the mesoderm) and gene expressions, and consequently, different 

phenotypes and functions [192]. Oral fibroblasts were proven to express higher levels 

of KGF and to accelerate much faster the collagen gel contraction than dermal stromal 

cells [193, 194]. Our data presented here, based on the analysis of conditioned medium 

collected from 3D monocellular cultures containing NOF only embedded in the 

collagen matrix, corroborate with previous literature [194-196] by showing that oral 

fibroblasts synthesize considerable amounts of KGF, GM-CSF and HGF, although oral 

keratinocytes have also been proven to synthesize GM-CSF [197]. 

That the mesenchymal cell source has a significant influence on the thickness and 

ultrastructure of the epithelium has been previously shown [198]. Moreover, 

cytokeratin expression of the epithelial component was also proven to be strongly 

influenced by the origin of fibroblasts [199]. The data resulting from this work showed 

that the fibroblasts derived diffusible factors differentiated the oral epithelium in vitro.  

The data presented in this study indicate that in contrast to skin, other soluble factors 

than KGF and GM-CSF released from fibroblasts exert the final tuning of oral 

epithelial differentiation. In support for this conclusion comes also the observation that 

addition of neutralizing antibodies against human GM-CSF, previously shown to 

reduced keratinocyte proliferation and differentiation in skin models [200], did not 

impair cell proliferation or differentiation in our oral mucosa models. Taken together, 

the results of this study indicate that major aspects of oral epithelial differentiation are 

regulated by GM-CSF in combination with KGF, but its terminal stage is controlled by 

another yet unidentified fibroblast-derived diffusible factor. 
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5.3 ERM represents a valuable source of stem cells that can be 

differentiated into oral epithelium 

PDL is a highly specialized connective tissue which connects the cementum and the 

alveolar bone [201]. PDL contains heterogeneous cell populations such as fibroblasts, 

osteoblasts, PDLSCs, and ERM [202].  

The existence of epithelial cell populations in the PDL was first reported by Serres in 

1817 [203]. In 1884, Malassez confirmed the presence of epithelial components in PDL 

and also the fact that ERM  are the remains of the Hertwig’s epithelial sheath [204]. 

Different dynamic states of the ERM have been reported in the past studies [205, 206]. 

Morphologically, ERM are a network of islands and cords of epithelial cells which 

remain in the mesenchymal matrices throughout the post-natal life whereas the 

epithelial cells which are present in the other tissues are separated by basal lamina from 

the underlying connective tissue [105, 207]. It has been shown that ERM plays an 

important role in maintaining the homeostasis of the periodontium [208] and in 

prevention of root resorption [209]. Additionally, ERM cells play a functional role in 

maintenance of periodontal ligament space [210]. Some studies also suggest that ERM 

plays a role in formation and repair of enamel and cementum [211, 212].  

Since the isolation of the stem cells from dental pulp, existence of post-embryonic stem 

cells in the periodontal tissue has been also suggested [213]. Presence of multipotent 

stem cells in PDL was reported in 2004 [214]. Postnatal stem cells are known to reside 

as subpopulations in the tissues and when stimulated undergo proliferation and 

migration and regenerate the damaged tissues [215, 216].  

CD44 is an adhesive molecule that binds with extracellular matrices such as hyaluronic 

acid and is strongly involved in lymphocyte homing, lymphocyte activation, cell-to-

cell adhesion, cell-to-matrix adhesion, and cell movement, as well as cancer cell 

proliferation and metastasis. It has also been acknowledged as a stem cell marker for 

in various types of solid cancers, including oral squamous cell carcinoma [217]. CD44 

expression was also described in various cell lines, including hematopoietic cells, 

fibroblasts, epithelial cells, vascular endothelial cells, muscle cells, and neuroglial cells 

and is either expressed or absent in the differentiation and proliferation of each of these 
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cell lines. In squamous epithelial mucosa, CD44 expression is enhanced at the basal 

cell layer which is the proliferating compartment containing the adult epithelial stem 

cells, while it is weakly expressed or not present on the more superficial layers [218]. 

Moreover, CD44 may be related to the differentiation and proliferation of 

hematopoietic stem cells and B cells in the dental pulp [219, 220]. It is significant that 

our results of FACS analysis revealed that the CD44-positive cell ratio was much 

higher in cells obtained from PDL than in the oral mucosa. 

The results of this study show that when grown in 3D organotypic cultures and in 

collagen gels the cells derived from PDL formed a less differentiated epithelium that 

expressed weaker PanCK and stronger vimentin than the matched epithelial cells 

isolated from normal mucosa, indicating that these cells have a less epithelial 

phenotype and a more mesenchymal phenotype. That might indicate that those cells 

are less differentiated and more EMT than the cells derived from NHOM. Accordingly, 

this might be the reason that they did not form a well-differentiated and keratinized 

epithelium in 3D organotypic cultures, such as the epithelium formed by the cells 

derived from NHOM. 

When grown inside the gels, the cells derived from NHOM grew more clustered, in 

groups, while the epithelial cells derived from ERM grew alone in the matrix. This 

again might indicate that the cells from NHOM are probably more differentiated and 

express more epithelial cell-to-cell adhesion molecules, while cells derived from ERM 

are less differentiated. 

Our results are in accordance with the results published in 2016 by Tsunematsu et al. 

[209]. They have isolated odontogenic epithelial cells with epithelial marker-positive 

and mesenchymal marker-negative features from ERMs in human PDL and reported 

that they have stem cell-like characteristics. The findings we present here bring new 

information about the extent of the stemness of the cells derived from ERMs compared 

to the epithelial cells derived from NHOM. 

We anticipate that the cells isolated from ERM will be investigated in more detail in 

the future for their possible involvement in cyst formation, by developing an 

experimental model for radicular cyst formation. This model will also provide a 
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valuable experimental biological system for testing of novel, alternative ways of 

treatment for radicular cysts. 

5.4 Differentiation of ESC into epithelial lineages  

It is a well-established method now to culture both murine and human ESC and to 

propagate them indefinitely in an undifferentiated state without loss of differentiation 

capacity, both in vivo and in vitro [221]. ESCs represent a possibly inexhaustible source 

of any somatic cell type [63]. 

We show in this study that vitamin C alone was able to enhance the number of cells 

expressing epithelial markers, but the extracellular matrix synthesized by either 

oral/skin fibroblasts or keratinocytes was required to induce expression of a stratified 

epithelial phenotype. Vitamin C plays a critical role in regeneration and wound healing 

[222]. It regulates the differentiation of skin keratinocytes by regulating the function 

of AP-1 complexes [223]. A study by Guenou et al. (2009) has shown that hESC 

induced with vitamin C and BMP4 could be differentiated into cytokeratin 14 positive 

cells [224]. It is a well-known fact that LIF plays a critical role in maintaining the 

pluripotency of the embryonic stem cells in vitro [225, 226]. This study confirms that 

with LIF removal in both 2D and 3D cultures, the ESC were more differentiated. 

5.5 Differentiation of ESC into epithelial lineages by influence 

of the underlying ECM 

During the process of embryogenesis, ESCs exist in ECMs which regulates migration, 

proliferation, and differentiation of the ESC. Hence, for optimal ESC differentiation 

in vitro conditions should mimic the in vivo microenvironment. Three dimensional 

culture for ESC differentiation is therefore a valuable tool [227]. 

Coraux et al. suggested already in 2003 that once primed, ESC can differentiate into 

epithelial tissues, given sufficient time and continuous instruction from vital fibroblasts 

[142]. However, to our knowledge, their interesting work has not been replicated by 

others. The findings presented here support their suggestion. Our data indicate that both 

fibroblast and keratinocyte-produced matrix, as well as commercially available laminin 
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enhance the induction of a keratinocyte phenotype. In view of reports suggesting that 

epithelial differentiation of stem cells occurs within an epithelial context, we also 

included an additional condition of ESC growth on matrix produced by keratinocytes 

[228]. Of interest, this was the only condition that generated mucous-producing cells, 

but it was insufficient to generate a fully differentiated epithelium, with a superficial 

layer of keratin. Further 3D culture with vital fibroblast instruction for 22 days was 

necessary for further differentiation into mature, regionally relevant epithelial 

structures. We showed here, by staining with different keratin markers that a specific 

keratin pattern can be induced in ESC grown on an extracellular substrate, depending 

on the region of origin of the cells that generated that substrate. The differences in 

tissue patterns observed indicate that this may be valuable in generating epithelial 

tissues with defined regional specificities. 

This is to be expected since ESC have been shown to have the ability to differentiate 

into any type of cell when provided proper induction in vitro [229-231]. This 

characteristic ability of ESC has been used in regenerative medicine for more than a 

decade now, but the problem is the ethical considerations with the use of human 

embryonic stem cells. In this study we used the mouse embryonic stem cells, and the 

results indicate that ESC can be a promising source of skin/mucosal sheets which can 

be used in regenerative medicine [232], and that regional fibroblasts are essential for 

the full epithelial maturation. To summarize, the results indicate that ESC can be a  

5.6 Differentiated iPSCs reprogrammed from oral and skin 

fibroblasts in both xenogeneic and xenofree conditions as a novel 

cell source for regeneration of oral mucosa 

Tissue engineering implies providing progenitor cells or cell-derived products to 

damaged tissues or organs to restore their structure function. In recent years, the use of 

stem cells has  significantly changed the outlook of tissue engineering with their ability 

of self-renewal and differentiation [233, 234]. The advances of the stem cell biology, 

combined with tissue engineering, have unlocked new possibilities in the field of 

regenerative medicine [235]. Since the ground-breaking findings of iPSC by Takahashi 
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and Yamanaka, a new direction of research in regenerative medicine has been 

instigated. The use of iPSC is advantageous as they are reprogrammed from adult 

somatic cells, hence there are no ethical dilemmas. Also, the somatic cells for 

reprogramming to iPSC are easily harvested from the tissues avoiding the need for 

invasive surgeries. Lastly, the use of iPSC derived from autologous adult cells evade 

the immune response and improve the in vivo survival [235]. 

To date, several groups have reported protocols to differentiate mouse ESC and human 

iPSC to epidermal keratinocytes (cytokeratin14-positive). Metallo et al. [236] used 

retinoic acid and BMP4 on embryoid bodies in mono-layer culture on collagen IV-

coated surface without feeder cells to induce keratinocyte differentiation from human 

ESC. Kawasaki et al [237] in 2000 developed a method using feeder cells to promote 

neural differentiation of mouse ESC, and showed that BMP4 addition promotes the 

initiation of epidermal determination from neuronal ectoderm. Lian et al. [238] in 2012 

described a method using small molecule inhibitors of Src family kinases to derive 

simple epithelial progenitors, which further differentiate into epidermal keratinocytes 

in serum-free conditions. However, none of these methods have generated epidermal 

keratinocyte stem cells (cytokeratin 14 and cytokeratin 15 double positive) with a 

proliferative capacity of more than two population doublings or long-term 

engraftability.  

Our results show that we were able to differentiate our gingival and skin iPSC to 

epithelial lineages using all the protocols even though we slightly modified the 

protocols. There have been several studies in which skin iPSCs have been differentiated 

to keratinocytes [144, 145], but to the best of our knowledge there are no published 

studies showing differentiation of oral iPSC into oral keratinocytes. But the currently 

available protocols need more optimization since the protocols used were for 

differentiation of the skin iPSCs.  

Up to now, the use of iPSCs has been used in preclinical studies for treatment of burns 

and other skin disorders for regenerative therapy and had shown very promising results 

with a tremendous impact in the field of dermatology for the past decade [239-242]. 

However, the regeneration of oral mucosa defects has been lagging. The present study 
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is one of the first where gingival iPSCs were differentiated into oral keratinocytes and 

employed to produce 3D mucosal sheets in vitro. 

There is still limited knowledge about the intraoral wound healing post trauma leading 

to lack of efficient regenerative therapies [243]. Impaired wound healing renders the 

oral cavity more susceptible to various challenges such as prolonged inflammation and 

other postoperative complications. Tissue regeneration involving biomaterials along 

with cells and growth factors has a great potential for better healing of oral mucosal 

lesions [244]. 

5.7 In vivo models for regeneration of oral mucosa 

As a proof of principle, we have devised and optimized an in vivo rodent model where 

with the help of PCL chambers we were able to implant and maintain 3D OTs in the 

mice. The 3D OT models are very adaptive and cells can be cultured in defined matrix 

composition and/or mechanical properties that can be modulated to investigate the 

relationship between cells and the underlying ECM [245]. They were also proved to be 

more robust for xenotransplantation of differentiated iPSCs and NOK than the injection 

of admixture of differentiated iPSCs or NOK and NOF.  

As mentioned, the results from the in vivo model corroborated well with the results 

obtained from the in vitro 3D OT tests and suggest that differentiation of oral or skin 

fibroblast-derived iPSCs into epithelial lineages for oral mucosal regeneration is a 

promising avenue for generation of clinical grade oral mucosal sheets. Nevertheless, 

further work is necessary for improving the robustness and efficiency of the 

methodology established here as a proof of principle. 
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Conclusions 

The main conclusion of the thesis based on the results of the four studies are: 

1. GM-CSF, alone or in combination with KGF has a significant effect in the 

differentiation of the oral epithelium, however the terminal differentiation of 

NHOM is directed by underlying fibroblasts through yet unknown factors. 

2. The cells derived from the ERM were isolated and characterized. The oral 

mucosal sheets constructed using these cells showed a certain differentiation 

towards oral epithelium but were less differentiated when compared to the oral 

mucosal sheets generated by NOK cells derived from NHOM.  

3. ESC were differentiated into epithelial lineages in presence of vitamin C after 

removal of LIF. Primed ESCs were able differentiate into oral epithelial tissues, 

given sufficient time and continuous instruction from vital oral fibroblasts.  

4. iPSC derived from gingival and skin adult fibroblasts were differentiated 

towards keratinocytes in both xenogeneic and xenofree conditions and were able 

to generate oral mucosal sheets under the influence of vital oral fibroblasts. 

Nevertheless, the oral mucosal sheets were less differentiated in xenofree 

conditions as compared to those generated in xenogeneic conditions and by 

NOK cells from NHOM, indicating the need for further work for improvement 

of this method. 

Overall, the work presented in this thesis provides new insights for novel techniques 

for regeneration of oral mucosa with the use of alternative sources of cells.   
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6. Future perspectives 

Several questions still remain unanswered with respect to alternative sources and 

methods for regeneration of oral mucosa, and further studies are required to arrive at 

conclusive results, particularly when it comes to in vivo oral mucosal regeneration and 

generation of clinical grade oral mucosal sheets. Some key future study directions are: 

 

1. Identification of the yet unidentified diffusible factor(s) secreted by the oral 

fibroblasts in 3D models which are responsible for terminal oral epithelial 

differentiation. 

2. Deeper investigation and optimization of a more rigorous enrichment of 

epithelial stem-like cell populations in ERM, as an alternative source of oral 

epithelial cells. 

3. Improvement of the xeno-free method for generation of clinical grade oral 

mucosal sheets by use of iPSCs.  

4. Safety in vivo tests for the use of iPScs for generation of clinical grade oral 

mucosal sheets. 

5. Further study of the mechanisms of oral epithelial differentiation of iPSCs by 

growth factors and ECM secreted by the oral fibroblasts. 
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ABSTRACT 

Oral epithelial differentiation is known to be directed by underlying fibroblasts, but the 

responsible factor(s) have not been yet identified. We aimed here to identify fibroblast-

derived factors responsible for oral epithelial differentiation. Primary normal human oral 

keratinocytes and fibroblasts were isolated from healthy volunteers after informed consent 

(n=5) and 3D-organotypic (3D-OT) cultures were constructed. Various growth factors were 

added at a range of 0.1-100ng/ml. 3D-OTs were harvested after ten days and assessed 

histologically, by immunohistochemistry and the TUNEL method. Epithelium developed in 

3D-OT without fibroblasts showed an undifferentiated phenotype. Addition of granulocyte 

macrophage-colony stimulating factor (GM-CSF) induced expression of cytokeratin 13 in 

suprabasal cell layers. Admixture of GM-CSF and keratinocyte growth factor (KGF) induced, 

in addition, polarization of epidermal growth factor receptor and β1-integrin to basal cell layer 

and collagen IV deposition. Terminal differentiation with polarization of TUNEL-positive 

cells to superficial layers ocured only in the presence of fibroblasts in collagen gels either in 

direct contact or at distance from normal oral keratinocytes. Taken together, these results 

show that major aspects of oral epithelial differentiation are regulated by the synergic 

combination of GM-CSF and KGF. However, the terminal stage seems to be controlled by 

other yet unidentified fibroblast-derived diffusible factor(s). 
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INTRODUCTION    

It is well established that the molecular interactions between epithelium and mesenchyme is 

essential for keratinocyte proliferation, differentiation and repair in both skin and oral mucosa 

(1-4). Previous studies on three dimentional organotypic (3D-OT) in vitro models, including 

our own, demonstrated that fibroblasts were essential for the resemblance of the tissues 

reconstructed 3D in vitro with the in vivo human oral mucosa (1, 5, 6). Several studies have 

tested various fibroblast-derived factors for their role on oral epithelium differentiation; 

keratinocyte growth factor (KGF) was found to stimulate proliferation of oral keratinocytes 

but not influence their differentiation when added alone to 3D-OT models contructed with 

keratinocyte only (3D-OT monocultures) (1). This was in contrast to the effect of KGF on 

dermal keratinocytes in 3D-OT cultures (7). The hematopoietic granulocyte macrophage-

colony stimulating factor (GM-CSF) which is synthesized by macrophages, T cells, mast 

cells, natural killer cells, endothelial cells and fibroblasts and which normally functions as a 

cytokine facilitating development of the immune system and promoting the defense against 

infections was found to also regulate dermal keratinocyte growth and differentiation (8). 

Fibroblast-keratinocyte co-cultures in fetal skin models strongly enhanced the expression of 

GM-CSF by fetal skin cells (9), while dermal keratinocyte-released interleukin 1α (Il-1α) 

induced the expression of both KGF and GM-CSF in dermal fibroblasts (10). These studies 

indicated GM-CSF as a growth factor involved in epithelial-mesenchymal interactions, but its 

effect on oral epithelial morphogenesis has not been tested so far. Much of the knowledge on 

epithelial-mesenchymal interactions comes from studies on skin models, but there are 

distinctive signals for epithelial differentiation of oral and dermal fibroblasts (11) and there is 

a gap of knowledge on how fibroblasts regulate the differentiation of oral epithelium. The aim 

of this study was to identify the fibroblast-derived factors responsible for oral epithelial 

differentiation, and for this purpose several growth factors were tested, such as epidermal 

growth factor (EGF), KGF, GM-CSF, transforming growth factor α (TGFa), IL-1α, 

hepatocyte growth factor (HGF), and stem cell factor (SCF). The present study presents data 

in support for the control of oral epithelial differentiation by the underlying mesenchyme via 

soluble factors synthesized by oral fibroblasts. GM-CSF, alone or in combination with KGF, 

was able to control several steps of differentiation, except its terminal stages. This indicates 

that other yet unidentified fibroblast-derived soluble factor(s) may be responsible for 

regulation of terminal differentiation in oral epithelia.   
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MATERIALS AND METHODS 

Human subjects: Eighteen samples of normal human oral mucosa were obtained from 

healthy donors undergoing wisdom tooth extraction (details in Table 1). Seven samples were 

snap-frozen in isopentane and six samples were formalin-fixed and embedded in paraffin. 

Cells successfully isolated and propagated from five samples were used for growing of 3D-

OT cultures. The study was approved by the Ethics Committee of the University of Bergen 

(REK 2010/481) and the samples were collected after informed consent.  

 

Primary cell cultures: Primary human normal oral fibroblasts and keratinocytes were 

isolated as previously described (1). Normal oral keratinocytes were routinely grown on 

plastic surfaces (Nunc) with no feeding layers, in keratinocyte serum free medium 

supplemented with 1 ng/ml human recombinant epidermal growth factor (GibcoBRL), 25 

μg/ml bovine pituitary extract (GibcoBRL), 2 mM L-glutamine (GibcoBRL), 100 U/ml 

penicillin (GibcoBRL), 100 μg/ml streptomycin (GibcoBRL), 0.25 μg/ml amphotericin B 

(GibcoBRL). Normal oral fibroblasts were grown in Minimum Essential Medium Eagle 

(Sigma) supplemented with 10% foetal calf serum (Sigma), 2 mM L-glutamine, 100 U/ml 

penicillin, 100 μg/ml streptomycin, 0.25 μg/ml amphotericin B. To reduce the variability, one 

single batch of foetal calf serum has been used throughout the studies. 

 

3D-OT cell culture procedures: Simple collagen gels (700 μl for each culture) were 

prepared on ice by mixing 7 vol. (3.40 mg/ml) of rat tail collagen type I (Collaborative 

Biomedical), 2 vol. reconstitution buffer (261 mM NaHCO3, 150 mM NaOH, 200 mM 

HEPES) pH 8.15, 1 vol. Dulbecco's Modified Eagle Medium (DMEM) 10x (Sigma) and 1 

vol. foetal calf serum. Fibroblast-containing collagen matrices were prepared by mixing 1 vol. 

foetal calf serum containing 0.5x106/ml normal oral fibroblasts in passages 2-4. Seven 

hundred µl of the prepared matrix was pipetted in 24 well plates and let for 30 min in the 

incubator to gellify. Normal oral fibroblasts growth medium (1ml/well) was then added ove 

the matrices. After 24h, the medium on top of the gels was removed and normal oral 

keratinocytes (0.5x106 cells/culture) at second passage were added  in 1ml of their growth 

medium(1). After 24 to 48h, the cultures were lifted on the air-liquid interface. The flow of 

procedures for construction of 3D-OT cultures is presented in Figure 1. The suspended 3D 

organotypic cultures were grown in serum free medium comprising DMEM and Ham’s F-12 

nutrient mix in 3:1, supplemented with 1 μM hydrocortisone, 0.8 μM insulin, 0.25 mM 

transferrin, 0.25 mM L-ascorbic acid, 15-30 μM linoleic acid, 15 μM bovine serum albumin, 
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2 mM L-glutamine (all from Sigma). Sandwich models were manufactured by interposing a 

layer of collagen biomatrix (500 μl) between the epithelial compartment and the fibroblast 

containing matrix. Human growth factors (EGF, KGF, GM-CSF, TGFa, IL-1α, HGF, SCF –

Sigma) were added to the culture media of some of the collagen simple matrix cultures at a 

range of 0.1-100 ng/ml, as summarized in Table 2. All cultures were maintained at 37°C in 

5% CO2 incubators for the whole duration of the experiment. All cultures were harvested on 

day 10 of co-culture. One half of each culture was snap frozen in isopentane pre-chilled in 

liquid nitrogen and the other fixed in 4% buffered formalin pH 7.15 and embedded in 

paraffin. Experiments (run in duplicates) were repeated 5 times, each time with primary cells 

isolated from different patients (n=5 donors). 

 

ELISA: Conditioned media was collected from normal oral fibroblasts cells (n=5 donors) 

maintained in monocellular (normal oral fibroblasts only) 3D cultures at similar passages, and 

analyzed for levels of various growth factors and cytokines by using the Widescreen Human 

Cancer Panel 2 (Novagen) with Luminex beads (R&D Systems).  

 

Immunohistochemical staining: The immunohistochemical staining was carried out using 

the DAKO autostainer – Universal Staining System (DAKO). Five μm thick fresh or formalin 

fixed, paraffin embedded sections were used. The staining for E-cadherin was carried on fresh 

frozen sections fixed for 30 sec in 50% cold acetone, and afterwards for 5 min in 100% 

acetone before washing in distilled water. All sections were processed then as previously 

reported(1). The sections were incubated with the primary antibody for 60 min, and 

afterwards with the secondary antibody conjugated with horseradish peroxidase labelled 

polymer (EnVision+ System; DAKO) for 30 min. Primary antibodies (all IgG1) and titrations 

used in this study were as follows: Ki-67, MIB-1clone, 1:50 (DAKO); cytokeratin 13 (CK13), 

KS-1A3 clone, 1:400 (Novocastra Laboratories); b1-integrin, K20 clone, 1:2000 (DAKO), 

EGF-R, E30 clone, 1:100 (DAKO), E-cadherin, HECD-1 clone, 1:9000 (R&D Systems) , 

collagen IV, CIV221 clone, 1:25 (DAKO). Presence of antigen was visualised with DAB+ 

(3,3’-diaminobenzidine, DAKO). Biopsies of normal human oral mucosa served as reference 

controls (those marked as frozen and formalin fixed and embedded in paraffin in Table 1). 

Specimens incubated with antibody diluent (DAKO) or CD 3 antibody (having the same 

isotype as the antibodies tested in the study) instead of primary antibody were used as 

negative controls.  

 



7 
 

TUNEL method: Cell death was detected by the TUNEL method (terminal deoxynucleotidyl 

transferase-mediated dUTPin situ nick end-labelling) on formalin fixed paraffin embedded 

sections (12). For positive controls, specimens were treated with 0.5 mg/ml DNase (Roche 

Diagnostics) in tris-buffered saline for 15 min at 37°C prior to incubation with bovine serum 

albumin. The specificity of the TUNEL reaction was tested by substituting the biotinylated 

dUTP in the TUNEL labelling mixture with unbiotinylated dUTP (Roche) in excess. TUNEL 

positive keratinocytes found within the basal cell layer were considered spontaneously 

apoptotic cells, while TUNEL positive cells found at the superficial cell layer on top of the 

epithelium were considered terminally differentiated keratinocytes (13). 

 

Evaluation of samples and statistical analysis: ELISA results are presented with values 

normalized for 106 cells; data were analysed using t-test with a level of significance set at 5% 

(SPSS 11.0). The data is presented as mean +/- SD. Tissue sections (5μm) from paraffin 

embedded specimens, stained with Haematoxylin-eosin, were morphometrically analysed by a 

computer based optical image analyser (analySIS 11.0 Pro Soft Imaging System). Ki-67 

/proliferation index was determined as the percentage of positive cells among all cells of the 

basal cell layer per 400µm length of the epithelial-mesenchymal interface. The measurements 

and counts were done at 200 fold magnification on a standard microscope (LeikaDMLM) on 

6 consecutive fields situated 200 μm apart. Statistical analysis was performed using Wilcoxon 

paired test with a level of significance set at 5% (SPSS 11.0). 

 

RESULTS 

Effects of KGF and GM-CSF, alone or in combination, on epithelial cell proliferation 

and thickness of in vitro reconstructed normal human oral epithelium 

The oral mucosa formed by growing primary normal human buccal keratinocytes on simple 

collagen gels in absence of fibroblasts displayed a thin epithelium (Figure 2A) with low cell 

proliferation (Figure 3). Presence of fibroblasts in the collagen matrix, either in direct contact 

with keratinocytes (Figure 2J) or at distance (in the‘sandwich models’- Figure 2K) induced an 

increase in cell proliferation (Figure 3). No differences between cell proliferation indices or 

the phenotypes of reconstructed oral epithelia could be detected between cultures with direct 

keratinocyte-fibroblast contact and cultures with keratinocytes at distance from fibroblasts 

(Figure 3). Analysis of conditioned medium from 3D gels populated with fibroblasts showed 

that fibroblasts secreted HGF, KGF, GM-CSF and IL-1α when grown in 3D cultures in vitro 

(Figure 4). Both KGF and GM-CSF at concentrations higher than 1 ng/ml, either alone or in 
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combination, increased cell proliferation in the basal cell layer (Figure 3). EGF, TGFa, IL-1α, 

HGF or SCF did not alter epithelial thickness (Figure 2B, E-H) or epithelial cell proliferation 

in 3D-OT monocultures of keratinocytes (Figure 4).  

  

Effects of GM-CSF alone or in combination with KGF on oral epithelial differentiation 

of in vitro reconstituted normal human oral epithelium 

When grown in 3D monocultures on simple collagen gels, normal oral keratinocytes formed 

an epithelium with an undifferentiated phenotype (Figure 5, Table 2). Immunohistochemistry 

for various differentiation markers of these cultures revealed a weak, scattered expression of 

cytokeratin 13 (CK13, Figure 5A), strong expression of b1-integrin (Figure 5F) and epidermal 

growth factor receptor (EGF-R, Figure 5K) throughout all cell layers with no deposition of 

collagen IV at the epithelium-matrix interface (Figure 5P).  

The presence of fibroblasts  either in direct contact or at distance from the epithelium 

promoted formation of a fully maturated human buccal epithelium (Table 2) similar to the in 

vivo oral mucosa as judged after the panel of differentiation markers used in this study: 

uniform and strong expression of CK13 throughout all suprabasal epithelial cell layers (Figure 

5D,E), polarization to the basal cell layer of b1 intergin, (Figure 5I,J) and EGF-R (Figure 

5N,O), as well as synthesis and deposition of collagen IV at the epithelium-matrix interface 

(Figure 5S,T). Addition of KGF (0.1-100ng/ml) did not change the undifferentiated 

phenotype of the oral epithelium grown on simple collagen gels, as previously reported by our 

group (1). Addition of GM-CSF (>1ng/ml) induced the expression of CK13 in all suprabasal 

cell layers (Figure 5B), and polarization of b1 integrin (Figure 5G) to the basal cell layer. The 

admixture of GM-CSF and KGF (10ng/ml each) induced, in addition, polarization of EGF-R 

(Figure 5M) to the basal cell layer and a fine deposition of collagen IV at the epithelium-

matrix interface (Figure 5R). This analysis shows that GM-CSF alone or in combination with 

KGF was able to induce major aspects of oral epithelial differentiation of in vitro 

reconstituted normal human oral epithelium. None of the other growth factors tested in the 

study (EGF, TGFa, IL-1α, HGF, SCF) did influence, when added, the phenotype of the 

epithelium grown on simple collagen gels.  

 

Effects of KGF and GM-SCF on terminal differentiation of in vitro reconstituted normal 

human oral epithelium  
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The 3D monocultures of oral keratinocytes displayed TUNEL positive cells randomly 

distributed within the epithelium (Figure 5U). There was no polarization of TUNEL positive 

cells to the superficial layer, suggesting that cells did not complete the terminal stages of 

epithelial differentiation in these cultures. Similar pattern of distribution of TUNEL positive 

cells was also observed in the 3D monocultures of oral keratinocytes supplemented with GM-

CSF alone or in combination with KGF (Figure 5V,X respectively). Polarization of TUNEL 

positive cells to the superficial cell layer was observed only when fibroblasts were present in 

the connective tissue equivalent, either in direct contact or at distance from the epithelium 

(Figure 5Y,Z). Addition of an anti-GM-CSF antibody to the culture medium of fibroblast-

containing cultures did not impair cell growth or the terminal differentiation of the 

reconstituted oral epithelium (Figure 2L). None of the other growth factors tested in the study 

(EGF, TGFa, IL-1α, HGF, SCF) did influence, when added, the distribution of TUNEL 

positive cells within the epithelium grown on simple collagen gels. This analysis shows that 

terminal differentiation of in vitro reconstituted normal human oral epithelium was induced 

by underlying fibroblasts through diffusible factors, but not by the combination of KGF and 

GM-CSF. 

 

DISCUSSION  

Formation and maintenance of mature oral epithelium rely on a tightly balanced process of 

keratinocyte proliferation and terminal differentiation (14), but the knowledge about the 

specific factors involved is limited. Previously, we have developed a highly standardised 

serum free organotypic 3D-OT model of human oral mucosa (15)  and showed that fibroblasts 

are essential for differentiation of oral epithelium (1). Data presented here further demonstrate 

that fibroblast-derived diffusible factors are able to fully restore the differentiated phenotype 

of in vitro oral epithelium, including the fine-tunned terminal stage of epithelial 

differentiation. From all the growth factors tested in the present study, alone or in various 

combinations, only GM-CSF, alone or in combination with KGF, had a significant effect on 

the phenotype of oral epithelium. Previous reports from similar ‘3D organotypic’ models of 

skin morphogenesis and homeostasis (3, 16, 17) identified also GM-CSF, alone or in 

combination with KGF, as a factor that induces a significant effect on the phenotype of  

epithelium. Of note, the skin 3D organotypic cultures supplemented with KGF only, displayed 

delays in expression  of differentiation markers (18, 19). Other reports showed that dermal 

keratinocytes treated with KGF exhibited increased proliferation as well, and inhibited 

differentiation, while reduced KGF levels restored the expression of differentiation markers 
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(2). One possible explanation is that the secretion of high doses of KGF by fibroblasts might 

influence the choice between proliferation and differentiation (19). A limitation of the present 

study is that we did not test the effect of neutralizing antibodies for KGF, such that we could 

not infer more on the importance of this growth factor for the fine tunning of differentiation in 

oral epithelium. 

The hematopoietic growth factor GM-CSF is another growth factor that was found to regulate 

dermal keratinocyte growth and differentiation (8), playing an important role during the 

process of wound healing (20). Fibroblast-keratinocyte interactions in skin models strongly 

enhanced the expression of GM-CSF (9), KGF and its receptor (21), while dermal 

keratinocyte-released IL-1 induced the expression of both KGF and GM-CSF (10). The 

regulatory mechanism of these two factors in skin homeostasis is a feedback loop within the 

multiple other epithelial-mesenchymal interactions: skin keratinocytes release IL-1α and IL-

1β, which stimulate the release of KGF and GM-CSF by dermal fibroblasts. Then in turn, 

these two growth factors synthesized by dermal fibroblasts act on skin keratinocytes 

regulating their differentiation and proliferation (3, 7, 10).  

In contrast to these reported observations from skin models proving that a combination if 

KGF and GM-CSF can substitute for the dermal fibroblasts and provide sufficient support for 

both growth and differentiation of skin keratinocyte in their absence (3, 16, 17), our current 

study shows that the final stages of oral epithelial maturation could not be restored by KGF 

and GM-CSF only. These differences between skin and oral mucosa morphogenesis might be 

due to the fact that oral mucosal fibroblasts and adult skin fibroblasts have different origin 

(the former originates from the neural crest and the latter from the mesoderm) and gene 

expressions, and consequently, different phenotypes and functions (22). Oral fibroblasts were 

proven to express higher levels of KGF and to accelerate much faster the collagen gel 

contraction than dermal stromal cells (23, 24). The results presented here, based on analysis of 

conditioned medium collected from oral fibroblasts maintained in 3D monocellular cultures 

containing fibroblasts collagen matrices, show that oral fibroblasts synthesise considerable 

amounts of KGF, GM-CSF and HGF. These results corroborate with previous literature 

showing the oral fibroblasts to be the major producers of these growth factors (24-26), 

although oral keratinocytes have also been proven to synthesise GM-CSF (27).  

That the mesenchymal cell source has a significant influence on the thickness and 

ultrastructure of the epithelium has been previously shown (28). Moreover, cytokeratin 

expression of the epithelial component was also proven to be strongly influenced by the origin 

of fibroblasts (29).  
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The data presented in this study indicate that in contrast to skin, other soluble factors than 

KGF and GM-CSF released from fibroblasts exert the final tuning of oral epithelial 

differentiation. In support for this conclusion comes also the observation that addition of 

neutralizing antibodies against human GM-CSF, previously shown to reduced keratinocyte 

proliferation and differentiation in skin models (7), did not impair cell proliferation or 

differentiation in our oral mucosa models. Taken together, the results of this study indicate 

that major aspects of oral epithelial differentiation are regulated by GM-CSF in combination 

with KGF, but its terminal stage is controlled by another yet unidentified fibroblast-derived 

diffusible factor. 

 

ACKNOWLEDGEMENTS 

The authors thank Mrs. Gunnvor Øijordsbakken (Gade Laboratory for Pathology) for support 

with histology and immunohistochemistry.  

 

FUNDING INFORMATION 

This work was funded by the Sectorial Operational Programme Human Resources 

Development (SOP HRD), financed from the European Social Fund, Romanian Government 

under the contract number SOP HRD/159/1.5/S/135760, Bergen Medical Research 

Foundation (Grant no. 20/2009), The Norwegian Cancer Research Association(Grant No. 

515970/2011), Helse Vest (Grant No. 912260/2019), The Research Council of Norway 

through its Centers of Excellence funding scheme, (Grant No. 22325), and The Norwegian 

Agency for International Cooperation and Quality Enhancement in Higher Education (project 

number CPEA-LT-2016/10106). 

 

 

AUTHOR CONTRIBUTIONS 

Conceptualization: R Das, MJR Virlan, OK Vintermyr, AC Johannesen, B Calenic, DE 

Costea; Investigation: R Das, MJR Virlan, V Xenaki, KK Kulasekara, O Lukandu, E 

Neppelberg, OK Vintermyr; Methodology: R Das, KK Kulasekara, O Lukandu, DE Costea; 

Data Curation: R Das, MJR Virlan; Formal Analysis: R Das, MJR Virlan; Funding 

Acquisition: MJR Virlan, B Calenic, DE Costea; Project Administration: B Calenic, DE 

Costea; Resources: OK Vintermyr, AC Johannesen, B Calenic, DE Costea; Software: R Das, 

MJR Virlan; Supervision: OK Vintermyr, AC Johannesen, B Calenic, DE Costea; 

Validation: KK Kulasekara, O Lukandu, DE Costea; Visualization: R Das, MJR Virlan;  



12 
 

Writing - Original Draft Preparation: R Das, MJR Virlan; Writing - Review and Editing: 

R Das, MJR Virlan, V Xenaki, KK Kulasekara, O Lukandu, E Neppelberg, OK Vintermyr, 

AC Johannesen, B Calenic, DE Costea. 

 

REFERENCES 

 

1. Costea DE, Loro LL, Dimba EA, Vintermyr OK, Johannessen AC. Crucial effects of 

fibroblasts and keratinocyte growth factor on morphogenesis of reconstituted human oral 

epithelium. J Invest Dermatol. 2003;121:1479-86. 

2. Pickard A, Cichon AC, Menges C, Patel D, McCance DJ. Regulation of epithelial 

differentiation and proliferation by the stroma: a role for the retinoblastoma protein. J Invest 

Dermatol. 2012;132:2691-9. 

3. Maas-Szabowski N, Stark HJ, Fusenig NE. Keratinocyte growth regulation in defined 

organotypic cultures through IL-1-induced keratinocyte growth factor expression in resting 

fibroblasts. J Invest Dermatol. 2000;114:1075-84. 

4. Santosh AB, Jones TJ. The epithelial-mesenchymal interactions: insights into 

physiological and pathological aspects of oral tissues. Oncol Rev. 2014;8:239. doi: 

10.4081/oncol.2014.239. 

5. Dongari-Bagtzoglou A, Kashleva H. Development of a highly reproducible three-

dimensional organotypic model of the oral mucosa. Nat Protoc. 2006;1:2012-8. 

6. Calenic B, Ishkitiev N, Yaegaki K, Imai T, Costache M, Tovaru M, et al. 

Characterization of oral keratinocyte stem cells and prospects of its differentiation to oral 

epithelial equivalents. Rom J Morphol Embryol. 2010;51:641-5. 

7. Maas-Szabowski N, Shimotoyodome A, Fusenig NE. Keratinocyte growth regulation 

in fibroblast cocultures via a double paracrine mechanism. J Cell Sci. 1999;112:1843-53. 

8. Maas-Szabowski N, Szabowski A, Stark HJ, Andrecht S, Kolbus A, Schorpp-Kistner 

M, Angel P, Fusenig NE. Organotypic cocultures with genetically modified mouse fibroblasts 

as a tool to dissect molecular mechanisms regulating keratinocyte growth and differentiation. 

J Invest Dermatol. 2001; 116:816-20. 

9. Zuliani T, Saiagh S, Knol AC, Esbelin J, Dreno B. Fetal fibroblasts and keratinocytes 

with immunosuppressive properties for allogeneic cell-based wound therapy. PLoS One. 

2013;8:e70408. doi: 10.1371/journal.pone.0070408. 
10. Maas-Szabowski N, Starker A, Fusenig NE. Epidermal tissue regeneration and stromal 

interaction in HaCaT cells is initiated by TGF-alpha. J Cell Sci. 2003;116:2937-48. 



13 
 

11. Kazimi BPS, Lewis MP. Oral and dermal fibroblast organotypic co-cultures show 

differences in phenotype. IADR 83rd General Session and Exhibition Baltimore,October 

2005, Conference Abstract 0273. 2005. 

12. Loro LL, Vintermyr OK, Ibrahim SO, Idris AM, Johannessen AC. Apoptosis and 

expression of Bax and Bcl-2 in snuff- and non-snuff associated oral squamous cell 

carcinomas. Anticancer Res. 2000;20:2855-60. 

13. Loro LL, Vintermyr OK, Johannessen AC. Cell death regulation in oral squamous cell 

carcinoma: methodological considerations and clinical significance. J Oral Pathol Med. 

2003;32:125-38. 

14. Calenic B, Greabu M, Caruntu C, Tanase C, Battino M. Oral keratinocyte 

stem/progenitor cells: specific markers, molecular signaling pathways and potential uses. 

Periodontol 2000. 2015;69:68-82. 

15. Costea DE, Dimba AO, Loro LL, Vintermyr OK, Johannessen AC. The phenotype of 

in vitro reconstituted normal human oral epithelium is essentially determined by culture 

medium. J Oral Pathol Med. 2005;34:247-52. 

16. El Ghalbzouri A, Ponec M. Diffusible factors released by fibroblasts support 

epidermal morphogenesis and deposition of basement membrane components. Wound Repair 

Regen. 2004;12:359-67. 

17. Florin L, Knebel J, Zigrino P, Vonderstrass B, Mauch C, Schorpp-Kistner M, et al. 

Delayed wound healing and epidermal hyperproliferation in mice lacking JunB in the skin. J 

Invest Dermatol. 2006;126:902-11. 

18. Andreadis ST, Hamoen KE, Yarmush ML, Morgan JR. Keratinocyte growth factor 

induces hyperproliferation and delays differentiation in a skin equivalent model system. 

FASEB J. 2001;15:898-906. 

19. Lotti LV, Rotolo S, Francescangeli F, Frati L, Torrisi MR, Marchese C. AKT and 

MAPK signaling in KGF-treated and UVB-exposed human epidermal cells. J Cell Physiol. 

2007;212:633-42. 

20. Mann A, Niekisch K, Schirmacher P, Blessing M. Granulocyte-macrophage colony-

stimulating factor is essential for normal wound healing. J Investig Dermatol Symp Proc. 

2006;11:87-92. 

21. Di CP, Sun Y, Zhao L, Li L, Ding C, Xu Y, et al. Effect of nifedipine on the 

expression of keratinocyte growth factor and its receptor in cocultured/monocultured 

fibroblasts and keratinocytes. J Periodontal Res. 2013;48:740-7. 



14 
 

22. Mah W, Jiang G, Olver D, Cheung G, Kim B, Larjava H, et al. Human gingival 

fibroblasts display a non-fibrotic phenotype distinct from skin fibroblasts in three-dimensional 

cultures. PLoS One. 2014;9:e90715. 

23. Cichon AC, Pickard A, McDade SS, Sharpe DJ, Moran M, James JA, et al. AKT in 

stromal fibroblasts controls invasion of epithelial cells. Oncotarget. 2013;4:1103-16. 

24. Shannon DB, McKeown ST, Lundy FT, Irwin CR. Phenotypic differences between 

oral and skin fibroblasts in wound contraction and growth factor expression. Wound Repair 

Regen. 2006;14:172-8. 

25. Stephens P, Hiscox S, Cook H, Jiang WG, Zhiquiang W, Thomas DW. Phenotypic 

variation in the production of bioactive hepatocyte growth factor/scatter factor by oral 

mucosal and skin fibroblasts. Wound Repair Regen. 2001;9:34-43. 

26. Kim HS, Lee SG, Kim KH, Kim UK, Kim JR, Chung IK, Yang DK. Production of 

GM-CSF and TGF-beta 1 in Irradiated Human Gingival Fibroblasts Cultured with 

Lipopolysaccharide. Journal of the Korean Association of Oral and Maxillofacial Surgeons 

2002;28:169-74. 

27. Gonzalez OA, Ebersole JL, Huang CB. Supernatants from oral epithelial cells and 

gingival fibroblasts modulate human immunodeficiency virus type 1 promoter activation 

induced by periodontopathogens in monocytes/macrophages. Mol Oral Microbiol. 

2010;25:136-49. 

28. Kinikoglu B, Rovere MR, Haftek M, Hasirci V, Damour O. Influence of the 

mesenchymal cell source on oral epithelial development. J Tissue Eng Regen Med. 

2012;6:245-52. 

29. Smola H, Stark HJ, Thiekotter G, Mirancea N, Krieg T, Fusenig NE. Dynamics of 

basement membrane formation by keratinocyte-fibroblast interactions in organotypic skin 

culture. Exp Cell Res. 1998;239:399-410. 

 

 

 

 

 

 

 

  



15 
 

FIGURE LEGENDS 

 

Figure 1. Step-by-step laboratory procedures for construction of three dimensional 

organotypic cultures using primary cells isolated from normal human oral mucosa. 

 

Figure 2. Effects of fibroblast-derived diffusible factors, granulocyte macrophage-colony 

stimulating factor (GM-CSF) alone or in combination with keratinocyte growth factor 

(KGF), and an antibody against GM-CSF on tissue morphology in in vitro reconstituted 

human oral epithelium.  Three dimensional organotypic cultures were constructed with 

primary normal human oral keratinocytes on top of either simple collagen type I gels (A-I) 

and the cultures were grown in medium with various growth factors at 10ng/ml: epidermal 

growthfactor  (B), KGF (C), GM-CSF (D), transforming growth factor alpha (E), interleukin 1 

alpha (F), hepatocyte growthfactor (G), stem cell factor (H), or a combination of growth 

factors KGF and GM-CSF (I). Other three dimensional models were constructed by seeding 

normal oral keratinocytes on top of human fibroblast-containing collagen gels (J-L) either in 

direct contact (J and L) or at distance through a layer of simple collagen layer (sandwich 

models - K). An antibody against GM-CSF (L) was added to three dimensional cultures with 

fibroblast-containing collagen type I gels. All cultures were harvested on day 10 of co-culture. 

One half of each culture was fixed in 4% buffered formalin pH 7.15 and embedded in 

paraffin. Sections of representative cultures stained with haematoxylin & eosin are shown. 

Scale bar = 100 µm. 

 

Figure 3. The effect of fibroblast-derived soluble factors on oral epithelial cell 

proliferation in in vitro reconstituted human oral epithelium. Human oral epithelium was 

in vitro reconstituted on simple collagen matrix (-Fibs) or on collagen gels populated with 

fibroblasts in direct contact (+Fibs) or at distance from the epithelial compartment in sandwich 

models and immunohistochemistry for Ki67 was performed in order to detect the proliferating 

cells. Immunohistochemistry pictures showing normal oral keratinocytes cells from the same 

patient grown on top of collagen matrices without any additional growth factors (A), with 

10ng/ml keratinocyte growth factor (KGF) (B), with 10ng/ml granulocyte macrophage-colony 

stimulating factor (GM-CSF) (C), with a combination of 10ng/ml KGF and 10ng/ml GM-CSF 

(D), in sandwich models (E) and on top of fibroblasts-populated collagen gels (F). Bars (mean 

of duplicate three dimensional cultures constructed with cells from n=5 donors) and standard 
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deviations show the percentage of Ki67 positive cells among the cells of the basal cell 

compartment (G). 

 

Figure 4. Quantification of growth factors synthesized by normal oral fibroblasts in three 

dimensional monocellular cultures. Graph showing secretion of various growth factors and 

cytokines determined by ELISA for normal oral fibroblasts grown in three dimensional 

biomatrices. Bars (mean of triplicate 3D cultures containing fibroblasts only in collagen gels, 

constructed with cells from n=5 donors) and standard deviations are shown (n=5). 
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Figure 1. Step-by-step laboratory procedures for construction of three dimensional 
organotypic cultures using primary cells isolated from normal human oral mucosa.



Figure 2. Effects of fibroblast-derived diffusible factors, granulocyte macrophage-colony stimulating factor (GM-CSF) alone or in 

combination with keratinocyte growth factor (KGF), and an antibody against GM-CSF on tissue morphology in in vitro reconstituted human oral 

epithelium. Three dimensional organotypic cultures were constructed with primary normal human oral keratinocytes on top of either simple 

collagen type I gels (A-I) and the cultures were grown in medium with various growth factors at 10ng/ml: epidermal growthfactor (B), KGF (C), 

GM-CSF (D), transforming growth factor alpha (E), interleukin 1 alpha (F), hepatocyte growthfactor (G), stem cell factor (H), or a combination 

of growth factors KGF and GM-CSF (I). Other three dimentional models were constructed by seeding normal oral keratinocytes on top of human 

fibroblast-containing collagen gels (J-L) either in contact (J and L) or at distance through a layer of simple collagen layer (sandwich models - K). 

An antibody against GM-CSF (L) was added to three dimensional cultures with fibroblast-containing collagen type I gels. All cultures were 

harvested on day 10 of co-culture. One half of each culture was fixed in 4% buffered formalin pH 7.15 and embedded in paraffin. Sections of 

representative cultures stained with haematoxylin & eosin are shown. Scale bar = 100 μm. 
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Figure 2 The effect of fibroblast-derived soluble factors  on oral epithelial
cell proliferation in in vitro reconstituted  human oral epithelium. Human
oral epithelium was in vitro reconstituted on simple collagen matrix (-Fibs)
or on collagen gels populated with fibroblasts in direct contact (+Fibs) or at
distance (SW) from the epithelial compartment. Various growth factors
(10ng/ml) were added to the cultures on simple collagen gels (n=6).
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Figure 3. The effect of fibroblast-derived soluble factors on oral epithelial cell proliferation in in vitro reconstituted human oral epithelium. Human 
oral epithelium was in vitro reconstituted on simple collagen matrix (-Fibs) or on collagen gels populated with fibroblasts in direct contact (+Fibs) or at 
distance from the epithelial compartment in sandwich models and immunohistochemistry for Ki67 was performed in order to detect the proliferating 
cells. Immunohistochemistry pictures showing normal oral keratinocytes cells from the same patient grown on top of collagen matrices without any 
additional growth factors (A), with 10ng/ml keratinocyte growth factor (KGF) (B), with 10ng/ml granulocyte macrophage-colony stimulating factor 
(GMCSF) (C), with a combination of 10ng/ml KGF and 10ng/ml GM-CSF (D), in sandwich models (E) and on top of fibroblasts-populated collagen 
gels (F). Bars (mean of duplicate three dimensional cultures constructed with cells from n=5 donors) and standard deviations show the percentage of 
Ki67 positive cells among the cells of the basal cell compartment (G).
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Figure 5. The effect of fibroblast-derived diffusible factors (sandwich model) and granulocyte macrophagecolony stimulating factor alone or in

combination with keratinocyte growth factor on the phenotype of in vitro reconstituted normal human oral epithelium. The cultures were grown for 10

days in the absence (A, B, C, F, G, H, K, L, M, P, Q, R, U, V, X) or presence of fibroblasts in direct contact (E, J, O, T, Z) or at distance through a layer

of simple collagen layer (sandwich models – (D, I, N, S, Y) in the collagen matrix. Granulocyte macrophage-colony stimulating factor alone (B, G, L, Q,

V) or in combination with keratinocyte growth factor (C, H, M, R, W has been added to some of the three dimensional organotypic cultures in absence of

fibroblasts. Immunohistochemistry for cytokeratin 13 (A-E), β1-integrin (F-J), epidermal growth factor receptor (K-O), collagen IV (P-T), and the

TUNEL method (U-Z) are shown. Scale bar = 50μm.
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Table 1. Demographics (age, gender, tobacco use) of the donors included in the study and the 

usage of the tissues harvested. 

 

Donor ID Age Gender Tobacco use Usage  

41 44 m no frozen 

42 24 m no frozen 

49 20 m no frozen 

62 20 f no frozen 

77 35 f no frozen 

92 34 m no frozen 

98 23 m no frozen 

43 20 f no FFPE 

44 35 m no FFPE 

45 31 m no FFPE 

55 23 m no FFPE 

57 26 f no FFPE 

59 22 m no FFPE 

48 25 f no isolating cells 

60 22 m no isolating cells and FFPE 

63 24 f no isolating cells 

80 24 f no isolating cells 

93 25 m no isolating cells 

Abbreviation: FFPE = formalin fixed and paraffin embedded. 



Table 2. Table showing the growth factors added to the 3D-OT cultures and the outcomes of the 

different combinations in terms of the presence of different epithelial cell layers: presence of 

spinous cell layer indicates that the cells underwent early differentiation in those culture 

conditions; presence of superficial cell layer indicates that the cells underwent full differentiation 

in those culture conditions.  

 

Growth 

factor/fibs 

Concentration 

(ng/ml) 

Basal cell layer Spinous cell layer Superficial cell 

layer 

none - yes no no 

EGF 10 yes no no 

EGF 

+ KGF 

 

10 

0.1 

1 

10 

100 

 

yes 

yes 

yes 

yes 

 

no 

no 

no 

no 

 

no 

no 

no 

no 

EGF 

+ GM-CSF 

10 

10 

 

yes 

 

no 

 

no 

EGF 

+ HGF 

10 

10 

 

yes 

 

no 

 

no 

EGF 

+TGFα 

+IL-1α 

10 

10 

10 

 

yes 

yes 

 

no 

no 

 

no 

no 

KGF 

 

0.1 

1 

10 

100 

yes 

yes 

yes 

yes 

no 

no 

no 

no 

no 

no 

no 

no 

KGF 

+ GM-CSF 

 

10 

0.1 

1 

10 

100 

 

yes 

yes 

yes 

yes 

 

no 

no 

yes 

yes 

 

no 

no 

no 

no 

KGF 

+ HGF 

10 

10 

 

yes 

 

no 

 

no 

KGF 

+ GM-CSF 

+ TGF 

10 

10 

10 

 

 

yes 

 

 

yes 

 

 

no 



GM-CSF 

 

0.1 

1 

10 

100 

yes 

yes 

yes 

yes 

no 

no 

yes 

yes 

no 

no 

no 

no 

GM-CSF 

+ HGF 

10 

10 

 

yes 

 

yes 

 

no 

GM-CSF 

+ TGF 

+ HGF 

10 

10 

10 

 

 

yes 

 

 

yes 

 

 

no 

TGF 10 yes no no 

TGF 

+ HGF 

10 

10 

 

yes 

 

no 

 

no 

IL-1α 10 yes no no 

HGF 10 yes no no 

SCF 10 yes no no 

All growth factors 10 yes no no 

fibs - yes yes yes 

sandwich - yes yes yes 

Abbreviations: EGF=epidermal growth factor; KGF=keratinocyte growth factor; GM-CSF= 

granulocyte macrophage-colony stimulating factor; HGF=hepatocyte growth factor; TGFα= 

transforming growth factor α; SCF=stem cell factor 
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Abstract
The epithelial rests of Malassez (ERMs) might represent a valuable source of oral epithelial cells with stem cell properties. 
The purpose of this study was to isolate and characterize cells derived from human ERM, and compare them with cells 
derived from matched normal oral mucosa (NOM). Matched tissue specimens of the periodontal ligament of extracted tooth 
and NOM were collected. Cells were isolated in culture, then characterized by immunohistochemistry and flow cytometry 
for expression of pancytokeratin, ESA, PDGFRB, CD31 and CD44. 3D organotypic cultures were constructed by growing 
epithelial cells on top of fibroblast-populated collagen gels. Both ERM and NOM-isolated cells expressed the markers of 
epithelial lineage (ESA and pancytokeratin), and to some extent PDGFR, an indicator of a more mesenchymal phenotype, 
but not the endothelial cell marker CD31. Cells with epithelial morphology were isolated from periodontium of cervical, 
middle and apical parts of the root, but contained a significantly lower percentage of ESA and pancytokeratin-positive cells 
than when isolating cells from NOM (p < 0.001). ERM cells expressed a significantly higher percentage of the stem cell-
related molecule CD44 (cervical 92.93 ± 0.25%, middle 93.8 ± 0.26%, apical 94.36 ± 0.41%) than cells isolated from NOM 
(27.8 ± 1.47%, p < 0.001). When grown in 3D organotypic cultures and in collagen gels, ERM cells formed a less differenti-
ated epithelium than NOM cells, but expressing pancytokeratin and vimentin. In conclusion, epithelial cells could be isolated 
from human periodontium and grown in culture; their in vitro characterization indicates that they have a less differentiated 
phenotype compared with cells derived from normal oral epithelium.

Keywords Rests of Malassez · Periodontal ligament · Immunohistochemistry · Human · Oral mucosa

Introduction

Hertwig’s epithelial sheath is the origin of the epithelial rests 
of Malassez (ERMs) and contributes to the growth of roots. 
ERMs are considered to participate in the development of 
radicular cysts. Hertwig’s epithelial sheath and ERMs thus 
play important roles, in both physiological and pathologi-
cal root-related processes, but their characterization of and 
participation in these processes are not yet known.

Mutual epithelial–mesenchymal interactions are thought 
to play an important role in tooth growth and morphogen-
esis. When tooth root formation starts, the internal and 
external enamel epithelium, which have completed crown 
formation, bend at the tooth cervix and extend its epithelial 
tip to differentiate into Hertwig’s epithelial sheath, which 
separates the dental papilla and dental sac, resulting in the 
formation of the tooth root [1, 2].
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Once tooth root formation is complete, Hertwig’s epi-
thelial sheath contracts, but a part of it remains in the 
periodontal ligament space as ERMs. Orban and Wein-
mann [3] reported that ERMs near the tooth cervix bind 
with the junctional epithelium and convert to pocket 
epithelium. It also appears that ERMs that are normally 
in a static state start to proliferate and form the epithe-
lial lining of radicular cysts when infectious antigenic 
substances resulting from dental pulp diseases are dis-
charged from the root canal through the apical foramen 
[4, 5]. Apical periodontal diseases include suppurative 
apical periodontitis and chronic inflammation, the latter 
of which may be classified into periapical granuloma or 
radicular cyst. Clinically, radicular cysts are more likely 
to be refractory than the former two conditions, which 
may be related to the fact that the inner wall of the cyst 
is lined with epithelium.

There are many unanswered questions, such as why do 
ERMs remain around the tooth apex after completing their 
role in root formation, and what is the mechanism of the 
switch from the quiet, normal state, to the proliferative state 
leading to the formation of epithelium on radicular cysts as 
a result of stimulation?

We hypothesized that our understanding of the mecha-
nisms of radicular cyst development will advance by isolat-
ing cells from ERMs and learning about their characteristics.

The purpose of this study was to characterize the cells 
derived from human ERM and compare them with cells 
derived from matched normal oral mucosa (NOM).

Materials and methods

Tissue specimens and primary cell isolation

Matched tissue specimens from the periodontal ligament 
(PDL) of extracted tooth and NOM were collected after 
informed consent from healthy patients undergoing wisdom 
tooth extraction (N = 3). Cells were isolated in culture fol-
lowing the standard explant method at 37 °C in 5%  CO2, in 
a humidified incubator. Cells were used from the second or 
third passage.

Extracted teeth and NOM samples were transported 
on ice in transport medium: Dulbecco’s modified Eagle’s 
medium (DMEM) (Sigma, St. Louis, MO, USA) with 2% 
antibiotics–antimycotics (GibcoBRL, Grand Island, NY, 
USA). After transport, the extracted teeth and biopsy were 
washed twice, 5 min each time, with fresh transport medium.

The PDL attached to the cervical, middle and apex 
one-third of the root was removed with a scalpel and 
collected separately under a dissecting microscope. 
PDL and NOM tissues were cut in approximately 
1 mm3 pieces, allowed to adhere to cell culture dishes 

(Nunclon™ Delta, Thermo Fisher Scientific, CA, US) by 
letting them for 3–5 min to air dry opened in the sterile 
hood. After that, culture medium was gently added to 
the dish, avoiding detachment of the tissue explants. The 
culture medium used was FAD-FBS medium: DMEM/
HAM’s F12: 3/1 with 0.4 µg/ml hydrocortisone, 5 µg/ml 
insulin, 20 µg/ml transferrin, 50 µg/ml L-ascorbic acid 
(all from Sigma). Mitomycine C (Sigma)-inactivated 3T3 
fibroblasts (10–100 µl/ml of mitomycin C solution per 
milliliter of culture medium for 2 h) were added to the 
dishes planed for isolation of epithelial cells and incu-
bated in keratinocyte serum-free media (KSFM, Gibco-
BRL) supplemented with 1 ng/ml epidermal growth fac-
tor (EGF human recombinant), 25 µg/ml bovine pituitary 
extract (BPE), 20 µg/ml l-glutamine, 1% AB/AM (100 U/
ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml 
amphotericin B) (all from GibcoBRL). The dishes planed 
for isolation of fibroblasts were incubated in fibroblast-
specific medium (DMEM supplemented with 10% FBS, 
Sigma, 20 µg/ml l-glutamine, and 1% AB/AM). Out-
growths of cells from tissue explants were morphologi-
cally assessed. Despite incubation in lineage-specific 
medium, some outgrowths of the other cell type could 
be observed sporadically in the dishes. For proper sepa-
ration, the epithelial- or fibroblast-looking outgrowths 
were separately detached from dishes using plastic clon-
ing rings (Sigma) attached with Vaseline (Sigma) on the 
dishes around individual explants with a specific cellular 
morphology. Trypsin 10× (Sigma) was added inside the 
clonal rings, and the cells surrounding an explant with a 
uniform morphology of either epithelial, or fibroblastic 
phenotype were detached. Cells with the same morphol-
ogy from different explants were then pooled together to 
eliminate the risk of clonality of isolated cells and farther 
propagated in lineage-specific medium.

All cells were used in their third to fourth passage (split 
ratio of 1:4), at a viability more than 80%, kept in a humidi-
fied atmosphere with 5%  CO2 at 37 °C.

Immunohistochemistry and flow cytometry

Cells were grown on 16  mm2 cover-slips in 12-well 
plates, in their respective growth medium. After 5 days, 
cells were fixed in 4% formalin for 20 min at room tem-
perature (RT) and kept in PBS at 4 °C until used. Anti-
body against pancytokeratin (DAKO, Glostrup, Denmark) 
was used for 1 h. Afterwards, the Envision + system-HRP 
stain system (DAKO) was used following manufacturer’s 
instructions, for 30 min. The presence of antigen was 
visualized with DAB (3,3′diaminobenzidine, DAKO) 
for 10 min. The slides were counterstained with hae-
matoxylin (DAKO), dehydrated through an ascending 
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graded series of alcohol, xylene and then mounted with 
an alcohol soluble mounting medium (Eukit, DAKO). 
Sections treated with antibody diluent instead of primary 
antibody were used as negative controls. For staining of 
3D organotypic cultures and gels, 3 µm sections were cut, 
deparaffinized and rehydrated by immersion in xylene 
and diminishing concentrations of alcohol. Retrieval 
of the epitope was performed by heating the sections 
in a microwave oven in a pH 6.0 target retrieval buffer 
(DAKO). For pancytokeratin staining, sections were 
incubated with 1× proteinase K for 10 mins at room 
temperature. Endogenous enzyme activity and unspe-
cific binding were blocked using peroxidase block and 
10% normal goat serum respectively (both from DAKO). 
Sections were then incubated over night at 4 °C with one 
of the following monoclonal mouse anti-human primary 
antibodies: anti-pancytokeratin (1:2000, DAKO), and 
anti-vimentin (1:2000, DAKO). Envision+® anti-mouse 
(DAKO) was used to detect the site of reaction according 

to the manufacturer`s instructions. And, the reaction was 
visualized using 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB). Incubation with primary antibody was omit-
ted for negative control sections, and normal human oral 
mucosa samples have been used as a positive control. 
Sections were then counterstained with hematoxylin 
(DAKO), dehydrated and cover-slipped.

For fluorescent activated cell sorting (FACS), cells were 
detached using trypsin-EDTA 2.5% (Sigma), then stained 
with the following antibodies: anti-ESA-APC conjugated 
(Biomed, USA), anti-PDGFRB-PE conjugated (CD140b-
PE conjugated, R&D Systems, UK), anti-CD44-PE (R&D 
Systems, USA), anti-CD31-PE conjugated (R&D Systems, 
USA), and isotype control IgG2ak-PE and IgG2ak-APC 
(R&D Systems, USA) at 1:100 dilution in phosphate-buff-
ered saline (PBS) (Invitrogen). DAPI nuclear dye (Sigma) 
was used at 1 µg/ml to exclude dead cells. All analyses were 
performed on the FACS aria SORP (Becton Dickinson, 
USA).

Fig. 1  Pancytokeratin staining of cells isolated from NOM and ERM 
grown in monolayer. a Primary gingival keratinocytes from NOM. b 
Primary cells isolated from ERM at cervical part of the root(REM-
C). c Primary cells isolated from ERM at middle part of the 
root(REM-M). d Primary cells isolated from ERM at apical part of 
the root (REM-A) (original magnification × 100, scale bar 100 µm). 

Cells with epithelial morphology and expressing pancytokeratin 
could be isolated from both ERM and NOM periodontium. However, 
the number of pancytokeratin-positive cells isolated from PDL at all 
root levels was very low, significantly lower than when isolating cells 
from NOM (p < 0.001)
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3D assays

3D organotypic cultures were obtained by growing epi-
thelial cells on top of fibroblast-populated collagen type 
I (BD Biosciences) biomatrices, using a protocol well-
established in our laboratory [6]. The organotypic cul-
tures were grown in serum-free FAD medium without 
addition of EGF. The cultures were lifted at air–liquid 
interface at day 4 and harvested after 10 days, formalin 
fixed and paraffin embedded or fresh frozen, as previ-
ously described.

The epithelial cells were also incubated in collagen gels, 
formalin fixed, paraffin embedded and sectioned. These 3D 
sections were stained hematoxylin and eosin.

Statistical analysis

Data were presented as mean ± SD. One-way Anova was 
used to compare the expression of different markers in the 
isolated cells. At least three repeats were performed. All sta-
tistical analyses were performed using the statistical package 

IBM SPSS version 15 (IBM, USA). p values less than 0.01 
were considered statistically significant.

Results

Cells with epithelial morphology and expressing pancy-
tokeratin could be isolated (with a similar success rate) 
from periodontium of cervical (REM-C), middle (REM-
M) and apical (REM-A) parts of the root (Fig. 1). How-
ever, the number of pancytokeratin-positive cells isolated 
from PDL at all root levels was very low, significantly 
lower than when isolating cells from NOM (p < 0.001) 
(Fig. 1).The pattern of growth in culture was also differ-
ent, with ERM cells forming a network of cellular strands 
while NOM cells formed a uniform, continuous sheet of 
monolayer cells (Fig. 2).

Both ERM and NOM cells expressed the markers of epi-
thelial lineage ESA (Fig. 3) and pancytokeratin (Fig. 1), and 
to some extent PDGFR (CD140b), an indicator of a more 
mesenchymal phenotype (Fig. 4), but not the endothelial cell 

Fig. 2  The pattern of growth in culture from human NOM and ERM 
grown in monolayer. a Primary gingival keratinocytes from NOM. 
b Primary cells isolated from ERM-C. c Primary cells isolated from 
ERM-M. d Primary cells isolated from ERM-A. The pattern of 

growth in culture was also different, with ERM cells forming a net-
work of cellular strands while NOM cells formed a uniform, continu-
ous sheet of monolayer cells (original magnification × 400 for a and 
b, × 200 for c and × 100 for d)
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marker CD31 (Fig. 5). ERM cells expressed a significantly 
higher percentage of the stem cell-related adhesion molecule 
CD44 (cervical 92.93 ± 0.25%, middle 93.8 ± 0.26%, apical 
94.36 ± 0.41%) than cells isolated from NOM (27.8 ± 1.47%, 
p < 0.001) (Fig. 6).

When grown in 3D organotypic cultures (Fig. 7) and in 
collagen gels (Fig. 8), ERM formed a less differentiated epi-
thelium. ERM cells grown in 3D organotypic culture did 
not show any signs of differentiation. The cells forming the 
epithelium had a basaloid appearance throughout the whole 
epithelial thickness, in contrast to the epithelium formed by 
the cells isolated form NOM, that showed a distinct basal 
cell layer and upper, more differentiated cell layers.

When grown in 3D, but imbedded within collagen gels 
and not on top of the collagen gels, the NOM cells formed 
small islands with central differentiation. ERM cells did not 
agglomerate; the ERM cells grew alone, as individual cells, 
detached from each other.

Epithelium formed by both NOM and ERM cells when 
grown in 3D organotypic cultures showed positive staining 

for pancytokeratin (Fig. 9). The intensity of the staining 
gradually decreased from NOM and REM-C till REM-A, 
which showed the weakest expression of pancytokeratin. Of 
note, the pancytokeratin-positive cells in the basal layer of 
the epithelium formed by REM-A in 3D organotypic cul-
tures displayed an elongated, mesenchymal-like morphol-
ogy. The small islands formed by NOM cells when grown in 
3D gels showed also an intense expression of pancytokeratin 
(Fig. 10). ERM cells grown in gels showed as well pan-
cytokeratin positivity but much weaker. Interestingly, and 
most predominantly observed in REM-A gels, the pancy-
tokeratin-positive cells displayed a mixture of shapes, from 
rounded, epithelial morphology to elongated, mesenchymal 
morphology.

Staining for vimentin showed that epithelium formed 
by NOM in 3D organotypic cultures showed scattered 
positive cells localized mainly to the basal cell layer 
(Fig.  11). Epithelium formed by REM cells showed 

Fig. 3  Percentage of epithelial cells (ESA positive cells) by flow 
cytometry. Both ERM and NOM(ENOK) cells expressed the mark-
ers of epithelial lineage ESA. The statistical significant difference was 
accepted between NOM and REM-C, NOM and REM-M and NOM 
and REM-A

Fig. 4  Percentage of PDGFR positive cells by flow cytometry. Both 
ERM and NOM(ENOK) cells expressed to some extend PDGFR 
(CD140b), an indicator of a more mesenchymal phenotype. There was 
no significant difference in each cell which appeared to be statistical

Fig. 5  Percentage of CD31 positive cells by flow cytometry. ERM 
and NOM(ENOK) cells did not express the endothelial cell marker 
CD31 so much. There was no significant difference in each cell which 
appeared to be statistical

Fig. 6  Percentage of CD44 positive cells by flow cytometry. ERM 
cells expressed a significantly higher percentage of the stem cell-
related adhesion molecule CD44 (cervical 92.93 ± 0.25%, middle 
93.8 ± 0.26%, apical 94.36 ± 0.41%) than cells isolated from NOM 
(27.8 ± 1.47%, p < 0.001). The statistical significant difference was 
accepted between NOM and REM-C, NOM and REM-M and NOM 
and REM-A



296 Odontology (2019) 107:291–300

1 3

intense vimentin staining throughout all cell layers, indi-
cating less epithelial differentiation of these cells. All 
cells showed intense vimentin staining when cultured in 
gels (data not shown).

Discussion

Serres [7] first reported that epithelial cell populations 
existed in PDL tissue. Subsequently, in 1884, Malassez [8] 
confirmed the existence of epithelial components as well 
as the idea that these components were the remains of Her-
twig’s epithelial sheath within the PDL spread, garnering 
ERMs much attention.

It has been reported that ERMs are often composed of 
several cell populations [9, 10] and have elliptical, funicu-
lar, or tufted shapes; they may also be reticulate and wrap 
around the tooth root or form a network with the junctional 
epithelium [11–14].

Static, proliferative, degenerative, and differentiated 
states of ERM dynamics have been observed, with some 
reports also demonstrating division [15, 16].

Ten Cate [17] and Gilhuus-Moe and Kvam [18] reported 
that these cells proliferate under certain conditions accord-
ing to radioactive isotopes, electron microscopy, and histo-
logical investigations.

It has been reported that ERMs remain near the tooth 
cervix, bind with the junctional epithelium, and form 
pocket epithelium [3]. This, along with the idea that infec-
tious antigenic substances resulting from dental pulp dis-
eases are discharged from the root canal through the api-
cal foramen, the proliferation of normally static ERMs is 
started, thereby causing them to form the lining epithelium 
of radicular cysts, which is also supported by the fact that 
ERMs start to proliferate as a result of culture conditions 
and stimulation [4, 19, 20].

Reported ERM functions include maintaining PDL space 
width [21, 22], stimulating dental cement formation [23], 
protecting root resorption [24], controlling ankylosis, tooth 
instability, and alveolar resorption [25], and being involved 

Fig. 7  NOM and ERM cells grown in 3D organotypic culture. a 
NOM. b REM-C. c REM-M. d REM-A (original magnification 
× 200, scale bar 100  µm). ERM formed a less differentiated epithe-
lium. ERM cells grown in 3D organotypic culture did not show any 

signs of differentiation. The cells forming the epithelium had a basa-
loid appearance throughout the whole epithelial thickness, in con-
trast to the epithelium formed by the cells isolated form NOM, that 
showed a distinct basal cell layer and upper, more differentiated cell
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in alveolar resorption from marginal periodontitis caused by 
prostaglandin and non-prostaglandin bone resorption activ-
ity factors [26].

Since stem cells were isolated from dental pulp, it 
has been suggested that post-embryonic stem cells might 
also exist in the periodontal tissue of human adults [27]. 
However, the presence of stem cells in PDL received a 
large amount of attention in 2004 after Seo et al. [28] 
reported multipotent cells in human PDL. CD44 is an 
adhesive molecule that binds with extracellular matri-
ces such as hyaluronic acid and is strongly involved in 
lymphocyte homing, lymphocyte activation, cell-to-cell 
adhesion, cell-to-matrix adhesion, and cell movement, 
as well as cancer cell proliferation and metastasis. Thus, 
it has also been acknowledged as a stem cell marker for 
various types of solid cancers. In normal tissue, CD44 
is distributed throughout various cell lines, including 
hematopoietic cells, fibroblasts, epithelial cells, vascular 
endothelial cells, muscle cells, and neuroglial cells and 
is either expressed or absent in the differentiation and 
proliferation of each of these cell lines. In squamous epi-
thelial mucosa, CD44 expression is enhanced at the base 

where proliferation is strong, while it is weakly expressed 
or not present on the surface areas [29], Moreover, it 
may be related to the differentiation and proliferation of 
hematopoietic stem cells and B cells in the dental pulp 
[30, 31]. Thus, it appears that CD44 is involved in mor-
phogenesis, wound healing, and tumor progression as an 
extracellular matrix for cell movement. It is noteworthy 
that the results of FACS analysis revealed that the CD44-
positive cell ratio was much higher in cells obtained from 
PDL than in the oral mucosa.

When grown in 3D organotypic cultures and in collagen 
gels the cells derived from PDL formed a less differenti-
ated epithelium that expressed weaker pancytokeratin and 
stronger vimentin, indicating that these cells have a less 
epithelial phenotype and a more mesenchymal phenotype. 
That might indicate that those cells are less differentiated 
and more EMT than the cells derived from NOM. Accord-
ingly, this might be the reason that they did not form a well-
differentiated and keratinized epithelium in 3D organotypic 
cultures, such as the epithelium formed by the cells derived 
from NOM.

Fig. 8  NOM and ERM cells grown in collagen gels. a NOM. b REM-
C. c REM-M. d REM-A (original magnification × 200, scale bar 
100 µm). When grown in 3D, but imbedded within collagen gels and 

not on top of the collagen gels, the NOM cells formed small islands 
with central differentiation. ERM cells did not agglomerate; the ERM 
cells grew alone, as individual cells, detached from each other
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Fig. 9  Pancytokeratin staining of NOM and ERM cells grown in 3D 
organotypic culture. a NOM. b REM-C. c REM-M. d REM-A (origi-
nal magnification × 100, scale bar 50  µm). Epithelium formed by 
both NOM and ERM cells showed positive staining for pancytokera-
tin. However, the intensity of the staining gradually decreased from 

NOM and REM-C till REM-A, which showed the weakest expression 
of pancytokeratin. Note the pancytokeratin-positive cells in the basal 
layer of the epithelium formed by REM-A that display an elongated, 
mesenchymal morphology (arrows)

Fig. 10  Pancytokeratin staining of NOM and ERM cells grown in 
collagen gels. a NOM. b REM-C. c REM-M. d REM-A (original 
magnification × 100, scale bar 100 µm). The small islands formed by 
NOM cells showed intense pancytokeratin staining. ERM cells grown 

in gels showed also pancytokeratin positivity but much weaker. Note 
that the REM-A pancytokeratin-positive cells display a mixture of 
shapes, from rounded, epithelial morphology to elongated, mesenchy-
mal morphology (arrows)
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When grown inside the gels, the cells derived from NOM 
grew more clustered, in groups, while the epithelial cells 
derived from REM grew alone in the matrix. This again might 
indicate that the cells from NOM are probably more differen-
tiated and express more epithelial cell-to-cell adhesion mol-
ecules, while cells derived from ERM are less differentiated.

Our results are in line with the results published in 2016 
by Tsunematsu et al. [32]. They have isolated odontogenic 
epithelial cells with epithelial marker-positive and mesen-
chymal marker-negative features from ERMs in human PDL 
and reported that they have stem cell-like characteristics. 
The findings we present here bring new information about 
the extent of the stemness of the differentiation abilities of 
the cells derived from ERMs compared to the epithelial cells 
derived from NOM.

We anticipate that the cell groups isolated here will be 
investigated in more detail in the future for their possible 
involvement in cyst formation, by developing an experimen-
tal model for radicular cyst formation. This model will also 
provide a valuable experimental biological system for testing 
of novel, alternative ways of treatment for radicular cysts.

Conclusions

Epithelial cells could be isolated from the REM existent 
in adult human periodontium and grown in culture. Their 
in vitro characterization indicates that cells derived from 

ERM have a less differentiated phenotype compared with 
cells derived from normal oral epithelium.
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