
Charles University

First Faculty of Medicine

Cell Biology and Pathology

Joao Victor de Sousa Cabral, MD

Použití regenerativní medicíny pro rekonstrukce na povrchu oka: Léčba deficience

limbálních kmenových buněk pomocí moderní buněčné terapie

Regenerative Medicine in Ocular Surface Reconstruction: Advancing Cell-Based Therapies

for Limbal Stem Cell Deficiency

Doctoral Thesis

Supervisor: Prof. Mgr. Kateřina Jirsová, Ph.D.
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Abstract
Limbal stem cell deficiency is a disease caused by the impairment of limbal epithelial

stem cells (LESCs), leading to the replacement of the corneal surface with nontransparent

conjunctiva, and its treatment is not standardly available worldwide. This work focuses on

preparing cells for treating both uni- and bilateral forms of the disease using advanced cell-

based therapy. It investigates LESCs in various scaffolds (fibrin, nanofibers) and explores

non-limbal cell sources like oral mucosal epithelial cells (OMECs) under standard complex

and xenobiotic-free culture conditions. The study uses immunofluorescence and gene

expression to detect stem cell markers, proliferation, and differentiation capacity of cultured

cells. Moreover, long-term OMECs storage with different media and cryoprotective agents

and the healing properties of the amniotic membrane (AM) were also examined.

We found that adding interleukin-13 to the culture media enhanced LESCs' stemness.

LESCs on fibrin gels showed higher expression of stemness markers, while those on

polymers expressed more mesenchymal ones. Using standard and xeno-free media, we

successfully prepared OMEC-containing cell sheets on fibrin gel substrates. The cultured

cells exhibited high expression of stemness genes (ΔNp63α, NGFR, KLF4) and decreased

levels of differentiation (lower KRT13 expression). Keratins related to basal layer and

progenitor cells (KRT14, KRT15, KRT17, KRT19) were highly expressed in both conditions.

The cells in complex media had a higher proliferation rate, evidenced by the upregulation of

MKI67, with an earlier onset of the growth and reaching confluence sooner than xeno-free

cultures. OMECs formed a confluent cell sheet even after storage in liquid nitrogen. Better

outcomes (confluence, viability) were observed for OMECs stored in complex media alone or

with 5% glycerol, compared to complex media with 10% glycerol or 10% dimethyl sulfoxide,

particularly when stored after the first passage instead of using primary cells. Lastly, we

showed that cryopreserved AM is a safe and effective treatment for non-healing wounds,

with consistent interplacental quality among AM grafts and a strong analgesic effect.

In conclusion, we have prepared and finalized protocols for cultivating limbal and

oral mucosa cells. The cell culture can now be transferred to the cleanroom conditions of the

tissue bank for verification, and the protocols can be forwarded to the State Institute for Drug

Control for approval for clinical use.

Keywords: limbal stem cell deficiency, stem cells, ocular surface, oral mucosa, cell culture,

amniotic membrane, transplantation
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Abstrakt
Deficience limbálních kmenových buněk je onemocnění způsobené poškozením

limbálních epiteliálních kmenových buněk (LESC), které vede k přerůstání průhledné
rohovky netransparentní spojivkou a ztrátě zraku. Léčba není standardně dostupná. Tato
práce se věnuje přípravě buněk pro léčbu jedno- i oboustranné formy deficience pomocí
moderní buněčné terapie. Zkoumá růst LESC na různých substrátech (fibrin, nanovlákna),
dále buňky epitelu bukální sliznice (OMEC), kultivované ve standardním komplexním médiu
i v podmínkách bez xenobiotik. K detekci markerů kmenových buněk, stanovení proliferační
a diferenciační kapacity kultivovaných buněk byla použita imunocytochemie a genová
exprese. Kromě toho byl hodnocen vliv dlouhodobého skladování OMEC v médiích s
různými kryoprotektivními látkami. Součástí teze bylo i hodnocení hojivých vlastností
amniové membrány (AM).

Zjistili jsme, že přidání interleukinu-13 do kultivačního média zvýšilo kmenovost
LESC. LESC pěstované na fibrinu více exprimovaly márkry kmenovosti, buňky na nano-
vlákenných polymerech exprimovaly více márkrů mezenchymálních. Na fibrinu se nám
kultivací ve standardním komplexním médiu, ale i v prostředí bez cizorodých látek (xeno-
free) podařilo připravit kultury OMEC. Buňky vykazovaly vysokou expresi kmenových
márkrů (ΔNp63α, NGFR, KLF4) a sníženou diferenciaci do fenotypu epitelu bukální sliznice
(nižší exprese KRT13). Keratiny typické pro bazální vrstvou a progenitorové buňky (KRT14,
KRT15, KRT17, KRT19), byly exprimovány v obou podmínkách. Buňky v komplexním
médiu rostly rychleji (upregulace MKI67). Tyto buňky také dosáhly ve srovnání s buňkami
kultivovanými v xeno-free médiu rychleji 100% konfluenci. OMEC vytvořily souvislou
vrstvu buněk i po kryokonzervaci. Lepší výsledky (konfluence, viability) byly pozorovány u
OMEC skladovaných v komplexním médiu bez kryoprotektiv, nebo v komplexním médiu s
5% glycerolem ve srovnání s komplexním médiem s 10% glycerolem nebo 10%
dimethylsulfoxidem, zejména pokud byly mrazeny po první pasáži. Prokázali jsme, že
kryokonzervovaná AM je bezpečná a účinná v léčbě dlouhodobě se nehojících ran, že má
silný analgetický účinek, a že mezi AM štěpy není patrný rozdíl v intenzitě hojení.

Závěrem: připravili jsme postupy pro kultivaci limbálních buněk a epitelových buněk
ústní sliznice. Kultivace lze nyní přenést do podmínek čistých prostor tkáňové banky
k ověření, a protokoly předat Státnímu ústavu pro kontrolu léčiv ke schválení klinického
hodnocení.
Klíčová slova: deficience limbálních kmenových buněk, kmenové buňky, povrch oka,
bukální sliznice, kultivace buněk, amniová membrána, transplantace.

J.V. Cabral Doctoral Thesis

9



Table of Contents

Abstract ....................................................................................................................................8
Abstrakt  ...................................................................................................................................9
Abbreviations  ........................................................................................................................14
Preface ....................................................................................................................................17
1 Introduction ........................................................................................................................19

1.1. Limbal Stem Cells Deficiency  ......................................................................................19

1.1.1. Treatment and Advanced Therapy Medicinal Products for LSCD .........................20

1.2. Cornea and Limbus  .......................................................................................................23

1.2.1. Cornea  .....................................................................................................................23

1.2.2. Limbus  ....................................................................................................................24

1.3. Oral Mucosa ..................................................................................................................30

1.3.1. OMECs for Treating LSCD ....................................................................................32

1.4. Culture of LESCs and OMECs .....................................................................................34

1.4.1. Culture Media for in vitro Expansion of LESCs and OMECs ................................34

1.4.2. Substrates for in vitro Expansion of LESCs and OMECs  ......................................35

1.4.3. Feeder layer .............................................................................................................37

1.5. Genotoxicity ..................................................................................................................38

1.6. Cryopreservation of Stem Cells for the Long-term Storage  .........................................39

1.7. Amniotic Membrane in Regenerative Medicine ...........................................................40

2 Hypotheses and Aims .........................................................................................................42
2.1. Hypothesis 1: Increasing the Stemness of LECs Cultures and Alternative Substrates for
Cell Culture ..........................................................................................................................42

2.2. Hypothesis 2: Preparation of OMECs on Fibrin Gel for Grafting ................................43

2.3. Hypothesis 3: Long-term Storage of OMECs in Liquid Nitrogen ................................43

2.4. Hypothesis 4: (A) Cryopreserved AM for the Treatment of Non-healing Wounds and ..
(B) Inter-placental Variability in the Healing Efficiency of AM  .........................................44

3 Materials and Methods ......................................................................................................46
3.1. Preparation of LESCs Culture and Analysis (H1)  ........................................................46

3.1.1. Culture of Limbal Explants on Nanofibrous Membranes ........................................46

3.1.2. Preparation of Fibrin Gel  ........................................................................................47

3.1.3. Donors  ....................................................................................................................47

3.1.4. Explant Culture  .......................................................................................................48

J.V. Cabral Doctoral Thesis

10



3.1.5. Reverse Transcription-Quantitative Real-Time Polymerase Chain Reaction (RT- ....
qPCR) ................................................................................................................................ 48

3.1.6. Statistical Analysis .................................................................................................. 49

3.2. Preparation of OMECs Culture and Analysis of Stem/Progenitor Cells Specific  ...........
Markers (H2) ........................................................................................................................ 50

3.2.1. Oral Mucosal Tissue Retrieval ................................................................................ 50

3.2.2. Donors ..................................................................................................................... 51

3.2.3. Freezing of Tissue in Cryoprotectant ...................................................................... 52

3.2.4. Hematoxylin and Eosin Staining  ............................................................................ 52

3.2.5. Preparation of Cell Suspension ............................................................................... 53

3.2.6. Preparation of Culture Media .................................................................................. 54

3.2.7. Cell Seeding and Culture  ........................................................................................ 55

3.2.8. Harvesting Cultured Cells after Cell Confluence  .................................................... 55

3.2.9. Cell Viability and Cell Size  .................................................................................... 56

3.2.10. Immunofluorescence .............................................................................................. 56

3.2.11. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)  ......................... 58

3.2.12. Comet Assay  ......................................................................................................... 58

3.2.13. Deepithelialization of Amniotic Membrane  ......................................................... 59

3.2.14. Statistical Analysis ................................................................................................ 60

3.3. Long-term Storage of OMECs in Liquid Nitrogen (H3)  .............................................. 61

3.4. Amniotic Membrane Grafts for the Treatment of Non-healing Wounds (H4) ............. 63

4 Results  ................................................................................................................................. 64
4.1. Influence of Interleukin-13 in LESCs (H1)  ................................................................... 64

4.1.1. Limbal Epithelial Cell Growth and Morphology  .................................................... 64

4.1.2. Colony Forming Assay  ........................................................................................... 66

4.1.3. Expression of Limbal Stem Cell Markers ............................................................... 66

4.1.4. Immunocytochemical Staining for p63 ................................................................... 68

4.1.5. LECs Proliferation and Metabolic Activity  ............................................................ 70

4.1.6. Presence of Differentiation Markers ....................................................................... 70

4.2. Culture of Limbal Explants on PDLLA membranes compared to Fibrin Gel (H1)  ..... 72

4.2.1. Growth Dynamics and Cell Morphology ................................................................ 72

4.2.2. Gene Expression in Cultured Cells in PDLLA Membranes and Fibrin Gel ........... 74

4.3. Oral Mucosal Epithelial Cells (H2)  .............................................................................. 76

4.3.1. Characterization of Whole Tissue ........................................................................... 76

J.V. Cabral Doctoral Thesis

11



4.3.2. Viability and Cell size ............................................................................................. 77

4.3.3. Oral Mucosa Cell Growth Dynamics and Cell Morphology  .................................. 81

4.3.4. Immunofluorescence ................................................................................................ 86

4.3.5. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)  ........................... 96

4.3.6. Genotoxicity Assay  ............................................................................................... 101

4.4. Long-term Storage of OMECs in Liquid Nitrogen (H3)  ............................................ 103

4.4.1. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)  ......................... 109

4.5. Treatment of Non-healing Wounds with Cryopreserved AM (H4, A) ....................... 111

4.6. Inter-placental Variability in the Healing Efficiency of AM when used for Treating  ......
Chronic Non-healing Wounds (H4, B)  .............................................................................. 113

5 Discussion .......................................................................................................................... 115
5.1. Limbal Epithelial Cell Culture .................................................................................... 115

5.2. OMECs for Limbal Stem Cell Deficiency ................................................................... 118

5.2.1. Whole Tissue Characterization  ............................................................................. 118

5.2.2. Culture Substrates  ................................................................................................. 120

5.2.3. Cell Morphology, Culture Media and Culture Growth ......................................... 122

5.2.4. Cell Size, Stemness ............................................................................................... 123

5.2.5. Proliferation Markers  ............................................................................................ 127

5.2.6. Differentiation Markers  ........................................................................................ 128

5.2.7. Genotoxicity .......................................................................................................... 130

5.3. Long-term Storage of OMECs .................................................................................... 131

5.4. Cryopreserved AM for the Treatment of Non-healing Wounds and Inter-placental  .......
Variability in the Healing Efficiency of AM  ...................................................................... 134

6 Conclusion and Future Perspectives  .............................................................................. 136
6.1. Conclusion 1: Increasing the Stemness of Limbal Epithelial Cell Cultures and  .............
Alternative Substrates for Cell Culture .............................................................................. 136

6.2. Conclusion 2: Preparation of Oral Mucosal Epithelial Cells on Fibrin Gel for Grafting ..
 ............................................................................................................................................. 136

6.3. Conclusion 3: Long-term Storage of Oral Mucosal Epithelial Cells in Liquid Nitrogen..
 ............................................................................................................................................. 138

6.4. Conclusion 4: (A) Cryopreserved Amniotic Membrane for the Treatment of Non-  ........
healing Wounds and (B) Inter-placental Variability in the Healing Efficiency of Amniotic ..
Membrane  .......................................................................................................................... 139

7 Souhrn a další směrování projektu  ................................................................................ 140
7.1. Závěr 1: Zvyšování kmenovosti kultur buněk limbálního epitelu a alternativní substráty
pro kultivaci buněk  ............................................................................................................ 140

J.V. Cabral Doctoral Thesis

12



7.2. Závěr 2: Příprava buněk ústní sliznice kultivovaných na fibrinovém gelu  ............... 140

7.3. Závěr 3: Dlouhodobé skladování buněk bukální sliznice v tekutém dusíku  .............. 142

7.4. Závěr 4: Kryokonzervovaná amniová membrána pro léčbu nehojících se ran a vliv  ......
inter-placentární variability na hojení pomocí štěpu amniové membrány ......................... 143

8 List of Publications Related to the Thesis ....................................................................... 144
9 References ......................................................................................................................... 146
10 Appendices ...................................................................................................................... 167

10.1. Appendix 1: List of Materials for Limbal Epithelial Cell Culture ............................ 168

10.2. Appendix 2: List of Materials for Oral Mucosa Epithelial Cell Culture  .................. 172

10.3. Appendix 3: Interleukin-13 increases the stemness of limbal epithelial stem cells  ......
cultures ............................................................................................................................... 176

10.4. Appendix 4: Ex vivo cultivated oral mucosal epithelial cell transplantation for limbal
stem cell deficiency: a review  ............................................................................................ 193

10.5. Appendix 5: The healing dynamics of non-healing wounds using cryo-preserved  .......
amniotic membrane ............................................................................................................ 207

10.6. Appendix 6: Inter-placental variability is not a major factor affecting the healing  .......
efficiency of amniotic membrane when used for treating chronic non-healing wounds....218

10.7. Appendix 7: Discontinuous transcription of ribosomal DNA in human cells  .......... 229

J.V. Cabral Doctoral Thesis

13



Abbreviations

AA Antibiotic-Antimycotic Solution
ABCB5 ATP-Binding Cassette, Sub-Family B, Member 5

ABCG2 ATP-Binding Cassette, Subfamily G, Member 2
ACTA2 Actin alpha 2, smooth muscle
ALDH3A1 Aldehyde dehydrogenase 3 family member A1
ALS Alkali Labile Sites
AM Amniotic Membrane
AMT Amniotic Membrane Transplantation
ANOVA Analysis of Variance
BSA Bovine Serum Albumin
CEBPD CCAAT enhancer binding protein delta
CFA Colony Forming Assay
CLAU Conjunctival Limbal Autograft
CLET Cultivated Limbal Epithelial Transplantation
COM Complex Medium
COML Complex Medium for Limbal Explant Culture
COMET Cultivated Oral Mucosal Epithelial Transplant
CPA Cryoprotective Agent
dAM Deepithelized Amniotic Membrane
DMEM Dulbecco's Modified Eagle Medium
DMSO Dimethyl Sulfoxide
dps Days Post-Seeding
EDTA Ethylenediaminetetraacetic Acid
EGF Epidermal Growth Factor
FBLN1 Fibulin 1
FBS Fetal Bovine Serum
FDA Food and Drug Administration
FPG Formamidopyrimidine DNA Glycosylase
HE Hematoxylin-Eosin
HPRT1 Hypoxanthine phosphoribosyltransferase 1
HS Human Serum
IGFBP5 Insulin-like growth factor binding protein 5
IL13 Interleukin-13
ITGB1 Integrin subunit beta 1
ITS Insulin-Transferrin-Selenium
K Keratin

J.V. Cabral Doctoral Thesis

14



KRT3 Keratin 3 (gene)
KRT7 Keratin 7 (gene)
KRT8 Keratin 8 (gene)
KRT12 Keratin 12 (gene)
KRT13 Keratin 13 (gene)
KRT14 Keratin 14 (gene)
KRT15 Keratin 15 (gene)
KRT17 Keratin 17 (gene)
KRT19 Keratin 19 (gene)
KLAL Keratolimbal Allograft
KLF4 Krüppel like factor 4
LECs Limbal Epithelial Cells
LESCs Limbal Epithelial Stem Cells
LMP Low Melting Point
lr-CLAL living-related-Conjunctival Limbal Allograft
LRIG1 Leucine-rich repeats and immunoglobulin-like domains 1
LSCD Limbal Stem Cell Deficiency
MKI67 Marker of proliferation Ki-67
MSCs Mesenchymal Stem Cells
NANOG Nanog homeobox
NGFR Nerve growth factor receptor
NHW Non Healing Wounds
OCT Optimal Cutting Temperature
OCT4 POU class 5 homeobox 1
OMECs Oral Mucosa Epithelial Cells
P Passage
PAX6 Paired box 6
PBS Phosphate Buffered Saline
PCNA Proliferating Cell Nuclear Antigen
PCR Polymerase Chain Reaction
PDLLA Poly(L-lactide-co-DL-lactide)
RPL32 Ribosomal Protein L32
RT-qPCR Reverse Transcription Quantitative Real-time Polymerase Chain Reaction
S Specimen
SBs Single-Strand Breaks
SD Standard Deviation
SLET Simple Limbal Epithelial Transplantation
SOX2 SRY-box transcription factor 2

J.V. Cabral Doctoral Thesis

15



TA Tranexamic Acid
TACs Transient Amplifying Cells
THY1 Thy-1 cell surface antigen
VSX2 Visual system homeobox 2
XF Xenobiotic-free
ΔNp63ɑ ΔN p63 Transcription Factor Alpha Isoform

J.V. Cabral Doctoral Thesis

16



Preface
Limbal stem cell deficiency (LSCD), a condition affecting the cornea, is the impetus

for this doctoral dissertation, aiming to provide a comprehensive understanding of it and

explore alternative treatment options in the field of advanced therapy medicinal products. The

initial section of the introduction sheds light on the nature of LSCD, elucidating the

intricacies of this disorder that motivated the research endeavor. An overview of the currently

available treatment options for LSCD is presented, highlighting their limitations and paving

the way for examining an alternative approach, culturing oral mucosal cells. Moreover, an in-

depth examination of limbal epithelial cells is provided to establish a foundation for

comprehending the subsequent discussions.

The introduction proceeds by offering a concise overview of the cornea and the

epithelium to facilitate a holistic comprehension of the research focus. As LSCD primarily

affects the anterior segment of the eye, it becomes essential to acquaint the reader with the

structure and significance of the cornea, which acts as the primary site for the pathological

manifestation. The role of the corneal epithelium, responsible for the barrier function and

maintenance of corneal integrity, is also elaborated upon to provide a context for

understanding the impact of LSCD on the corneal tissue.

Furthermore, the mechanisms involved in corneal repair and the existing treatment

modalities are explored. By investigating the repair mechanism of corneal damage, the

introduction seeks to enhance the reader's comprehension of the challenges encountered in

addressing LSCD and the importance of exploring alternative approaches.

The subsequent sections of the introduction delve into the rationale behind utilizing

the culture of oral mucosal cells as an alternative treatment strategy for LSCD. The

dissertation offers fresh insights into the field by providing a comprehensive justification for

this therapeutic avenue, including the search for a culture technique that avoids animal

components. Additionally, histological and morphological details pertaining to the oral

mucosa are outlined, elucidating the unique properties that make it suitable for cellular

therapy in LSCD, an alternative option when autologous limbal stem cells (LSCs) are not

available.

Recognizing the importance of sample preservation for future use, especially in the

context of potential secondary transplants in the same patient, the dissertation delves into the

cryopreservation of tissues. By exploring the principles and techniques of cryopreservation,
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the feasibility and challenges of storing oral mucosal cell samples for subsequent use are

assessed. This discussion provides valuable insights into the practical considerations of

utilizing oral mucosal cells in clinical settings.

Lastly, it highlights the standard use of amniotic membranes (AM) as a supporting

substrate for cell culture, establishing an intersection between the main topic of LSCD and

the use of AM for the treatment of chronic non-healing wounds. Additionally, this section

provides a broader perspective on the applications of amniotic membranes and their potential

synergies with the main research topic.

By examining the pathophysiology of LSCD, the cornea, and its epithelium, the repair

mechanisms, and the existing treatments, the groundwork is laid for the subsequent

examination of the potential of oral mucosal cell culture. The following sections of the

dissertation will expand upon these introductory concepts, providing detailed analyses,

methodological approaches, and key findings to advance the understanding and potential

treatment strategies for LSCD.
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1. Introduction

1.1. Limbal Stem Cells Deficiency
Limbal stem cell deficiency (LSCD) is a disease of the ocular surface that results

from the destruction or dysfunction of the limbal epithelial stem cells (LESCs), leading to a

loss of the corneal epithelium's barrier function (Ahmad, 2012; Yin & Jurkunas, 2018). This

is usually caused by injuries, chemical burns, thermal burns, inflammation, and inherited

diseases (Ahmad, 2012; Bonnet, Roberts, & Deng, 2021). The deficiency of the limbal stem

cells results in the replacement of the corneal surface by not transparent conjunctival tissue

(conjunctivalization), Figure 1, which eventually leads to the vascularization and

opacification of the cornea (Masood et al., 2022), Figure 2. Other signs of LSCD include

persistent or recurrent epithelial defects, ocular surface inflammation, and scarring (Deng et

al., 2019). Decreased or loss of vision and discomfort are frequent symptoms that lower

health-related quality of life (Deng et al., 2019).

FIGURE 1: Representation of the conjunctival epithelium ingrowths onto the surface of the
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cornea (red arrows), known as conjunctivalization. Such a condition originates as a result of
progressive depletion or dysfunction of the limbal epithelial stem cell (LESCs) population.
Image from the author's archive.

FIGURE 2: The vascularized conjunctival epithelium covering the ocular surface in a patient
with limbal stem cell deficiency (LSCD). Image from the laboratory archive.

1.1.1. Treatment and Advanced Therapy Medicinal Products for LSCD

The choice of treatment depends on whether LSCD is unilateral or bilateral, the extent

of damage (partial or total), and the overall health of the patient (Ruan et al., 2021;

Elhusseiny et al., 2022), Figure 3. Conjunctival limbal autograft (CLAU) was first described

as a therapy for unilateral total LSCD by Kenyon and Tseng in the late 1980s (Kenyon &

Tseng, 1989); however, it increases the risk of iatrogenic LSCD in the healthy donor eye

(Elhusseiny et al., 2022). Based on advancements in cell culture techniques, Pellegrini et al.

(Pellegrini et al., 1997) described cultivated limbal epithelial transplantation (CLET) for

unilateral LSCD, in which a small limbal tissue was taken from the patient's healthy eye and

utilized to manufacture corneal epithelial cell sheets in vitro. The cultured cell sheet may be

transplanted onto the recipient's eye using a carrier, such as an amniotic membrane (AM) or

fibrin gel, a biodegradable material, and Food and Drug Administration (FDA)-approved

commercial product (Eslani, Baradaran-Rafii, & Ahmad, 2012; Spotnitz, 2014; Nguyen et al.,

2018). More recently, Sangwan et al. (Sangwan et al., 2012) introduced simple limbal

epithelial transplantation (SLET) as an alternative to CLET.
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FIGURE 3: A diagram with current therapeutic options for limbal stem cell deficiency
(LSCD). CLAU, conjunctival limbal autograft, KLAL, keratolimbal allograft, Ir-CLAL,
living-related conjunctival limbal allograft, SLET, simple limbal epithelial transplantation,
COMET, cultivated oral mucosal epithelial transplantation, AMT, amniotic membrane
transplantation, MSCs, mesenchymal stem cells. Based on Elhusseiny et al. (Elhusseiny et
al., 2022).

Bilateral total LSCD has traditionally been treated with allogeneic limbal grafts from

cadavers or living donors (Yazdanpanah et al., 2019). Both keratolimbal allograft (KLAL)

and living-related-conjunctival limbal allograft (lr-CLAL) are examples of these procedures

(Yazdanpanah et al., 2019; Elhusseiny et al., 2022), both requiring long-term systemic

immunosuppression to prevent graft rejection (Yazdanpanah et al., 2019).

Researchers have looked into non-limbal autologous sources of epithelial grafts for

bilateral total LSCD due to the scarcity of allogeneic limbal tissue and the difficulties brought

on by an immunological rejection of allografts (Haagdorens et al., 2016). Nakamura et al.

(Nakamura et al., 2004) introduced autologous cultivated oral mucosal epithelial transplant

(COMET) in 2004 to treat bilateral LSCD. They demonstrated the viability of transplanting

cultured autologous oral epithelial cells on an AM substrate to provide the advantages of

autologous transplants to patients lacking an existing population of healthy LESCs

(Nakamura et al., 2004).

Additional potential sources of non-limbal cells have been researched over the past

few years with varying degrees of success (Haagdorens et al., 2016; Lachaud, Hmadcha, &

Soria, 2019; Ghareeb, Lako, & Figueiredo, 2020; Nosrati et al., 2021). To date, oral mucosa

epithelial cells (OMECs) and mesenchymal stem cells (MSCs) have been shown to be safe

and effective for treating patients with ocular surface failure caused by LSCD (Calonge et al.,
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2019; Calonge et al., 2021).

The advancements in the treatment options for LSCD led to the first stem cell-based

therapy approved for commercial use in the European Union, Holoclar® (Chiesi

Farmaceutici), in 2015, representing a significant advancement in regenerative medicine

(Pellegrini et al., 2018). To create a graft grown ex vivo, Holoclar® employs a patient's LESCs

from the unaffected eye.  A normal transparent corneal surface can be made after graft

transplantation into the injured eye because it expands the LESC population (Pellegrini et al.,

2018). In 2021, Holoclar® was also approved for treating patients in the Czech Republic.

Later, Ocural® was introduced in Japan in 2021 as the first product in the world for bilateral

LSCD treatment using COMET (Toshida et al., 2023).

In this context of ocular surface reconstruction, the AM has contributed to its

development. De Rotth et al. (de Rotth, 1940) proposed the AM's first ocular indication in

1940. Since then, several uses have been documented for treating ocular surface disorders.

Amniotic membrane transplantation (AMT) can be carried out alone (cryopreserved or

dehydrated), in combination with various tissue transplants (CLAU, lr-CLAL, and KLAL),

acting as a cell carrier (CLET and COMET) (Grueterich, Espana, & Tseng, 2003a; Nakamura

et al., 2004; Ma et al., 2009), or even establishing an environment that permits the in-vivo

expansion of LESCs (SLET) (Sangwan et al., 2012). AMT may be utilized in any of these

situations with various objectives (temporary patch or permanent graft). Still, due to its anti-

inflammatory, antiangiogenic, anti-scarring, and antibacterial qualities, it may always work to

mitigate the negative consequences of LSCD (Sabater & Perez, 2017).

The present study will go through the therapeutic range of LSCD in the sense that it

will showcase the culture of LESCs and its optimization with interleukin-13 (IL13) and the

comparison of growth in nanofibrous polymer membrane and fibrin gel; the research on

alternative non-limbal cell source, OMECs, and their cultivation in different culture

conditions to analyze which favors the preparation of cell sheet graft containing putative stem

cells. This work aims to broaden the availability of advanced therapy medicinal products and

offer an alternative treatment to those who suffer from bilateral LSCD. Lastly, the AM's anti-

inflammatory, antiangiogenic, anti-scarring, and antibacterial properties will be evaluated by

studying the healing of chronic non-healing wounds. Worth mentioning that the AM was also

considered as culture support for OMECs, and AM's properties were assessed on the healing

of chronic wounds.
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The following chapters will go in-depth into the anatomy and physiology of the

relevant structures for an overall understanding of the topic.

1.2. Cornea and Limbus

1.2.1. Cornea

The cornea, a transparent and avascular structure, composes the eye's outermost layer

(DelMonte & Kim, 2011). Its primary physiological role is to allow external light to enter the

eye and to contribute to its focus on the retina (Spadea et al., 2016). In fact, it provides more

than two-thirds of the total refractive power of the eye and is the major refracting lens

(Secker & Daniels, 2008; Nishida, Saika, & Morishige, 2021). The cornea also serves as a

barrier that protects the eye from losing fluids (Gonzalez-Andrades, Argüeso, & Gipson,

2019). These essential functions are due to the corneal structure composed of six layers

(Nishida, Saika, & Morishige, 2021), from anterior to posterior: corneal epithelium, epithelial

basement membrane, Bowman's layer, the stroma, Descemet membrane, and endothelium,

Figure 4.

FIGURE 4: Histology of the cornea: epithelium and epithelial basement membrane (1),
Bowman’s layer (2), stroma (3), Descemet membrane (4), and endothelium (5). Image from
the author's archive.

The cornea lacks lymphatic and blood arteries and thus has an angiogenic privilege

against neovascularization in response to minor wounds, ensuring that corneal transparency is

J.V. Cabral Doctoral Thesis

23



constantly preserved (Ghafar, Jalil, & Kamarudin, 2021). Besides, the corneal stroma is

exceptional in its uniform distribution of 25 – 30 nm-diameter fibrils that are consistently

packed into lamellae (Hassell & Birk, 2010). This configuration reduces light scattering and

enables transparency (Hassell & Birk, 2010). Moreover, the endothelium regulates the

movement of fluid through membrane pumps (Srinivas, 2010), also ensuring the transparency

of the cornea (Osei-Bempong, Figueiredo, & Lako, 2013).

1.2.1.1. Corneal Epithelium

The corneal epithelium has a thickness of around 50 µm and is made up of four to six

layers of nonkeratinized, stratified squamous epithelial cells (Sridhar, 2018), including

flattened apical squamous cells, subapical cells that have winglike structures – called “wing

cells” – and a basal columnar cell layer (Gonzalez-Andrades, Argüeso, & Gipson, 2019). The

specialized basal cell layer offers a tight anchorage of the epithelium to the underlying stroma

through small stud-like structures called hemidesmosomes, whose main component is α6β4

integrin (Torricelli et al., 2013; Castro-Muñozledo et al., 2017).

The corneal epithelium is renewed within 7 to 14 days (West, Dorà, & Collinson,

2015). These cells originate from the LESCs, which reside in the corneoscleral limbus in an

undifferentiated state (Schlötzer-Schrehardt & Kruse, 2005). The self-renewal capacity of

LESCs is unlimited, and their mitotic activity is low (Gonzalez-Andrades, Argüeso, &

Gipson, 2019). More details about corneal epithelium regeneration are explained further.

1.2.2. Limbus

The limbus is a 1.5 – 2.0 mm-wide transition zone between the cornea and sclera

(Bonnet et al., 2021). It comprises an epithelium (between the corneal epithelium and the

conjunctival epithelium) and a stroma containing vessels and different types of cells, such as

MSCs and melanocytes (Schlötzer-Schrehardt & Kruse, 2005; Dziasko, Tuft, & Daniels,

2015; Funderburgh, Funderburgh, & Du, 2016).

Extensive research on the phenotype and function of corneal stem cells has strongly

suggested that the basal layer of the limbus is the prime location of epithelial stem cells in the

cornea, commonly referred to as LESCs (Schermer, Galvin, & Sun, 1986; Cotsarelis et al.,

1989; Pellegrini et al., 1999; Lavker, Tseng, & Sun, 2004). Less than 10% of basal limbal

epithelial cells (LECs) are classified as LESCs (Schlötzer-Schrehardt & Kruse, 2005).

The limbal subepithelial connective tissue contains papilla-like structures known as
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the palisades of Vogt, which are interspaced by limbal epithelial crypts that project upwards

from the stroma deep into the epithelium, and where the LESCs are situated (Goldberg &

Bron, 1982; Townsend, 1991; Bizheva et al., 2017), Figure 5. LESCs are shielded from shear

stress by these structures, providing them with nutrition from nearby blood veins (West et al.,

2015; Gonzalez-Andrades, Argüeso, & Gipson, 2019).

FIGURE 5: Illustration of the human cornea and limbus in a schematic form. A cross-section
showing where the cornea, limbus, and palisades of Vogt, situated at the eye's cornea-limbal-
scleral intersection. Limbal epithelial stem cells (LESCs) are situated in the basal layer of the
palisades of Vogt. Illustration by the author.

1.2.2.1. LESCs and Cornea Regeneration

LESCs are essential for maintaining corneal transparency and vision as they are self-

renewing cells that restore the corneal epithelium throughout life (Ebrahimi, Taghi-Abadi, &

Baharvand, 2009). LESCs are typically mitotically inactive (Barbaro et al., 2007; Chen et al.,

2015), and cuboidal in shape with a smaller volume than the basal cells of the central and

peripheral cornea (Chen et al., 2004).

LESCs nuclei are heterochromatin-rich and have a high nucleus-to-cytoplasm ratio,

but their nucleoli are poorly defined (Lehrer, Sun, & Lavker, 1998; Romano et al., 2003;

Chen et al., 2004; Schlötzer-Schrehardt & Kruse, 2005). In vivo confocal microscopy studies

have shown that limbal basal cells have a smaller diameter (around 10 µm in all studies) and

higher cell density than central corneal or limbal suprabasal cell layers (Romano et al., 2003;

Kobayashi & Sugiyama, 2005; Patel, Sherwin, & McGhee, 2006; Shortt et al., 2007).

The core principle of corneal homeostasis states that because the mass of the corneal

epithelium is constant, the rate of cell gain and loss must be equal (Sharma & Coles, 1989).

J.V. Cabral Doctoral Thesis

25



The "X, Y, Z" hypothesis, put forth by Thoft and Friend in 1983 (Thoft & Friend, 1983), is

the most widely accepted theory for corneal homeostasis.

These undifferentiated LESCs in the limbal epithelial crypts' basal epithelial layer

have high proliferative potential (Lavker & Sun, 2000). They can divide symmetrically (in

the horizontal plane) into two identical cells or asymmetrically to produce another LESC and

a transient amplifying cell (TAC) in both vertical and horizontal planes (Sangwan, 2001;

Kaplan et al., 2019). Early TACs multiply and move centripetally to occupy the corneal

epithelial periphery. These cells lose some of their capacity for regeneration as more mature

TACs replace the early TACs (Beebe & Masters, 1996; Lehrer et al., 1998). Then, as TACs

move centripetally (towards the central cornea's cuboidal basal layer), TACs divide into

postmitotic cells. The terminally differentiated cells migrate outward into the wing-shaped

suprabasal layer, producing multiple layers of flattened, squamous superficial cells that are

eventually sloughed off from the ocular surface (Pellegrini et al., 1999; Secker & Daniels,

2008; Yoon, Ismail, & Sherwin, 2014; Islam, Sharifi, & Gonzalez-Andrades, 2019; Masood

et al., 2022), Figure 6.

FIGURE 6: LESCs divide to produce TACs which migrate toward the apical layers of the
corneal epithelium and eventually become terminally differentiated cells. Illustration by the
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author, based on Masood et al. (Masood et al., 2022).

LESCs' capacity to restore corneal epithelium in both homeostatic and pathological

conditions highlights the significance of these cells and suggests the existence of specific

regulatory mechanisms that control LESCs proliferation and phenotype (Beebe & Masters,

1996). The regular death and desquamation of corneal epithelial cells and their replenishment

through division from stem cells in the limbus all contribute to a net movement of epithelial

cells in an apical direction (Eghrari, Riazuddin, & Gottsch, 2015).

1.2.2.2. Characterization of LESCs

Many molecules have been proposed to identify the basal cell layer of the limbal

epithelium or cell clusters within it and are thought to identify LESCs along with early TACs

(Takács et al., 2009). On the other hand, differentiation markers that are not present in limbal

basal epithelial cells can be used as negative markers for LESCs. Typically, a combination of

these markers is used to identify putative stem cells in the limbal epithelium (Takács et al.,

2009). The detection of LESCs is still largely dependent on the presence or absence of

particular biomarkers. However, none of the putative biomarkers have been shown to be

LESC-specific, making it challenging to develop a reliable technique to identify LESCs (Guo

et al., 2018).

According to research by Pellegrini et al. (Pellegrini et al., 2001), basal cells of the

limbal epithelium produce the nuclear p63 transcription factor (specifically the isoform

ΔNp63ɑ), a p53 homolog connected to epithelial regeneration proliferation, both in vivo and

in vitro, but not expressed by TACs, thus differentiating LESCs from TACs (Koster et al.,

2004). The stem cell factor ΔNp63 is assumed to be in charge of keeping cells with the

capacity for regeneration in an uncommitted state (Yang et al., 1998; Senoo et al., 2007).

Expression of ∆Np63α was specifically detected in the limbal basal cells, which indicated that

∆Np63α might be a putative biomarker of LESCs (Saghizadeh et al., 2011). A hallmark study

from Rama et al. (Rama et al., 2010) showed that more than 3% of p63-positive cells from

total clonogenic cells in the grafted cell sheet led to successful transplantation (78%) in

patients with LSCD, and this 3% threshold has been considered in multiple studies for

defining the quality of the transplanted cell sheet (Calonge et al., 2021).

Another stemness marker is the ATP-binding cassette, subfamily G, member 2

(ABCG2) (de Paiva et al., 2005), which has been proposed as a universal and conserved
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marker for stem cells from various tissues (Ebrahimi et al., 2009). Immunofluorescence

staining by De Paiva et al. (de Paiva et al., 2005) revealed ABCG2+ cells among limbal basal

cells, and these same cells were later demonstrated to have stem cell characteristics,

confirming their identification as LESCs. As a result, ABCG2 was presumed to be a

biomarker of LESCs (Ebrahimi et al., 2009).

In the study by De Paiva et al. (De Paiva, Pflugfelder, & Li, 2006), cells of the

smallest size (10 – 16 µm) expressed the highest levels of the putative stem cell markers

ΔNp63 and ABCG2 at both mRNA and protein levels. They also contained the highest

number of label-retaining cells (side population) and had the highest clonogenic capacity in

culture (De Paiva, Pflugfelder, & Li, 2006). ATP-Binding Cassette, Sub-Family B, Member 5

(ABCB5) has been identified as a gene required for LESCs development and repair (Ksander

et al., 2014). Moreover, it was discovered that p63α and ABCB5 are coexpressed in LESCs.

Because basal limbal epithelium contained ABCB5+ cells, ABCB5 may be a potential

biomarker for LESCs (Ksander et al., 2014). Also, leucine-rich repeats and immunoglobulin-

like domains 1 (LRIG1) has emerged as a key regulator of stem cell behavior due to its

function in growth factor receptor regulation (Gur et al., 2004). The Krüppel-like factor 4

(KLF4), is a marker of pluripotency (Cieślar-Pobuda et al., 2016), and it suppresses

epithelial-mesenchymal transition (Tiwari et al., 2017).

Regarding proliferation markers, Proliferating Cell Nuclear Antigen (PCNA) has a

half-life exceeding 20 hours, allowing it to be detected in cells that are in the resting (G0-

phase) state (Ohta & Ichimura, 2000). Furthermore, cultures generated by TACs express

PCNA but not p63 (Pellegrini et al., 2001). On the other hand, Ki-67, encoded by the gene

MKI67, is a nuclear antigen found in proliferating cells, but not in resting cells (Gerdes et al.,

1983; Gerdes et al., 1984; Gerdes et al., 1991; Scholzen & Gerdes, 2000; Sun & Kaufman,

2018). In the cell culture of limbal explants, there is an increase in the MKI67 expression

among both basal and suprabasal epithelial cells (Joseph et al., 2004).

When culturing LECs, it is also essential to assess their differentiation and

characterization, as there are keratins specific for the limbus, cornea, and conjunctiva (Moll,

Divo, & Langbein, 2008; Merjava et al., 2011b). As the expected outcome of grafting the cell

sheet to the ocular surface is to reconstruct the corneal epithelium, it is acceptable that these

cultured cells differentiate towards the corneal phenotype while in culture. However, it is

crucial to maintain the stem cell pool during the culturing process to ensure the long-term
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sustainability of corneal regeneration (Rama et al., 2010).

The corneal epithelium's specific and differentiation-related keratin (K) pair is K3/

K12 (Moll, Divo, & Langbein, 2008), which is expressed across all layers of the corneal

epithelium; however, only the suprabasal cells and basally situated corneal stem cells are

positive in the limbus (Pitz & Moll, 2002; Moll, Divo, & Langbein, 2008). As basal limbal

cells do not express K3, it is possible to distinguish between them and cells from the upper

limbal layers in addition to distinguishing between corneal and limbal cells, which is

important for the diagnosis of LSCD (Merjava et al., 2011b).

K7 is overexpressed in the surface epithelial layer of the conjunctiva but is absent in

the superficial layer of the limbus and cornea (Merjava et al., 2011b). K8 is a primary keratin

of simple epithelial cells (Moll et al., 2008), and it is expressed in limbal epithelial cells

(Merjava et al., 2011a; Schreurs et al., 2020). Merjava et al. (Merjava et al., 2011a) showed

that K8 was present in the basal layer of the limbal crypts, extending into the suprabasal and

superficial epithelial layers of the limbus and cornea, with a gradual decrease in signal

intensity.

K5/K14 is specifically expressed in the limbal epithelial basal cells; thus, it functions

as a putative LESCs biomarker (Zhao et al., 2008; Richardson et al., 2017). LESCs might be

precisely identified using K5+/K14+ and K3-/K12- (Zhao et al., 2008). Yet, a study has

shown that K5/K14 is an unreliable maker for undifferentiated LESCs ex vivo (Chen et al.,

2010), as K14 is also detected in cells of the superficial corneal layer (Merjava et al., 2011b).

K15, a minor cytoskeletal component of stratified tissue (Moll et al., 1982), is present

in the basal cells of the limbus and conjunctiva (Merjava et al., 2011b). K15 is an important

keratin that is not expressed in differentiated corneal epithelium, unlike K14. It is also useful

in distinguishing the limbal phenotype from the conjunctiva (Yoshida et al., 2006). Elder et

al. (Elder, Hiscott, & Dart, 1997) showed that K17 was present throughout the whole corneal,

limbal, and conjunctival epithelium, but in Merjava et al. (Merjava et al., 2011b), K17 was

not present in these structures.

According to reports, K19 is a putative biomarker of LESCs and is expressed in

limbal epithelial basal cells (Larouche et al., 2005; Larouche et al., 2010). Its specificity,

nevertheless, is debatable. Chen et al. (Chen et al., 2004) discovered that corneal epithelial

cells and LECs both expressed K19. Similarly to this, Ramirez-Miranda et al. (Ramirez-

Miranda et al., 2011) found that limbal and conjunctival epithelial cells both expressed K19,
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particularly close to corneal borders.

1.2.2.3. LESCs and Interleukin-13

Based on previous work from our group (Stadnikova et al., 2019), IL13, one of the

anti-inflammatory interleukins and a T helper 2-type cytokine (Junttila, 2018), has a

favorable effect on the proliferation and expression of the ΔNp63ɑ gene in the conjunctival

epithelium produced from limbal explants. We then hypothesized that IL13 would have a

similar effect on the expansion of LESCs from limbal explants, preserving their stemness.

Much research has not been done on how IL13 affects LESCs or stem cells in general. It

makes IL13 a promising stem cell research target when combined with our finding of the

function of IL13 in the stemness of conjunctival epithelial cells.

1.3. Oral Mucosa
The oral buccal mucosa consists of squamous stratified epithelium (Brizuela &

Winters, 2022). This tissue is highly structured, avascular, semipermeable, and non-

keratinized (Brizuela & Winters, 2022). The stratified epithelium of the oral mucosa

comprises two layers, epithelial cells with a basement membrane and an underlying

connective tissue, the lamina propria, which supports the oral epithelium (Squier & Kremer,

2001). The stratified squamous epithelium comprises many layers of elliptical-shaped cells,

known as the stratum spinosum, which is followed by a layer of basal cells known as stratum

basal (Dabelsteen, 1991; Squier & Kremer, 2001), Figure 7. The lamina propria contains

minor salivary glands, structural fibers, blood vessels, fibroblasts, and other cell types (e.g.,

histiocytes, mast cells, lymphocytes) (Collins & Dawes, 1987; Squier & Kremer, 2001;

Richard & Pillai, 2010; Squier & Brogden, 2011; Nguyen et al., 2012; Abdulmajeed, Dalley,

& Farah, 2013).

The lamina propria and the epithelium are connected by an interdigitated interface. Its

histological structure involves epithelial undulations known as rete ridges (or rete pegs),

which protrude downward into the lamina propria (Brizuela & Winters, 2022). Dermal

papillae, which are upward extensions of the lamina propria that resemble fingers, are

produced as a result (Brizuela & Winters, 2022). The epithelium is firmly attached to the

non-cellular basement membrane that separates these two tissues (Ali, Farooq, &

Mohammed, 2021; Brizuela & Winters, 2022).
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FIGURE 7: Oral buccal mucosa in a histological and schematic image. In the histological
image, A represents the base of the rete ridge, and B the tip. Scale bar = 100 µm. Image from
the author's archive and illustration by the author.

The squamous epithelium relies on epithelial stem cells for tissue renewal (Iglesias-

Bartolome, Callejas-Valera, & Gutkind, 2013). Cell division in oral mucosa epithelium

mainly occurs in the basal layer, which contains the stem cell compartment from which the

oral mucosa is regenerated (Nguyen et al., 2012; Papagerakis et al., 2014). After dividing, the

committed cells undergo differentiation, leading to the expression of structural keratin

proteins and the loss of internal organelles as cells move superficially, start to flatten, and

eventually slough off the surface (Dale, Salonen, & Jones, 1990; Fuchs, 1995; Winning &

Townsend, 2000; Squier & Kremer, 2001). Basal cells are a heterogenous population

composed of stem cells and TACs with slow and fast proliferative capacities, respectively.

Transmigrating via the suprabasal layers, cells from the basal layer go through terminal

differentiation (Oda & Watson, 1990). Although having a limited capacity for self-renewal,

TACs are crucial for the growth of the cell population. TACs go through terminal

differentiation once they have reached their proliferative potential (Nakamura, Endo, &

Kinoshita, 2007a). In the oral epithelium, it takes 14 – 24 days for a stem cell to divide and

the progeny to traverse through the entire thickness of the epithelium (turnover time)

(Richard & Pillai, 2010).
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1.3.1. OMECs for Treating LSCD

Oral buccal mucosa shares structural similarities with other stratified epithelia in that

it comprises many layers of cells that gradually specialize as they approach the tissue surface,

as evidenced by the expression of particular keratins and the loss of organelles. A few

characteristics make them suitable for use in ocular surface reconstruction (Ramachandran et

al., 2014), such as: requiring less time to grow in culture, do not undergo keratinization when

maintained in culture, scarring of the biopsy location is inconspicuous, and, most

importantly, they lack secondary structures like hair follicles and sweat glands (Juhl, Reibel,

& Stoltze, 1989; Hata et al., 1995), and contain epithelial stem cells with similar

characteristics to LESCs, which readily express markers for corneal determination (López et

al., 2021).

The use of OMECs as a source of stem cells for treating LSCD has gained significant

attention in recent years (Guérin et al., 2021), as it has several advantages, including the

ability to obtain a large number of cells, the ease of harvesting, and the low risk of immune

rejection (Hancox et al., 2020). Stem cells found in the basal layer of oral mucosa express

markers associated with limbal stem cells and can be transdifferentiated into cells resembling

corneal epithelial cells (Nakamura et al., 2007a; Hancox et al., 2020). A schematic approach

to tissue retrieval, culture, and transplantation is shown in Figure 8.
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FIGURE 8: Schematic steps on the use of autologous oral mucosal cells for the treatment of
bilateral limbal stem cell deficiency (LSCD). Oral mucosa tissue is collected from the buccal
mucosa and used to prepare a cell suspension for cell culture. Subsequently, the engineered
epithelial sheet is transferred to the ocular surface for the treatment of LSCD. Created with
BioRender.com

Currently, the main concern is finding a marker to distinguish oral mucosal tissue

from ocular surface epithelia to characterize transplants in patients accurately (Kolli et al.,

2014). A clear marker for the oral mucosa would clarify the mechanism of action and help

drive therapeutic choices (Kolli et al., 2014). Stimulation of resident corneal tissue implies

the presence of residual limbal stem cells that can still interact with surrounding tissues,

despite the clinical phenotype of the eye. A combination of the two processes or the

transdifferentiation theory could also be considered (Attico, Galaverni, & Pellegrini, 2021).

It has been demonstrated that human oral keratinocyte stem/progenitor cell

phenotypes could be characterized by their expression of p75NTR, a low-affinity

neurotrophin receptor (Nakamura et al., 2007a). p75NTR was shown by Nakamura et al.

(Nakamura et al., 2007a) to be expressed in the buccal mucosa's papillae. The p75NTR-

positive cells were smaller and more capable of proliferating in vitro (Nakamura et al.,

2007a). The putative stem cell marker p63 is observed in oral mucosal tissue's basal to

suprabasal cell layers (Kasai et al., 2016).

In the literature, various markers have been used to distinguish between the three

possible epithelial tissues on the ocular surface following COMET: oral mucosa, cornea, and

conjunctiva (Inatomi et al., 2006; Nakamura et al., 2007b; Chen et al., 2009; Gaddipati et al.,

2014; Kim et al., 2018). The keratin expression profile serves as a unique identifier to

determine the origin of these epithelial cells (Moll et al., 2008). Specific keratins act as

putative markers of stemness (K8, K14, K15, K17, K19) (Chen et al., 2004; Schlötzer-

Schrehardt & Kruse, 2005; Yoshida et al., 2006; Figueira et al., 2007; Merjava et al., 2011a;

Saghizadeh et al., 2014). Other keratins are linked to basal limbal epithelial cells (K8, K14,

and K15) (Figueira et al., 2007; Merjava et al., 2011a), differentiated corneal epithelial cells

(K3, K12) (Schermer et al., 1986), conjunctival cells (K7, K13, K19) (Poli et al., 2011;

Jirsova et al., 2011) and differentiated oral mucosal cells (K4, K13) (Groeger & Meyle,

2019). Although keratin expression alone is insufficient to identify stem cells or progenitor

TACs, combining the expression profiles of key keratins (e.g., KRT14, KRT15, KRT17, and

KRT19) with other known potential markers (ABCG2, p63) can aid in the identification of
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stem cells (Pathak et al., 2016).

Regarding the characterization of the oral mucosa, the pair K4/K13, mucosal stratified

squamous epithelial cell markers (Kasai et al., 2016), for instance, is present in the suprabasal

to the upper cell layers but not in the basal cell layer in both keratinized and non-keratinized

oral epithelium (Moll et al., 2008; Squier & Brogden, 2011; Rao, Patil, & Ganavi, 2014;

Kasai et al., 2016; Groeger & Meyle, 2019), while K14, K15, K19 are expressed by basal

cells in the non-keratinized oral epithelium (Presland & Jurevic, 2002; Squier & Brogden,

2011; Kasai et al., 2016). K8, the primary keratin of simple epithelial cells (Moll et al., 2008),

exhibits intense staining in the basal and parabasal layers, and stained single cells distributed

throughout the stratum spinosum, with weak cytoplasmic staining in most other epithelial

layers (Schreurs et al., 2020). On the other hand, K5 and K7 expressions are observed from

the basal cell layer to the upper layer (Kasai et al., 2016).

1.4. Culture of LESCs and OMECs

1.4.1. Culture Media for in vitro Expansion of LESCs and OMECs

For the cultivation of LESCs, complex medium (COM) is usually employed, and

media with very similar compositions are frequently used (Ramírez et al., 2015; Pellegrini et

al., 2018). Fetal bovine serum (FBS, also known as fetal calf serum, but for standardization

purposes, we will use FBS herein), antibiotic-antimycotic solution (AA), epidermal growth

factor (EGF), hydrocortisone, insulin-transferrin-selenium (ITS), cholera toxin, and adenine

are frequently included in COM for LESCs culture (Tsai, Li, & Chen, 2000; Meller, Pires, &

Tseng, 2002; Brejchova et al., 2018).

According to previous studies, FBS increases the proliferation of limbal epithelial

cells (Kruse & Tseng, 1992). However, it has been demonstrated that it is possible to culture

LECSs without the use of serum in the medium (Lekhanont et al., 2009; Mimura et al., 2010).

AA is added to prevent biological contamination from bacteria, yeast, and fungi

(Weiskirchen et al., 2023). EGF increases clonogenic potential (Meyer-Blazejewska et al.,

2010), and hydrocortisone plays an important role in keratinocyte proliferation and

maintaining distinct epithelial colonies (Rheinwald & Green, 1975). ITS is employed as a

basal medium supplement to lessen or completely replace the quantity of animal serum

needed (Mainzer et al., 2014). Cholera toxin significantly promotes colony growth from a
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small number of cultured human epidermal keratinocytes by an increase in intracellular

cyclic AMP level (Okada, Kitano, & Ichihara, 1982; González, Chen, & Deng, 2017), while

the addition of adenine to the culture media enhances the ability of epithelial cells to form

colonies (Flaxman & Harper, 1975; Allen-Hoffmann & Rheinwald, 1984).

Regarding the culture of OMECs, its standard COM constituents follow a similar

pattern as seen above, also including triiodothyronine, which has been shown to be helpful in

the cultivation of keratinocytes by lowering the requirement for FBS in epithelial cultures to

low levels (Hayashi, Larner, & Sato, 1978).

Media containing FBS or other questionable components (cholera toxin) (Yu et al.,

2016) have been employed successfully for stem cell therapy in several countries (Ramírez et

al., 2015). While the use of FBS is effective in promoting the growth of these cells in vitro, it

is important to note that this product carries the risk of transmitted diseases, tumorigenesis, or

precipitation of immunologic rejection, as well as biologic variability (Dua et al., 2005;

Schwab, Johnson, & Harkin, 2006; Shortt et al., 2007; Shahdadfar et al., 2012; Llames et al.,

2015).

Currently, reducing the usage of animal-derived products is a major goal of cell

therapy development; for that, often-used chemicals are being replaced with those of human

origin (Sharma et al., 2012). One alternative is to use human serum (HS) instead of FBS

(Witzeneder et al., 2013; Utheim, 2015). This method has the advantage of being less

xenogeneic and, thus, less likely to cause immunologic rejection or other adverse side effects

(Tekkatte et al., 2011). In the present study, one of the main aims is to culture OMECs in

xenobiotic-free (XF) media (containing HS) and produce a viable cell sheet. A protocol free

of FBS and other animal-derived components is preferred for several reasons in the context

of advanced stem cell therapies, as low-level contamination could go unnoticed even in Good

Manufacturing Practice facilities (Erickson, Bolin, & Landgraf, 1991; Schwab, Johnson, &

Harkin, 2006; Mannello & Tonti, 2007).

1.4.2. Substrates for in vitro Expansion of LESCs and OMECs

AM is the substrate most frequently used in clinical trials for treating LSCD using

expanded cultured cells, both LESCs and OMECs (Utheim et al., 2016; Nguyen et al., 2018).

AM has been utilized in both intact and deepithelialized (denuded) forms, each presenting its

benefits and drawbacks (Utheim et al., 2016; Nguyen et al., 2018). Intact AM preserves
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native amniotic epithelia in a devitalized state, promoting the deposition of basement

membrane proteins. This, in turn, helps to keep stem cells in a partially undifferentiated state

(Li et al., 2006). Nonetheless, using intact AM substrates also increases the possibility of

immunological reactions (Nguyen et al., 2018). Another option, which appears to be the

preferred choice when using AM, is to cultivate cells on the AM that has been stripped of its

native epithelial cells, deepithelialized AM (dAM) (Riau et al., 2010; Utheim et al., 2016).

But AM requires costly donor screening for microbial infections and storage, a skilled

preparation, and the final product may exhibit variable thickness and transparency (Ma et al.,

2002). More about the AM's properties will be explained in further detail in 1.7 Amniotic

Membrane in Regenerative Medicine, page 40.

Other substrates include fibrin gel, pioneered by Rama et al. (Rama et al., 2001) and

have since been translated into the first commercial product for patients with LSCD,

Holoclar®, which contains autologous expanded LESCs on a fibrin substrate (Pellegrini et al.,

2018). The fibrin sealant from Tisseel (Baxter, Westlake Village, CA), which is prepared

from human pooled plasma, is an FDA-approved commercial product, and fibrin sealant is

the only agent presently approved as a hemostat, sealant, and adhesive (Spotnitz, 2014).

Fibrin gel, a biopolymeric material, is effective in treating patients with LSCD, and it

is easy to prepare and handle (Rama et al., 2001; Di Iorio et al., 2010; Sheth et al., 2015;

Nguyen et al., 2018; Pellegrini et al., 2018). Fibrin gel offers several advantages over

synthetic materials when used as a tissue engineering scaffold and a cell carrier, as its

excellent biocompatibility facilitates cell attachment (Li et al., 2015). Furthermore, fibrin gel

mimics the natural blood-clotting process and self-assembles into a polymer network (Li et

al., 2015). The gel is biodegradable, non-toxic, and inhibits fibrosis, tissue necrosis, and

inflammation (Tuan et al., 1996; Radosevich, Goubran, & Burnouf, 1997; Weisel, 2005).

However, there is a need to control the rate of fibrin degradation when seeding cells on this

substrate, which is currently being addressed by using anti-fibrinolytic agents (Sheth et al.,

2015). In vivo, the gel is completely resorbed and ultimately replaced by matrix components

such as collagen (Tuan et al., 1996). One drawback of fibrin as a substrate is that it

encourages angiogenesis (Dvorak et al., 1987), which is undesirable since the cornea is

avascular (Gonzalez-Andrades, Argüeso, & Gipson, 2019). However, the gel is resorbed

within days to weeks after transplantation, minimizing this effect (Radosevich, Goubran, &

Burnouf, 1997).
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The use of synthetic scaffolds presents promising opportunities to address clinical

shortcomings related to culturing limbal and non-limbal epithelial stem cells (Nguyen et al.,

2018). For instance, fibrous polymeric membranes have been utilized as scaffolds for eye

tissue cell cultivation (Pellegrini et al., 2018), with high permeability being a crucial factor

for successful eye graft functioning (Stanzel et al., 2014; Hotaling et al., 2016). Electrospun

membranes made from biodegradable polymers offer several advantages, such as high

porosity, large pore size, and low thickness. Zdraveva et al. (Zdraveva et al., 2023) studied

electrospun scaffolds made from biocompatible polylactic acid modified with silk fibroin and

gelation, which demonstrated improved adherence of LESCs and were confirmed to support

cell growth, proliferation and corneal epithelial differentiation by the expression of specific

marker analysis.

An ideal substrate meets specific requirements, such as availability, transparency, and

ease of manipulation (Utheim et al., 2016). Additionally, it should be able to promote cell

proliferation and viability. However, various culture methods have been used to demonstrate

transplant success, and the most effective method for corneal regeneration has yet to be

established. Finding appropriate substrates and protocols could lead to developing

standardized and effective regenerative therapies for LSCD (Utheim et al., 2016).

1.4.3. Feeder layer

Although different media and substrates are used to grow cells, most researchers use

3T3 feeder cells (cell line of mouse embryonic fibroblasts), which are several cell lines of

mouse embryonic fibroblasts (Mora, Brady, & Smith, 1970), to coculture the epithelium

(limbal and oral mucosa) (Sharma et al., 2012), particularly in the cell suspension method

(Schwab, Reyes, & Isseroff, 2000; Rama et al., 2001; Nishida et al., 2004a; Nishida et al.,

2004b; Daya et al., 2005; Nakamura et al., 2006; Meyer-Blazejewska et al., 2010). Scientific

evidence has demonstrated that utilizing a 3T3 feeder layer can enhance the properties of

stem cells during the cultivation process (Rheinwald & Green, 1975; Pellegrini et al., 1999;

Grueterich, Espana, & Tseng, 2003b). The main problem with this technique in clinical

application is that the epithelial sheets 3T3 cocultured are xenogeneic (Martin et al., 2005).

Aiming to achieve a cell sheet product that could be used in clinical practice and

commercialized, for this study, limbal and oral mucosa cells will be cultured on a feeder

layer-free culture system, which has already been proven to produce cell sheets successfully
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(Ilmarinen et al., 2013; Hongisto et al., 2017).

1.5. Genotoxicity
For ocular surface transplantation, the analysis of DNA damage in cultured cells is

essential to ensure the procedure's safety and efficacy, as the long-term renewal of the

epithelium following transplant surgery relies heavily on the presence of a functional pool of

stem cells (Lorenzo et al., 2018).

Various factors, such as the composition of the medium and the duration of time in

culture, influence the stability of the genome, levels of oxidative damage, and the efficiency

of antioxidant defense and repair mechanisms (Shahdadfar et al., 2005; Lorenzo et al., 2009;

Pathak et al., 2016). It has been indicated that assessing the levels of DNA single-strand

breaks (SBs) and oxidative damage to DNA purine bases can provide valuable insights into

the quality of a culture system (Lorenzo et al., 2009; Haug et al., 2013; Øsnes-Ringen et al.,

2013).

The comet assay is a technique widely used to determine the presence of DNA SBs,

including alkali-labile sites (ALS) such as baseless sugars, which are converted to breaks

during alkaline incubation and electrophoresis (thus, SBs + ALS). The comet assay can be

used to assess the genotoxicity of the cells before transplantation, ensuring that they do not

carry significant DNA damage that could potentially lead to adverse effects (Rojas et al.,

2014). First, cells are embedded in agarose and lysed, leaving the DNA as supercoiled loops

attached to the nuclear matrix, forming a nucleoid. Electrophoresis is then performed, causing

DNA loops with relaxed supercoiling due to an SB to extend towards the anode, resulting in

comet-like images (viewed by fluorescence microscopy), where the relative tail intensity

indicates the frequency of DNA breaks (Harris et al., 2015).

The standard alkaline comet assay, as it stands, can only identify SBs and ALS

(Muruzabal et al., 2021). However, numerous DNA-damaging substances cause additional

types of damage, such as oxidized and alkylated bases or cross-links (Muruzabal et al., 2021).

To address this limitation to some extent, modifications have been made to the comet assay

by introducing a digestion step after lysis using specific DNA repair enzymes known as DNA

glycosylases (Collins, 2004; Muruzabal et al., 2021). One common modification involves

assessing the level of oxidized purines by incorporating a digestion process with the bacterial

DNA repair enzyme called formamidopyrimidine DNA glycosylase (FPG) (Collins, 2004;
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Magdolenova et al., 2012).

1.6. Cryopreservation of Stem Cells for the Long-term Storage
An essential prerequisite to the commercial and clinical deployment of stem cells is

appropriate cryopreservation protocols for long-term storage (Hunt, 2011). Cell

cryopreservation is a method that maintains living cells viable and functioning even at

cryogenic temperatures (often between -80 ºC to -196 ºC) (Zhao & Fu, 2017; Yang et al.,

2020). The fine structure of cells is preserved through the method of cryopreservation,

keeping biological material preserved at cryogenic temperatures for any significant amount of

time (Mazur, 1970; Sambu, 2015).

Cell-based applications, including stem cell therapy, tissue engineering, assisted

human reproduction, and transfusion medicine, rely heavily on cell cryopreservation as a

supporting technology (Zhao & Fu, 2017; Yang et al., 2020). Cryopreserved cells or tissues

provide certain benefits for clinical uses since cryopreserved products may always be

available; rigorous quality testing can be done to ascertain whether the cells or tissue are

appropriate for transplantation without obtaining new samples (Ibars et al., 2016; Jang et al.,

2017).

Cryopreservation of limbal suspension cultures has been shown to be advantageous

since it eliminates the need for further biopsies in the event of graft failure (Kaufman et al.,

2014). Moreover, if the first treatment fails, long-term cryopreservation of surplus cultivated

stem cells could also permit consecutive surgeries (Mohamed-Noriega et al., 2011; Lužnik et

al., 2016). Oliva et al. also demonstrated that OMECs can be stored long-term in liquid

nitrogen without affecting their morphology and phenotype (Oliva et al., 2019).

Cryopreservation is the standard method for the long-term storage of cells in

suspension. However, standardized freezing and thawing protocols must be developed to

preserve cultured tissue's stem cell content and structural integrity (Lužnik et al., 2016).

Cryoprotective agents (CPAs) are employed for the successful cryopreservation of tissue and

cells by maintaining the tissue's structural and biomechanical qualities during the freezing

and thawing processes (Martín-López et al., 2023).

CPAs like dimethyl sulfoxide (DMSO) or glycerol, two organic solvents, are

frequently utilized in intracellular protection to minimize the damaging effects of ice

formation (Yang et al., 2020). However, they are not biocompatible (Yang et al., 2020).

J.V. Cabral Doctoral Thesis

39



While DMSO use has been linked to numerous adverse effects in patients, including

neurotoxicity, cardiovascular failure, respiratory arrest, arrhythmias, and others (Yang et al.,

2016; Jang et al., 2017), glycerol can cause severe hemolysis and renal failure (Best, 2015;

Sui et al., 2019). Therefore, throughout the cryopreservation process, its concentration should

be reduced (Martín-López et al., 2023). Despite this, DMSO and glycerol have proven

remarkably effective and have found widespread use in research and clinical applications. For

instance, stocks of red blood cells are cryopreserved using 20 – 40wt% glycerol, while

immortalized cell lines are routinely stored in 10% (v/v) DMSO (Murray & Gibson, 2022).

Additionally, cells intended for clinical transplantation, such as hematopoietic stem cells, are

frequently cryopreserved in 5 – 10% DMSO, among other additives (Lysak et al., 2021).

In the present study, we assessed the effectiveness of a CPA-free solution, which is a

COM containing HS, instead of the standard FBS, compared to a CPA-based solution with a

low DMSO (10%) and glycerol (5% or 10%) concentration for advanced therapy medicinal

products, in an attempt to minimize the potential adverse effects on patients, and also with a

high concentration of glycerol (50%). Moreover, we also tested an XF storage solution and

its respective CPA-based solutions with DMSO (10%), and glycerol (5% or 10%). The

interest is to optimize a storage solution that contains low to no CPA and avoid using

xenogeneic material, considering the risk of such materials as has been mentioned before.

1.7. Amniotic Membrane in Regenerative Medicine
AM's unique biological and mechanical properties make it highly suitable for clinical

applications (Pogozhykh et al., 2018). The transparent nature of AM, along with its lack of

immunogenicity, facilitates and supports wound healing and reduces pain (Koizumi et al.,

2000; Svobodova et al., 2022; Vrkoslav et al., 2023). AM plays a pivotal role in minimizing

fibrosis, inflammation reduction, and regulation of angiogenesis. Moreover, it exhibits

antimicrobial and antiviral properties, making it an excellent choice for medical interventions

(Malhotra & Jain, 2014; Jirsova & Jones, 2017).

AM has its importance for the reconstruction of the ocular surface. AM has proven to

be a valuable aid in the treatment of corneal and conjunctival defects, being employed either

as a scaffold or as a bandage (Dua et al., 2004). The AM acts as a short-term overlay patch to

mechanically safeguard the ocular surface, stimulate normal epithelial wound healing, and

prevent intermediate-term ocular cicatricial sequelae (Sharma et al., 2016). AM has particular
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potential for skin regeneration (King et al., 2007; Farhadihosseinabadi et al., 2018;

Kjaergaard et al., 2001; Deihim, Yazdanpanah, & Niknejad, 2016; Fairbairn, Randolph, &

Redmond, 2014; Farhadihosseinabadi et al., 2018). AM also has strong adhesion to the

wound's surface, preventing infection (Díaz-Prado et al., 2010). Another benefit of this close

adherence is that it keeps the area hydrated, which enhances AM's ability to reduce pain

(Jirsova & Jones, 2017; Vrkoslav et al., 2023).

In the context of LSCD, AM transplantation (AMT) has been combined with LESCs

and OMECs transplantation (e.g., CLET or COMET) (Le & Deng, 2019). AM can be utilized

as a substrate and carrier of LESCs or on its own (Díaz-Valle et al., 2007; Chugh, Jain, &

Sen, 2015; Le & Deng, 2019). Cultured cells are supported and protected by AM's toughness

and elasticity, which supports LECs' adhesion and migration while maintaining their in vivo

characteristics (Meller et al., 2002; Yeh et al., 2008).

In cell-based therapies for LSCD, AM is still the most widely used substrate and

carrier for LESCs or OMECs (Tsai et al., 2000; Shortt et al., 2008; Kethiri et al., 2017),

although research has been done on other materials, such as fibrin gels (Rama et al., 2001;

Rama et al., 2010; Fasolo et al., 2017), contact lenses (Di Girolamo et al., 2009), and nylon

sheets (Daya et al., 2005). The use of AM for cell culture was detailed previously, 1.4.2

Substrates for in vitro Expansion of LESCs and OMECs.

For this thesis work, there are two approaches. First, as mentioned in the section 1.4.2

Substrates for in vitro Expansion of LESCs and OMECs, AM has some disadvantages as

a scaffold, and to circumvent those, OMECs will be mainly cultured in fibrin gels. Secondly,

to further study the properties of AM in tissue engineering in the context of skin regeneration,

cryopreserved AM will be grafted for treating chronic wounds, and the healing dynamics will

be evaluated. This will bring valuable insights into understanding how AM works and its

inter-variability for the treatment of wounds (including ocular surface wounds).
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2. Hypotheses and Aims

2.1. Hypothesis 1: Increasing the Stemness of LECs Cultures and

Alternative Substrates for Cell Culture
Previous work from our group (Stadnikova et al., 2019) found that IL13 positively

affected the proliferative activity and ΔNp63α gene expression in the conjunctival epithelium

generated from limbal explants. This result suggests that IL13 may play a crucial role in

maintaining stemness, which could be used in developing a new culture medium for the

culture of LESCs from limbal explants. To explore this hypothesis further, we plan on

conducting experiments to investigate the effects of IL13 on the proliferation and gene

expression of the LESC cultures compared with those of the control group. These

experiments could provide valuable insights into the mechanisms of stem cell maintenance

and the development of new culture media for LESCs culture.

Based on our team's previous work (Brejchova et al., 2018), we have already

demonstrated that LECs cultured on fibrin gel exhibit a high growth rate and cell

proliferation with minimal fibroblast-like cell contamination. However, exploring alternative

synthetic materials may reveal even more significant benefits regarding stemness,

proliferation, differentiation, and fibroblast contamination. For this purpose, we are going to

culture LECs on both fibrin gel and electrospun poly(L-lactide-co-DL-lactide) (PDLLA)

nanofibrous scaffolds.

Aims:

• To determine the effect of IL13 on the stemness, differentiation, proliferation,

clonogenicity, and morphology of cultured LESCs;

• To compare LECs growth and cell behavior under two different culture substrates:

electrospun PDLLA nanofibrous scaffolds coated with human plasma fibronectin and fibrin

gel; to analyze the differences in the gene expression of specific markers, including stem

cell, proliferation, keratins, and fibroblast genes.
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2.2. Hypothesis 2: Preparation of OMECs on Fibrin Gel for

Grafting
Oral mucosa tissue samples contain stem/progenitor-like cells in the epithelium’s

basal layer, which allows the preparation of grafts containing oral mucosal epithelial stem

cells. The presence of stem cell population in the cell sheet can be confirmed with markers

referred to be specific to stem cells.

Bilateral LSCD is also treated with oral mucosal epithelial cell sheet grafting. The

cells are typically cultivated using xenogeneic materials (FBS, 3T3 cells, and media additives

of animal origin), which have the potential to spread infectious illnesses or immunological

responses. Cells are cultured on various substrates, including nanofiber scaffolds, AM, and

fibrin gel. We hypothesized that removing animal components would improve the safety of

the transplanted cells and could enhance the culture technique, contributing to preparing a

good-quality cell sheet for the treatment of bilateral LSCD. Additionally, we hypothesized

that combining OMEC culture in XF culture media on fibrin gel (used as a surgical sealant)

might enhance this culture technique and directly contribute to a higher percentage of stem

cells in the resulting cell sheet.

Aims:

• To culture oral mucosal epithelial cells on fibrin gel and AM and compare standard

complex medium and xenobiotic-free culture systems, both supplemented with pooled

human serum;

• To compare the kinetics of growth, stemness maintenance, differentiation, and DNA

damage between the groups;

• To prepare a stable cell sheet on fibrin gel containing viable stem cells, all while preserving

genome stability. Additionally, to develop a protocol that can be readily transferred to the

State Institute for Drug Control to undergo clinical approval in the Czech Republic.

2.3. Hypothesis 3: Long-term Storage of OMECs in Liquid

Nitrogen
Cryopreservation is used for long-term storage at ultra-low temperatures, and CPAs

are added to minimize the damaging effects of ice formation. Preserving tissues or cells for

long-term storage and on-demand delivery is critical for many fields, including stem cell
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research, regenerative medicine, and tissue engineering, and that also applies to LECs and

OMECs for the treatment of patients suffering from LSCD.

The hypothesis of the study is that the use of CPAs in the long-term storage of cells

affects the number of stem cells and the proliferation status of the following cell culture. The

study aims to compare the effects of CPAs (5% glycerol, 10% glycerol, 50% glycerol or 10%

DMSO) with media without cryoprotectants on the preservation of stem cells and the

proliferation status of the cells for cell culture. The hypothesis is based on the premise that

using cryoprotectants, such as glycerol and DMSO, can cause toxicity and damage to the

cells, affecting their stemness potential and proliferation after storage. The study will

investigate whether using media without cryoprotectants can preserve the number of stem

cells and maintain the proliferation status of the cells for cell culture and whether this method

can be used for preparing cell sheets after thawing the cells.

Aims:

• To compare different CPAs (glycerol and DMSO), including not using a CPA, for long-

term storage of oral mucosal epithelial cells in suspension;

• Analyze gene expression of cultured thawed cells, including a comparison with the gene

expression of samples before storage (control);

• To find the best condition for long-term storage of OMECs, which could be used for

transplantation purposes.

2.4. Hypothesis 4: (A) Cryopreserved AM for the Treatment of

Non-healing Wounds and (B) Inter-placental Variability in the

Healing Efficiency of AM
There is a significant economic burden of chronic non-healing wounds. AM is

considered an ideal biological wound dressing due to its ability to promote granulation and

epithelialization, reduce exudate, relieve pain, and provide a moist environment for healing.

The hypothesis is that cryopreserved AM allografts would induce wound healing, shorten

wound closure time, and reduce pain compared to the standard-of-care (SOC) method.

When preparing AM for clinical use, multiple sheets are typically produced from a

single placenta without keeping track of the sub-region they originated from, except in cases

where a specific region is targeted. As a result, intra-placental variations are difficult to

survey in clinical applications. However, the tracking of AM obtained from individual
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placentas is strictly regulated by law. The hypothesis is that inter-placental variability does

not affect the AM's healing efficiency (wound closure rate) when used for treating chronic

non-healing wounds.

Aims:

• To evaluate the effect of cryopreserved AM from different donors on wound healing

efficiency (wound closure) and to determine whether the dynamics of the wound closure

can be used as a predictor for the efficacy of the AM treatment of nonhealing wounds;

• To assess the effectiveness of using cryopreserved AM grafts for treating chronic wounds

and for determining if the healing process differs depending on the origin of the AM grafts

(inter-placental variability);

• To determine the average percentage of wound closure achieved per one application of

AM.
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3. Materials and Methods
A broad spectrum of methods was used to achieve this work's aims. Individual

material and methods regarding specific hypotheses are described in the appended

publications or within the following paragraphs. The author managed the following steps:

3.1. Preparation of LESCs Culture and Analysis (H1)
Materials and methods for this hypothesis are explained in detail in the article in

Appendix 3: Interleukin-13 increases the stemness of limbal epithelial stem cells

cultures, page 175.

Briefly, the LECs were prepared from cadaver donor corneas, and their morphology,

growth, and viability were monitored throughout the culture. The cells were also subjected to

colony forming assays (CFA), immunofluorescence, and qPCR to evaluate their

characteristics and expression of specific genes. The cells were cultured in a complete

medium with or without IL13, and the WST-1 assay determined the proliferation activity of

living cells. Statistical analysis was performed to compare the results obtained from the

IL13+ and IL13- cells. The study adhered to the tenets set out in the Declaration of Helsinki

and met all Czech legal requirements.

3.1.1. Culture of Limbal Explants on Nanofibrous Membranes

Nanofibrous polymer membranes by electrospinning of polymer (PDLLA, DLLA/

LLA ratio 10/90, Mw 868 270 g/mol, polydispersity index 2.3) from pyridine (9 wt%)

prepared and provided by Ing. Hana Studenovská, Ph.D., and her team (Biomaterials and

Bioanalogous Systems, Institute of Macromolecular Chemistry AS CR) were used as a

culture substrate for the seeding of the limbal explants and compared to fibrin gels.

Before limbal explant seeding, the scaffolds underwent sterilization by soaking in

70% ethanol (Penta), followed by three washes with sterile PBS. Afterward, in a 12-well

plate (Falcon®), a human fibronectin solution (Sigma-Aldrich, 600 µL, 10 µg/mL in

phosphate-buffered saline (PBS)) was pipetted into each insert carrying the scaffolds. The

plate was then incubated for 1 hour at 37 °C. Subsequently, the inserts were washed thrice

with sterile PBS and placed upside down in a laminar flow cabinet to dry for 30 minutes. The

rehydration of the nanofibrous membrane scaffold was performed by pipetting 600 µL and

600 µL of Dulbecco's modified Eagle medium (DMEM)/F12 medium supplemented with 1%
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AA (Gibco) inside and outside each insert, respectively. The rehydration process was carried

out for 30 minutes at 37 °C. The specifications of all materials used are detailed in 10.1

Appendix 1: List of Materials for Limbal Epithelial Cell Culture, page 167.

3.1.2. Preparation of Fibrin Gel

The fibrin sealant (Tisseel Lyo, Baxter) was prepared according to the manufacturer’s

instructions: Human Fibrinogen (Sealer protein lyophilized Concentrate), Aprotinin solution,

and CaCl2 were preheated for about 3 minutes in a water bath at 37 ºC. Human Fibrinogen

was reconstituted with the whole volume of the aprotinin solution, and the vial returned to the

water bath for the complete dissolution of the lyophilized Concentrate. Then, human

thrombin (Thrombin lyophilized) was reconstituted with the whole volume of CaCl2 and

returned to the water bath. After reconstitution, components were diluted further: 1 ml of

fibrinogen was transferred to a 15-ml tube and mixed with 8 ml of phosphate-buffered saline

(PBS) to achieve a final 10 mg/ml concentration. 500 µl of thrombin was mixed with 24.5 ml

of PBS in a 50-ml tube to a final concentration of 10 U/ml. Equal volumes (150 µl) of each

solution were gently mixed in each well of a 24-well plate by stirring using a pipette tip.

To prevent the digestion of the fibrin gel, tranexamic acid (TA) was added to the

media (for cultures on fibrin); 500 mg of TA (Sepulco) was dissolved in 1 ml sterile PBS,

then transferred to a 15-ml tube and diluted further with 9 ml PBS (final concentration: 50

mg/ml, 10ml PBS). TA was added to the media to a final 160 µg/ml concentration. The

specifications of all materials used are detailed in 10.1 Appendix 1: List of Materials for

Limbal Epithelial Cell Culture, page 167.

3.1.3. Donors

The preparation of limbal explants is explained in detail in the appended manuscript,

refer to 10.3 Appendix 3: Interleukin-13 increases the stemness of limbal epithelial stem

cells cultures, page 175. Explants from 7 donors (age 63 ± 12 years, mean ± standard

deviation (SD), range 32 – 75 years) were seeded onto the fibrin gel substrate, with 5 – 6

twelfths of a corneoscleral rim considered in the observations. The same experimental setup

was followed for the polymer study. Explants from 8 donors (age 53 ± 13 years, mean ± SD,

range 32 – 66 years) were seeded onto the nanofibrous substrate, and 5 – 6 twelves of a

corneoscleral rim were considered in the observations.
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3.1.4. Explant Culture

At the seeding day (0 days post-seeding, dps), fibrin gel- and nanofibrous membrane-

cultured explants were covered with 100 µL and 1100 µL of COML (DMEM/F12, 10% HS,

1% AA, 10 ng/mL recombinant EGF, 0.5% insulin-transferrin-selenium, 5 µg/mL

hydrocortisone, 10 µg/mL adenine hydrochloride, and 10 ng/mL cholera toxin), respectively,

to prevent explant detachment from the surface, and also 160 µg/ml TA added to fibrin

cultures. At 1 dps, the COML volume was increased to 300 µL and 1200 µL, respectively,

considering the explants were already firmly attached to the fibrin gel or nanofibrous

membrane surface. The medium was changed thrice a week until the cells reached

approximately 90 – 100 % confluency. Throughout the cultivation, the explants were

observed for cell morphology, growth, confluency, and the presence of fibroblast-like cells

using an inverted microscope (Olympus CKX41, Olympus, Tokyo, Japan) coupled with an

EOS 250D camera (Olympus). Images were acquired using QuickPhoto Camera software

(Promicra, Prague, Czech Republic). The amount of space covered by the expanding cells

without unoccupied space was visually compared to estimate confluency. The specifications

of all materials used are detailed in 10.1 Appendix 1: List of Materials for Limbal

Epithelial Cell Culture, page 167.

3.1.5. Reverse Transcription-Quantitative Real-Time Polymerase Chain

Reaction (RT-qPCR)

The nanofibrous membrane-based cultures were lysed directly using an equal amount

of the RLT Plus buffer (Qiagen), and 3 to 6 nanofibrous membranes were pooled together,

utilizing a single portion of the lysis. The lysates were stored at -80 °C before the RNA

extraction.

Upon reaching cell confluence (80 to 90% confluent), cells grown on fibrin gel were

harvested as follows: the cells were washed twice with 500 µl of dispase II (1 U/ml, Gibco,

diluted in PBS). Then, 1 ml of dispase II (1 U/ml) was added, and the fibrin gel was separated

from the plastic plate using tweezers and chopped into smaller parts with surgical ophthalmic

scissors. The cells were then incubated for 30 minutes at 37 ºC. Next, the solution was

transferred to a 15 ml centrifuge tube and spun in the Universal 32 R centrifuge (Hettich

Zentrifugen) for 10 minutes at 250 × g. The supernatant was removed, and the cell pellet was

resuspended in 2 ml of TrypLE™ Express (Gibco) and incubated for 25 minutes. After that, 4
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ml of media (DMEM/F12) was added to stop the enzymatic activity, and the cells were spun

again for 10 minutes at 250 × g. The supernatant was removed, and the resulting cell pellet

was directly lysed using 350 µL of an RLT Plus buffer.

RNA extraction proceeded using the RNeasy® Micro Kit (including DNase

digestion) according to the manufacturer’s instructions (Qiagen). RNA was diluted into

RNase-free water. RNA yield and purity (260/280, 260/230 ratios) were quantified with a

spectrophotometer (Eppendorf BioPhotometer Model #6131). RNA quality was further

assessed by agarose gel electrophoresis. RNA concentrations of each sample were measured

and diluted accordingly to the same concentration (25 ng/µl). cDNA synthesis was done

using the iScript cDNA synthesis kit (Bio-Rad).

RT-qPCR was carried out in a Hard Shell 96-well PCR plate (Bio-Rad) using

SsoAdvanced Universal SYBR Green Supermix RT-qPCR Kit (Bio-Rad); 7 samples were

used for each marker, and each group in 3 technical replicates. The designed primers were

used for stem cell, proliferation, keratins, and fibroblast marker genes, and two housekeeping

genes, Hypoxanthine phosphoribosyltransferase 1 (HPRT1) and Ribosomal protein L32

(RPL32). The results were evaluated using a Bio-Rad detection system (CFX Connect Real-

Time PCR Detection System; Bio-Rad). Controls without templates were included for each

primer pair to check for contaminants. As another quality control measure, melting

(dissociation) curves of RT-qPCR reactions were monitored to ensure that there was only a

single RT-qPCR product and no primer dimers. The specifications of all primers used are

stated in 10.1 Appendix 1: List of Materials for Limbal Epithelial Cell Culture, page 167.

3.1.6. Statistical Analysis

The statistical analyses for RT-qPCR were performed using the R software (version

4.2.3), which included the packages ggplot2 and pheatmap for visualizations, as well as

Microsoft Excel. Given their non-Gaussian distribution, the relative mRNA expression values

were normalized by log transformation (log.rel.mRNA). First, the expression data relative to

Ribosomal protein L32 (RPL32), a housekeeping gene, were plotted in a heatmap generated

using the pheatmap R package. Next, the comparisons between PDLLA and fibrin-embedded

samples on gene expression changes were assessed using an unpaired t-test for each marker,

following the assessment of data normality with the Shapiro test. Statistical significance was

determined at p ≤ 0.05.
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3.2. Preparation of OMECs Culture and Analysis of Stem/

Progenitor Cells Specific Markers (H2)
• Review of current knowledge about the usage of COMET for the treatment of limbal stem

cell deficiency (see Appendix 4: Ex vivo cultivated oral mucosal epithelial cell

transplantation for limbal stem cell deficiency: a review, page 192)

• Preparation of in vitro oral mucosal epithelial cell cultures from retrieved cadaverous oral

mucosa tissue and monitoring of the growth of the cells – microscopy;

• Preparation of oral mucosa for immunofluorescence analysis involved cryosectioning of the

oral mucosa epithelium (whole tissue) and in vitro cultures using cytospin;

• Gene expression analysis of cells before culture and after confluence for both tested media

conditions;

• DNA damage analysis by comet assay;

• Data analysis and statistical analysis.

3.2.1. Oral Mucosal Tissue Retrieval

The retrieval of oral mucosal donor tissue abides by the project "Experimental graft

preparation for the treatment of limbal stem cell deficiency from oral mucosal cells," and

local ethical approval was granted (IS, 1041/19 S-IV). The study followed the guidelines

outlined in the Helsinki Declaration. The collection of donor tissue complied with all legal

requirements in the Czech Republic, including that the donor not be listed on the national list

of those who oppose the postmortem removal of tissues and organs. Informed consent is not

necessary for using donor tissue under Czech law (Law Act No. 372/2011 Coll.) if the data

are anonymized before being entered into the form.

Sixty-nine explants were collected between 2019 – 2023 from the Department of

Pathology, General Teaching Hospital, and the First Faculty of Medicine, Charles University

in Prague, by either of two experienced pathologists, Adam Šafanda MD, and Michaela Bártů

MD Ph.D. Oral mucosal tissues were obtained from cadaver donors within 72 h after death.

This thesis work is based on the results obtained from twenty-six donors. The excess was

used to learn, standardize, and optimize the protocol. More details about the donors are

provided in the following section. Immediately before the biopsy, the place of the collection

(on the inside of the mouth, 20 mm behind the angle of the mouth) is treated with 10%

iodinated povidone 10% (PVP-I, diluted in NaCl 0.9%) for 1 minute. A superficial rounded
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incision is made with a disposable and sterile 6-mm biopsy punch (Kai Medical) and

removed with a scalpel. Two samples were collected from each buccal mucosal side (right

and left) and kept in BASE•128 (Alchimia) at 4 ºC until further processing.

3.2.2. Donors

Table 1 contains detailed information on each of the donors. For the experiments

detailed in this thesis work, twenty-six samples were used. Samples specific to each type of

experiment will be specified in the following sections. There were ten (38.5%) female

donors, aged 66.8 ± 12.7 years (mean ± SD), and sixteen (61.5%) male donors, aged 68.0 ±

12.0 years (mean ± SD), with a post-mortem time to retrieval of 28.5 ± 13.6 hours (mean ±

SD).

Specimen Gender Age Cause of death Time to retrieval of
tissue (h)

S01 Male 60 Heart failure 39.2
S02 Male 85 Hypovolemic shock 34.4
S03 Male 44 Hemorrhagic shock 16.1
S04 Male 60 Heart failure 5.2
S05 Female 60 Pulmonary embolism 28.9
S06 Female 77 Septic shock 35.0
S07 Male 51 Intracerebral cerebral haemorrhage 40.2
S08 Female 49 Cardiorespiratory failure 26.5
S09 Male 62 Hepatic failure 17.4
S10 Male 80 Respiratory failure 6.6
S11 Female 51 Edema of the brain 44.1
S12 Male 71 Cardiorespiratory failure 25.5
S13 Male 83 Cardiorespiratory failure 30.3
S14 Female 76 Hemorrhagic shock 44.0
S15 Male 60 Septic shock 48.0
S16 Male 72 Heart failure 28.7
S17 Male 73 Cardiogenic shock 46.5
S18 Male 71 Hepatorenal failure 14.7
S19 Female 65 Septic shock 44.4
S20 Male 59 Heart failure 9.4
S21 Female 70 Septic shock 17.8
S22 Male 84 Heart failure 43.7
S23 Female 84 Heart failure 17.2
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S24 Female 81 Cardiorespiratory failure 11.2
S25 Male 73 Heart failure 43.0
S26 Female 55 Septic shock 23.7

TABLE 1: Donors' characteristics – gender, age, cause of death, time to retrieve the tissue,
post-mortem time to preparation of culture. h: hour

3.2.3. Freezing of Tissue in Cryoprotectant

Oral mucosa samples from four cadavers (S01 – S04), including a separated

epithelium and submucosa tissues – were snap-frozen in liquid nitrogen and embedded in an

Optimal Cutting Temperature (OCT, Penta) solution and stored at -80 ºC. Tissues were

cryosectioned (Cryo-Star HM 560 Cryostat, Microm) at a thickness of 7 µm and stained with

hematoxylin-eosin (HE) for morphological assessment by light microscopy. Samples were

also used for immunofluorescence, detailed further (3.2.10 Immunofluorescence, page 56).

3.2.4. Hematoxylin and Eosin Staining

The cryo slices were stained with HE following a protocol carried out in cuvettes.

After removing the cryo slices from the freezer, they were left at room temperature for 30

minutes. The cryo cuts were then placed in distilled water for one minute.

The Haematoxylin Harris solution was filtered, and the cuts were immersed in it for 3

to 10 minutes. After a brief rinse under running water, the cuts were differentiated with acid

alcohol (50 mL of 96% Et-OH and 2 drops of HCl), and the slides were immersed twice. The

cuts were then rinsed under running water for 5 minutes.

Subsequently, the cuts were immersed in 2% eosin (filtered) for 6 minutes. The cuts

were then rinsed briefly in distilled water, allowed to dry, and installed in water media

(Aquatex, Merck). To ensure the cuts were thoroughly rinsed, a weak stream of tap water was

concentrated on the wall of the cuvette.

To prepare the permanent preparation, the cuts were drained and immersed in 96%

Et-OH for 3 minutes. They were then immersed in 100% Et-OH for 3 to 5 minutes, carbol-

xylene for 3 to 5 minutes, xylene for 5 minutes, and again xylene for 5 minutes. Finally, the

cuts were immediately mounted in Solakryl (Penta), and the cuvette lids were covered with

parafilm and stored in a fume hood. The hematoxylin stained the nuclei blue-violet, while the

eosin stained the cytoplasm pink. For the list of materials, see Appendix 2: List of Materials

for Oral Mucosa Epithelial Cell Culture, page 171.
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3.2.5. Preparation of Cell Suspension

The donor oral mucosa samples, seen in Figure 9A, were washed three times in

BASE•128 (Alchimia) for 10 minutes, then three times in PBS (Gibco) for three minutes

each time. Then each sample was cut into half and all-together incubated in 6 ml dispase II

(Gibco) solution (1 U/ml), at 37 ºC for 1 hour. Following enzymatic treatment, samples were

transferred to PBS, and with tweezers, the epithelium was separated from the submucosa. For

some tissues, epithelium and submucosa were collected and stored in 1 ml RNAlater (Sigma)

for further use for RT-qPCR. Epithelia were transferred to a Petri dish, treated with 1.5 ml

0.05% trypsin-EDTA (Gibco), and incubated for 15 min. Cells were harvested with a cell

scraper (Corning). Trypsin-EDTA was then inactivated by diluting with 3 ml DMEM-F12

media containing 20% FBS. This cell suspension was then filtered through a 70 µm cell

strainer (PluriSelect) and centrifuged for 10 minutes in the Universal 32 R centrifuge (Hettich

Zentrifugen), at 250 × g. The supernatant was removed, and the cell pellet was resuspended

in 1 ml DMEM-F12 media. Cells were counted by diluting in 1:1 with Trypan Blue dye

0.40% (Bio-Rad) using the TC20™ Automated Cell Counter (Bio-Rad). Primary cells (at

least 3.0 x 105 cells) were lysed using 350 µL of an RLT Plus buffer (Qiagen, Hilden,

Germany) and stored at -80 ºC before the RT-qPCR analysis (detailed further). A schematic

presentation of the cell suspension preparation is shown in Figure 10.

FIGURE 9: A. Oral mucosal biopsies prior to processing. B. Fibrin gel containing cultured
cells on its surface. C. Same fibrin gel from Figure B. seen from above, showing its
transparency. Images from the author's archive.
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FIGURE 10: Schematic steps on the preparation of the cell culture. Dispase and trypsin are
used for the preparation of the single-cell suspension and the cell scraper is used to dissociate
the cells after the enzymatic treatment. Created with BioRender.com

3.2.6. Preparation of Culture Media

COM and XF media had the additives and concentrations specified in the table below,

Table 2. For the catalog number, see Appendix 2: List of Materials for Oral Mucosa

Epithelial Cell Culture, page 171. HS was prepared locally by collecting blood from

donors. All donors were negative for hepatitis B and C, syphilis, and HIV; C-reactive protein

was < 20 mg/l. First, approximately 40 ml of blood was collected from the antebrachial vein

into sterile Vacutainer tubes without additives. Next, the tubes were centrifuged at 4 ºC, 3000

× g, for 15 minutes. The serum was aspirated, thoroughly pooled, aliquoted, and stored in a

box at -80 ºC.

Components Complex Media Xenobiotic-free Media
DMEM/F12 (1:1, GlutaMAX) 1x 1x
Human Serum (HS) 10% 10%
Antibiotic-Antifungal Solution (AA) 1% 1%
Cholera Toxin 8.4 ng/ml –
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Insulin-Transferrin-Selenium (ITS) 5 µg/ml –
Hydrocortisone 0.4 µg/ml –
Adenine hydrochloride 24 µg/ml –
Triiodothyronine 1.4 ng/ml –
Epidermal growth factor (EGF) 10 ng/ml –

TABLE 2: Formulation of complex media and xenobiotic-free media.

3.2.7. Cell Seeding and Culture

Cells were seeded on a concentration of 4.5 x 104 cells on the fibrin gels (see the

preparation of fibrin gels in 3.1.2 Preparation of Fibrin Gel, page 47) in a 24-well plate

(VWR, United States), thus about 2.36 x 104 cells/cm2. Media was changed daily in the first

week, then every other day until confluence.

During the culture process, the cells were observed for cell proliferation, confluency,

and morphology. The onset of the proliferation was considered when cell division was noted.

Additionally, the number of days required to achieve 80 – 90% confluence was evaluated by

assessing the extent of well coverage and the presence of unoccupied space within the wells

due to proliferating cells. This was done using an inverted phase-contrast microscope

(Olympus CKX41, Olympus, Tokyo, Japan) combined with an EOS 250D camera

(Olympus). Images were captured using QuickPhoto Camera software (Promicra, Prague,

Czech Republic).

3.2.8. Harvesting Cultured Cells after Cell Confluence

Upon cell confluence (80 to 90% confluent), cells were harvested for further

experiments. Cells grown on fibrin gel were harvested as follows: i) two times washed with

500 µl dispase II (1 U/ml); ii) added 1 ml dispase II (1 U/ml) and fibrin gel was separated

from the plastic plate by tweezers and chopped in smaller parts by surgical ophthalmic

scissors, then incubated for 30 minutes at 37 ºC; iii) solution transferred to a 15ml centrifuge

tube and spun in the Universal 32 R centrifuge (Hettich Zentrifugen) for 10 min at 250 × g;

iv) supernatant removed and the cell pellet resuspended in 2 ml TrypLE™ Express (Gibco),

and incubated for 25 minutes; v) added 4 ml media (DMEM/F12) to stop the enzymatic

activity and spun again for 10 min at 250 × g; vi) supernatant removed and the cell pellet

resuspended in 1 ml of media (DMEM/F12); vii) cell concentration counted in the TC20™

Automated Cell Counter (Bio-Rad), by preparing a dilution of 1:1 of the cell suspension and
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trypan blue dye 0.40% (Bio-Rad).

3.2.9. Cell Viability and Cell Size

Cell viability and cell size were evaluated for primary cell suspensions (S21 – S26)

and confluent cultures (COM and XF, S24 – S26) using a 1:1 dilution of the cell suspension

with 0.40% trypan blue dye (Bio-Rad). For this, 20 µl of cell suspension was mixed with 20

µl of 0.40% trypan blue dye and assessed with the TC20™ Automated Cell Counter (Bio-

Rad). This approach allowed for determining the absolute cell count for each analyzed cell

diameter. The obtained data were plotted in an Excel sheet and analyzed to assess the

distribution of cell sizes in the primary cell suspension (before seeding and culture) and the

distribution of cells based on their size after reaching confluence in both media conditions

(COM and XF).

Cell viability was measured manually for the remaining cultured samples, S05 – S20.

Using a 1:1 dilution of the cell suspension with 0.40% trypan blue dye (Bio-Rad), 20 µl of

cell suspension was mixed with 20 µl of 0.40% trypan blue dye, and both unstained live cells

and stained dead cells were counted with a hemocytometer and calculated as follows:

viability (%) = live cells/(live + dead cells) × 100.

3.2.10. Immunofluorescence

Immunofluorescence was performed in oral mucosa whole tissue (S01 – S04) and

also for primary cells and cells after a confluent culture from donors S05, S06, S08, S09, S10,

S11, S13, S14, S18, S19, and S23, for stemness (p63α, p40 (ΔNp63), and p75NTR),

proliferation (Ki-67), and differentiation markers (K3, K8, K13, and K19; K19 was done only

for the whole tissue).

The preparation of cryosections was already detailed in 3.2.3 Freezing of Tissue in

Cryoprotectant, page 52. The slides were defrosted at room temperature for thirty minutes,

fixed with cold acetone for 10 minutes, then washed three times in PBS for 5 minutes. Then,

1h blocking at room temperature with 0.3% Triton X, 2.5% BSA, and 2.5% goat serum in

PBS. Then, 1h incubation at room temperature with the primary antibody (see Table 3)

diluted in 0.3% Triton X-0.5% bovine serum albumin. The specimens were then rinsed three

times for 5 minutes in PBS and incubated for 1 h at room temperature with the corresponding

secondary antibody against the species of the primary antibody (see Table 4). After rinsing
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three times for 5 minutes in PBS, nuclear DNA was counterstained with DAPI (1:5000) for

ten minutes, followed by rinsing three times in PBS. Specimens were mounted in Mowiol

(Aldrich).

Following harvesting cells grown on fibrin gel (detailed in the session 3.2.8

Harvesting Cultured Cells after Cell Confluence, page 55), 60.000 to 100.000 cells (in

100 to 120 µl) were used to prepare each cytospin slide. Cells were spun for 5 min at 180 × g,

and slides were left to dry overnight. On the following day, cells were fixed in 300 µl 4%

paraformaldehyde (Fluka Chemical) for 15 minutes at room temperature, followed by three

times washing in PBS for 5 minutes each time. Then, the slides were stored in a Couplin jar

with PBS at 4 ºC until further use. After fixation, the cell membranes were permeabilized for

10 minutes with 0.3% Triton X-100 (Sigma-Aldrich) diluted in PBS, followed by three times

five-minutes washing in PBS, then 1h blocking at room temperature with 0.3% Triton X,

2.5% bovine serum albumin (BSA), 2.5% goat serum in PBS. Then, 1h incubation at room

temperature with the primary antibody (Table 3) diluted in 0.3% Triton X-0.5% BSA. The

cells were then rinsed three times for 5 minutes in 0.5% Tween 20 and incubated for 1 h at

room temperature with the corresponding secondary antibody against the species of the

primary antibody, Table 4. After rinsing three times in 0.5% Tween 20, nuclear DNA was

counterstained with DAPI (1:5000, diluted in PBS) for ten minutes, followed by rinsing three

times in PBS. Cells were mounted in Mowiol (Aldrich).

The specimens (whole tissue and cytospin slides) were examined using a Nikon

Eclipse Ni-U H600L microscope at ×200 and ×400 magnifications, and images were taken

using a Nikon DS-Fi3 camera (both Nikon Corporation, Tokyo, Japan). All photos were

taken and analyzed in the software NIS-Elements v5.2 (Nikon Corporation, Tokyo, Japan).

For the cultured cells (cytospin slides), cells were counted individually for the presence of the

markers (positive cells), and at least three samples were evaluated for each condition

(primary cells, COM, and XF) per marker. In each sample, at least 1000 cells were counted.

An overall percentage was obtained for each marker for both conditions, COM and XF.

Moreover, for the markers p63α, p40, and the colocalization of both p63α and p40, there was

also a correlation with cell size for S08, S10, S18, and S19; both size and positivity were

measured in the software NIS-Elements.
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Antigen Clone Host Species Company Catalog Nº Dilution used
p63α Polyclonal Rabbit Cell Signaling 4892S 1:50
p40 BC28 Mouse BioCare

Medical
ACI3066C 1:50

p75NTR Polyclonal Rabbit Millipore 07-476 1:100
Ki-67 MIB-1 Mouse Agilent Dako M7240 1:50
Keratin 3/12 AE5 Mouse Fitzgerald 10R-C168A 1:150
Keratin 8 4.1.18 Mouse Millipore MAB3414 1:500
Keratin 13 EPR3671 Rabbit abcam ab239918 1:500
Keratin 19 EP1580Y Rabbit abcam ab52625 1:500

TABLE 3: Primary antibodies for immunofluorescence.

Secondary Ab Species Company Catalog Nº Dilution
Alexa Fluor 488 Goat anti-rabbit Invitrogen A11008 1:400
Alexa Fluor 488 Goat anti-mouse Invitrogen A11029 1:400
Alexa Fluor 594 Goat anti-rabbit Invitrogen A11037 1:400
Alexa Fluor 594 Goat anti-mouse Invitrogen A11032 1:400

TABLE 4: Secondary antibodies for immunofluorescence.

3.2.11. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)

Cells from the primary cell suspension and cultured cells from COM and XF groups

of donors S08, S13, S14, S18, S19, S20, and S21 were lysed in the commercial Buffer RLT,

and the lysates were stored at -80 °C until RNA extraction.

Methods for RT-qPCR were already detailed above; refer to 3.1.5 Reverse

Transcription-Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR), page

48. The specifications of all primers used are stated in Appendix 2: List of Materials for

Oral Mucosa Epithelial Cell Culture, page 171.

3.2.12. Comet Assay

Samples from six donors (S07, S09, S12, S13, S22, and S23) were analyzed for their

DNA stability. Samples consisted of cells cultured in both COM and XF media from each

donor, hence, six pairs in total. Samples were prepared according to the protocol detailed in

the section 3.2.5 Preparation of Cell Suspension, page 53.  The standard comet assay

procedure to measure levels of SBs was performed as described by Collins et al. and the

procedure developed by Lorenzo et al., with some modifications (Collins, 2004; Lorenzo et
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al., 2013).

The protocol for preparing comet assay was based on Vodenkova et al. (Vodenkova et

al., 2020). In this protocol, I was responsible for preparing the comet assay slides containing

the cells for analysis, and the imaging and scoring of the comets were done by RNDr. Soňa

Vodenková, Ph.D., and Mgr. Kristyna Tomašová (Department of Molecular Biology of

Cancer, Institute of Experimental Medicine, Czech Academy of Sciences).

Upon obtaining the cell suspension as detailed in the session 3.2.8 Harvesting

Cultured Cells after Cell Confluence, page 55, the sample was centrifuged again for 5 min,

700 × g, at 4 ºC and washed in 1 ml cold PBS. Samples were spun again, and the supernatant

was removed; pelleted cells were embedded in the required volume of 0.7 % low melting

point agarose (LMP) (dissolved in PBS) to achieve a final concentration of 2 x 105 cells/mL.

From each LMP-cell suspension mixture, two 70 µL drops were transferred to each pre-

coated microscope slide (the final number of cells per gel is ~14,000). Gels were covered

with 22 × 22-mm coverslips and kept for 5 – 10 min at 4 ºC. Coverslips were removed, and

the slides were transferred to the lysis solution in a Coplin jar. Cells were lysed in 2.5 M

NaCl, 0.1 M EDTA-Na2, 10.0 mM Trizma base with 1% Triton X-100 (pH 10) at 4 ºC for at

least 1 hour (standard time was applied in all experiments). Parallel sample slides were also

prepared for each sample and incubated with the FPG enzyme. Controls for the comet assay

have also been included to check for the method's performance. Samples were then

transferred in an insulated box containing ice to the Institute of Experimental Medicine,

where the image analysis of the slides was conducted after staining the slides with

appropriate DNA stains, following the protocol detailed in Vodenkova et al. (Vodenkova et

al., 2020). Data on the percentage of DNA in the tail parameter were used for the analysis.

3.2.13. Deepithelialization of Amniotic Membrane

The materials and methods for preparing AM from the placenta are described in detail

in Appendix 5: The healing dynamics of non-healing wounds using cryo-preserved

amniotic membrane, page 206 and Appendix 6: Inter-placental variability is not a major

factor affecting the healing efficiency of amniotic membrane when used for treating

chronic non-healing wounds, page 217.

For the use of AM for cell culture, two AMs were further deepithelialized by

incubating them with TrypLE Express (Gibco, Grand Island, NY, USA) at 37 ºC for 10
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minutes. The enzymatic activity was stopped by diluting it with DMEM-F12 (Gibco). During

the deepithelialization process, the AMs were gently scraped with a cell scraper (Biologix,

Shandong, P.R. China) to remove amniotic epithelial cells. The deepithelialization was

confirmed through staining with 0.4% trypan blue. Each dAM was then cut into smaller

squares measuring 4.5 x 4.5 cm and assembled in a CellCrown™ 6-well plate insert

(Scaffdex, Finland). The assembled dAM was washed three times for five minutes in

BASE•128 (Alchimia, Ponte San Nicolò, Italy), followed by three additional five-minute

washes in PBS. The CellCrown™ containing the dAM was inserted into a 6-well plate

(VWR, United States), and culture medium (COM) was added outside (1.5 ml) and inside (1

ml) of the insert to keep the dAM moist before adding OMECs. OMECs (8 x 104 to 5 x 105)

were seeded on the dAM's surface, and media was changed daily for the first week, then

every other day until confluence.

3.2.14. Statistical Analysis

The data were tested for normality using the Shapiro-Wilk Test and Levene's test for

the homogeneity of variance. For normal data distribution and equal variance, a parametric

test was followed, either an analysis of variance (ANOVA) to test whether statistically

significant differences exist between more than two samples or the unpaired t-test, which

tests whether there is a difference between two samples. If the normal distribution was not

assumed, or the variance was not equal across groups, nonparametric tests were used; the

Mann-Whitney U Test (or Wilcoxon rank-sum test) for two independent samples and the

Kruskal-Wallis test for multiple independent samples. Bonferroni post hoc test was used for

the multiple pairwise comparisons. When the sample size was insufficient to assume a

normal distribution, a nonparametric test, the Mann-Whitney U Test, was employed. Data

were analyzed using StatPlus:mac (AnalystSoft Inc. - statistical analysis program for macOS,

version v8) and Microsoft Excel for Mac (v. 16.75).

The statistical analyses for RT-qPCR were performed using the R software (version

4.2.3), which included the packages ggplot2 and pheatmap for visualizations, as well as

Microsoft Excel. The gene expression (mRNA) values represent relative values to RPL32

(housekeeping gene) and are on a logarithmic scale. Initially, a heatmap was generated using

the pheatmap package to illustrate the expression data in relation to RPL32. Subsequently,

gene expression changes among COM, XF, and primary cell suspension samples were

J.V. Cabral Doctoral Thesis

60



evaluated using repeated measures ANOVA with a Bonferroni posthoc test for each marker.

Before that, data normality was assessed using the Shapiro test. Statistical significance was

determined at p ≤ 0.05.

3.3. Long-term Storage of OMECs in Liquid Nitrogen (H3)
Cells from donors S14, S23 – S26 (see 3.2.2 Donors, page 51) originating from the

primary cell suspension or upon harvesting (3.2.8 Harvesting Cultured Cells after Cell

Confluence, page 55) after the confluence of the first seeding were stored in different media

with or without a CPA, then transferred to liquid nitrogen. Figure 11 shows a comprehensive

view of these two approaches for the long-term storage of OMECs.

FIGURE 11: Schematic illustration of both procedures to store cells in liquid nitrogen. In A,
primary cells were directly stored, whereas in B, they were first cultured in both culture
media, and then upon achieving confluence, the cells were harvested and stored in liquid
nitrogen. *Due to no proliferation, 50% glycerol was then replaced with 5% glycerol.

Cells were counted in an automated cell counter (TC20™, Bio-Rad), and a volume

containing 1.0 – 2.0 x105 cells was transferred to a 1.5 ml Eppendorf tube, and the medium

was added to complete a magnitude of 0.5 ml. Samples were spun for 8 minutes in the
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Spectrafuge mini (Labnet Intl., Inc), maximum RMP/RCF: 6,000/2,000 × g, and the cell

pellet resuspended in pre-cooled freezing media to achieve a concentration of 5.0 x 106 cells/

ml. There were eight types of media: COM only, COM + 10% glycerol, COM + 50%

glycerol, COM + 10% DMSO and the respective equivalents using XF media, XF only, XF +

10% glycerol, XF + 50% glycerol, and XF + 10% DMSO. After the first two cultures (S14

and S24), which were stored after the first passage, cells that were stored in COM + 50%

glycerol or any of the XF variants did not succeed in the culture. Due to these partial results,

the protocol was adapted, and instead of 50% glycerol, we replaced it with 5% glycerol. The

experiments for the first passage (S25 and S26) continued only with COM storage media and

its variants with CPAs. For the primary cell culture, 5% glycerol was used instead of 50%

glycerol (diluted in either COM or XF), and for S23, all eight storage media variants were

included, but for S26, only COM variants.

The cell suspension on freezing media was transferred to a respective cryogenic

storage vial (pre-cooled), and vials were placed in an insulated box and stored in a -70 ºC to

-90 ºC freezer for 24h – 48h. This step is important because it allows for the freezing of the

cells while minimizing the formation of ice crystals, which can damage the cells. After the

initial storage period, the samples were transferred to liquid nitrogen for long-term storage

until further use for cell culture. This step is critical because it ensures the long-term

preservation of the cells while maintaining their viability and functionality.

To begin the thawing process, the cryovials containing the frozen cells were removed

from the liquid nitrogen and placed into a 37 ºC water bath, per standard laboratory

procedure. This step is done to gradually bring the cells back to their normal temperature and

prevent damage to the cell membrane. Once the vials were in the water bath, they were gently

swirled for less than a minute until only a small amount of ice was left in the vial. The vials

were then transferred into a laminar flow hood to ensure sterility during the rest of the

process.

Afterward, a pre-warmed complete growth medium was added into the centrifuge

tube containing the thawed cells. The centrifugation process was then performed at

approximately 200 × g for 5 – 10 minutes, which allowed the cells to be separated from any

remaining debris. After the centrifugation, the supernatant was removed without disturbing

the cell pellet. The cell pellet was then gently resuspended with a growth medium (either

COM or XF), which helped to provide the cells with the necessary nutrients and growth
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factors. Finally, the cells were seeded onto a fibrin gel support for culture (see 3.1.2

Preparation of Fibrin Gel, page 47).

During cell culture, cell morphology was observed and properly registered. Upon

confluence, cells were harvested from the fibrin gel and collected in buffer lysis for PCR. For

protocols, see 3.2.8 Harvesting Cultured Cells after Cell Confluence, page 55, and 3.2.11

Reverse Transcription Quantitative Real-time PCR (RT-qPCR), page 58.

3.4. Amniotic Membrane Grafts for the Treatment of Non-healing

Wounds (H4)
Materials and methods for this hypothesis are explained in detail in Appendix 5: The

healing dynamics of non-healing wounds using cryo-preserved amniotic membrane,

page 206 and Appendix 6: Inter-placental variability is not a major factor affecting the

healing efficiency of amniotic membrane when used for treating chronic non-healing

wounds, page 217.

In the presented project, I participated in preparing AM grafts from the placenta once

a week, and the detailed methods can be found in the cited appendices above. I took the lead

in preparing the AMs, which were subsequently used for wound grafts in the study of wound

healing and pain relief. Furthermore, I assisted in the preparation and review of the published

papers.
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4. Results

4.1. Influence of Interleukin-13 in LESCs (H1)

4.1.1. Limbal Epithelial Cell Growth and Morphology

The study found that LECs P0 cultures grew from limbal explants around the fifth day

and achieved 90 – 100% confluence after 14 days, regardless of the presence of IL13 (as

shown in Figure 12A). Interestingly, passage (P) 1 and P2 cultures reached confluence

earlier than P0 cultures, although there was no difference between cells cultured with or

without IL13 (based on the data in Figure 12D). Notably, cell viability after passaging was

similar between cultures, as demonstrated in Figure 12E.

However, the percentage of successful cultures decreased from P0 to P1 and P2,

which could indicate that there may be some underlying factors affecting the culture

conditions (see Figure 12B). The most significant difference was observed after P2, where

only 9.7% of IL13- cultures reached confluence, compared to 42% in the IL13 group. This

striking difference is also reflected in the morphology of the cells, as LECs typically exhibit

cuboidal morphology with a high nucleocytoplasmic ratio in all cultures except P2 IL13-

cultures, where the cells showed a more flattened or fibroblast-like morphology with a low

nucleocytoplasmic ratio (as shown in Figure 12F).

It is important to note that fibroblast-like cell contamination was higher in the P0

group without IL13 than in the P0 group with IL13 (27.7% and 20%, respectively).

Moreover, cell cultures without IL13 had a low percentage of contamination in P1 (16.2%)

but increased in P2 (45.8%). Conversely, fibroblast-like cell contamination was not observed

in P1 and P2 cultures with IL13, indicating that the presence of IL13 may play a role in

reducing contamination (Figure 12C).

Overall, the study provides valuable insights into the growth and morphology of

LECs cultures at different stages, highlighting the potential challenges and benefits of using

IL13 in these cultures.
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FIGURE 12: The growth and morphology of IL13- and IL13+ cell cultures. (A) The beginning
of the outgrowth of LECs cultures from day 0 (D) to reaching full confluence in P0, P1, and
P2 cultures. (B) The percentage of successfully cultured corneoscleral rims. (C) The
percentage of fibroblast-like cells contamination in cell cultures. (E) Percentages of cell
viability after the first and second passages. (F) Cell morphology was observed at the end of
cultivation of P0, P1, and P2 cultures under an inverted phase-contrast microscope. Scale
bars: 50 µm.
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4.1.2. Colony Forming Assay

The CFA was carried out on two groups of cultures, P1 and P2, as shown in Figure

13. The results of the assay showed that the growth potential was significantly higher in the

P1 and P2 cultures that had IL13+ (with an average of 13.79% and 8.63%, respectively) than

in the P1 and P2 cultures IL13- (with an average of 4.78% and 1.19%, respectively). This

difference was significant, with a p-value of less than 0.001 and less than 0.0001,

respectively. The data also showed that the number of colonies decreased between the two

passages and between the IL13+ and IL13- groups, but the decrease was more significant in

the IL13- cultures than in the IL13+ cultures (p < 0.001 vs. p < 0.05). These findings suggest

that the presence of IL13 protein is an important factor in the growth potential of P1 and P2

cultures.

FIGURE 13: Comparison of total CFE. After the first and second passages (P1 and P2), cells
were cultured with growth-arrested 3T3 mouse fibroblasts to compare their growth capacity
under IL13- and IL13+ conditions. (A) Distribution of total CFE percentages of the P1 and
P2 groups. Each bar represents the mean ± SD from 7 to 13 determinations. The asterisks
represent a statistically significant difference between the examined groups (*p < 0.05, ***p
< 0.001, ****p < 0.0001). (B) The colonies were stained with 2% rhodamine B.

4.1.3. Expression of Limbal Stem Cell Markers

The ΔNp63α gene was more expressed in cells cultured with IL13 than in cells

cultured without it (p < 0.001). The expression consistently decreased during the LECs

culture, and there was a significant difference between P0 – P1 and P1 – P2 cultures in both

IL13+ and IL13- groups (p < 0.01). Although BMI-1 gene expression was slightly higher in
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P0 IL13+ cultures than in IL13- cells, the difference was not statistically significant. The K14

gene expression was significantly higher in IL13+ groups P0 (p < 0.05) and P1 (p < 0.001)

compared to controls without IL13. The KRT17 gene expression decreased throughout the

cell culture, and there was a significant difference between the P0 IL13+ culture and the P1

and P2 IL13+ groups (both p < 0.05). The KRT17 gene expression was significantly higher in

P0 samples with IL13 (p < 0.05) compared to samples without IL13 (Figure 14).

FIGURE 14: Relative gene expression of ΔNp63α, BMI-1, KRT14, and KRT17 in IL13- and
IL13+ cell cultures. Cells originating from limbal explants (P0) and passaged cells (P1 and
P2) were analyzed at the end of the culture for ΔNp63α, BMI-1, KRT14, and KRT17 gene
expression by qPCR. Each bar represents the mean ± SD of three to ten determinations. The
asterisks represent statistically significant difference between the examined groups (*p
< 0.05, **p < 0.01, ***p < 0.001).

J.V. Cabral Doctoral Thesis

67



4.1.4. Immunocytochemical Staining for p63

In the study, we found that every culture and condition had cells positive for the p63,

as depicted in Figure 15A. Interestingly, the percentage of p63-positive cells decreased

significantly during cell culture without IL13. Specifically, the mean values were 94.86%,

91.65%, and 75.55% for P0, P1, and P2 cultures, respectively; p < 0.05. Notably, cell cultures

with IL13 had a similar expression of p63 in all passages, with mean values of 96.23%,

95.54%, and 90.69% for P0, P1, and P2 cultures, respectively. Furthermore, a significantly

higher percentage of p63 + cells were measured in P2 IL13+ compared to P2 IL13- culture,

with p < 0.05, as shown in Figure 15B.
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FIGURE 15: Immunostaining for the putative limbal stem cell marker p63α in IL13- and
IL13+ cell cultures. (A) Cells were analyzed by immunofluorescent staining for p63α (red) at
the end of P0 – P2 cultures. Nuclei were counterstained with DAPI (blue). Scale bars: 20 µm.
(B) Distribution of percentages in the P0, P1, and P2 groups for p63α staining. Each bar
represents the mean ± SD of three to eight determinations. The asterisks represent a
statistically significant difference between the examined groups (*p < 0.05).

4.1.5. LECs Proliferation and Metabolic Activity

To determine the proliferation of cultured LECs, we conducted gene expression

analysis of MKI67 and utilized the WST-1 assay (as shown in Figure 16). While no

significant differences were observed between the evaluated groups for MKI67 gene

expression, we found some interesting results when looking at the proliferation data. In P1,

there was no difference between the IL13+ and IL13- groups. However, when we compared

P2 IL13+ to P2 IL13-, we found a significantly higher proliferation in the former (p < 0.01),

as determined by the WST-1 assay. Moreover, we also measured a significant decrease in

proliferation activity between P1 and P2 cultures that did not include IL13 (p < 0.01).

FIGURE 16: Relative gene expression of MKI67 and WST-1 assay in IL13- and IL13+ cell
cultures. (A) Cells originating from limbal explants (P0) and passaged cells (P1 and P2) at
the end of culture were analyzed for MKI67 gene expression by qPCR. Each bar represents
the mean ± SD of five to ten determinations. (B) Measurement of cell proliferation after the
first and second passages (P1 and P2). The WST-1 reagent was added to the cell cultures for
1 h to form formazan. The absorbance was measured at a wavelength of 450 nm via optical
density. Each bar represents the mean ± SD of eight to ten determinations. The asterisks
represent a statistically significant difference between the examined groups (*p < 0.01).
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4.1.6. Presence of Differentiation Markers

The expression of corneal epithelium-specific KRT3 and KRT12 genes was consistent

among all groups, although the levels were recorded to be very low. This implies that the

presence or absence of IL13 did not significantly affect the expression of these genes.

However, the expression of the conjunctival KRT7 gene was noticeably higher in all IL13+

cell passages in comparison to IL13- cultures, indicating that the presence of IL13 may have

a stimulatory effect on the expression of this gene. The difference was particularly significant

in P0 and P1 (both p < 0.05). Furthermore, the study found that the MUC4 gene was

expressed in all groups, although there was a significant decrease in its expression between

passages P0 and P2 and between P1 and P2 in IL13- conditions (p < 0.05), see Figure 17.

FIGURE 17: Relative gene expression of KRT3, KRT12, KRT7, and MUC4 in IL13- and IL13+
cell cultures. Cells originating from limbal explants (P0) and passaged cells (P1 and P2) at
the end of culture were analyzed for the expression of KRT3, KRT12, KRT7, and MUC4
genes by qPCR. Each bar represents the mean ± SD of four to ten determinations. The
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asterisks represent a statistically significant difference between the examined groups (*p
< 0.05).

4.2. Culture of Limbal Explants on PDLLA membranes

compared to Fibrin Gel (H1)

4.2.1. Growth Dynamics and Cell Morphology

At 3 – 5 dps, cell expansion commenced around the seeded explants in the fibrin gels.

The expanding cells were small and displayed a typical epithelial cuboidal morphology,

Figure 18. By 7 dps, the maximum observed percent growth was approximately 70%. The

cobblestone epithelial morphology remained unchanged even at 9 – 14 dps when the

confluency reached 90 – 100%. Although spindle cells were noted at the end of the cultures

in 2 of the 6 donor tissues, their presence was negligible.

The growth on PDLLA nanofibrous membranes was observed at 5 – 7 dps. However,

this proliferation was characterized by both cuboidal morphology and round cells, which

were not observed in the case of fibrin cultures. Furthermore, from 7 – 10 dps, the cultures

exhibited both epithelial and fibroblast-like cell morphology, with cells migrating across the

substrate and showing multifocal growth. Multicellular cell structures, whirling patterns, and

self-organizing structures were commonly observed. The cultivated cells reached 90 – 100%

confluency at 16 – 21 dps, and mostly fibroblast-like cells were present at confluence, Figure

19.
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FIGURE 18: Inverted phase-contrast microscopy of limbal epithelial cell culture in fibrin gel
(A and B) and PDLLA nanofibrous membranes (C and D). A and C reveal the initial stages
of cell proliferation, showing rounded cells expanding from the limbal tissue (A, at 3 days
post-seeding, and C at 5 days post-seeding the explant). At confluence (C, 9 days), cells on
fibrin gel had a well-defined cobblestone-like uniform morphology, whereas on PDLLA
membrane (D) at confluence (16 days), cells assumed a fibroblast-like morphology and self-
organizing structures were also present. PDLLA: poly(L-lactide-co-DL-lactide) nanofibrous
membrane. Scale bar: 200 µm. Images from the author's archive.
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FIGURE 19: Inverted phase-contrast microscopy of limbal epithelial cell culture on poly(L-
lactide-co-DL-lactide) (PDLLA) nanofibrous membranes. At confluence (16 days), fibroblast-
like cells were visible, as well as rounded cells. Scale bar: 200 µm. Images from the author's
archive.

4.2.2. Gene Expression in Cultured Cells in PDLLA Membranes and Fibrin

Gel

We conducted RT-qPCR to evaluate the gene expression of stem cell, proliferation,

keratin, and fibroblast markers, aiming to assess the effect of PDLLA on cell phenotype and

compare it with that of fibrin gel. Bidirectional hierarchical clustering of the gene expression

values revealed that the cells grown on fibrin gels tended to form a distinct group separate

from cells derived from culture in PDLLA membranes, Figure 20. Also, based on their

expression, the tested genes were classified into two groups of lower and higher expressed

genes: class I, lower expression – NGFR, OCT4, KRT12, ABCG2, VSX2, SOX2, KRT3,

CD34, and ABCB5; class II, higher expression – KRT14, KRT15, ITGB1, KRT7, IGFBP5,

LRIG1, ACTA2, THY1, FBLN1, CEBPD, MKI67, KLF4, and ΔNp63α.

After analysis using unpaired t-tests, the progenitor and putative stem cell markers

NGFR, OCT4, and ΔNp63α were significantly upregulated in fibrin compared to PDLLA
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samples (p < 0.05), as well as the proliferation marker KLF4 (p < 0.01) and the

differentiation markers KRT12 and KRT14 (p < 0.01, p < 0.05, respectively). In contrast,

explant cultivation using the PDLLA nanofibrous substrate led to a statistically significant

upregulation of the fibroblast markers ACTA2, FBLN1, and THY1 (p < 0.05, p < 0.01, and p

< 0.01, respectively).

FIGURE 20: Comparisons of limbal epithelial cells (LECs) cultured in fibrin gels or
nanofibrous scaffold for the gene expression of stem cell, proliferation, fibroblast and
differentiation markers assessed using real-time polymerase chain reaction. A heatmap was
generated to provide an overview of the relative mRNA expression (logarithmic values) for
the tested genes (rows), with the samples (columns) grouped based on the substrate (fibrin or
nanofibrous membrane). The color scale on the right side of the heatmap represents higher
expressions in red and lower expressions in blue. PDLLA: poly(L-lactide-co-DL-lactide)
nanofibrous membrane.
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4.3. Oral Mucosal Epithelial Cells (H2)

4.3.1. Characterization of Whole Tissue

4.3.1.1. HE Staining

Oral buccal mucosa samples from four donors (S01 – S04, see 3.2.2 Donors, page

51) were characterized by HE staining (Figure 21) for preliminary imaging before

proceeding with further characterization through immunofluorescence, as described in 3.2.4

Hematoxylin and Eosin Staining, page 52 and 3.2.10 Immunofluorescence, page 56. The

thickness of the stratum spinosum varied among the samples, as well as the undulations of

rete ridges, as some samples had a higher number of undulations (Figure 21, S01, S02, and

S03) while also showing a flatter stratum spinosum (Figure 21, S04).

FIGURE 21: Hematoxylin and Eosin (HE) staining of a non-keratinized squamous stratified
epithelium of four different buccal oral mucosa samples (donors S01 – S04). Epithelial
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projections, rete ridges, are shown penetrating into the dermis or lamina propria of the oral
mucosa. Scale bar = 100 µm. Images from the author's archive.

The histological staining of samples after enzymatic treatment further confirmed the

effectiveness of the technique to separate the epithelium from the submucosa, Figure 22.

FIGURE 22: HE staining of whole tissue (oral mucosa) of S04, epithelium, and submucosa,
respectively. The first image shows the whole tissue prior to enzymatic treatment, and the
second and third images represent the epithelium and submucosa after successful enzymatic
separation of the two layers. Only the epithelium is then used for preparing the cell
suspension for cell culture. Scale bar = 100 µm. Images from the author's archive.

4.3.2. Viability and Cell size

The viability and cell size distribution measured by the automated cell counter (for

details on the methods to measure the cell size, see the chapter 3.2.9 Cell Viability and Cell

Size, page 56) of the primary cell suspensions (S21 – S26) is detailed in the Figure 23. The

viability of the primary cell suspension (S21 – S26) was 77.7% ± 18.3 % (mean ± SD); about

68.7% of the live cells were ≤ 11 µm, 25% in the range of > 11 – ≤ 18 µm, and the remaining

6.4% > 18 µm, and 96.6% of dead cells were ≤ 11 µm.
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FIGURE 23: The distribution of cell diameters of the primary cell suspension in six samples
(S21 – S26) using an automated cell counter. The percentage indicates the distribution of
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sizes for live cells (blue) within the samples. Dead cells (red) were excluded by trypan blue
staining.

The cell size of confluent cultures in COM and XF of S24 – S26 was also measured

by the automated cell counter. In COM, 45.8% of the live cells were ≤ 11 µm, 47.1% in the

range of > 11 – ≤ 18 µm, and the remaining 7% > 18 µm; in XF, 59% of the live cells were ≤

11 µm, 8.4% in the range of > 11 – ≤ 18 µm, and the remaining 7% > 18 µm, Figure 24.
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FIGURE 24: The distribution of live cells according to the cell diameter in three samples
(S24 – S26) using an automated cell counter. The percentage indicates the distribution of
sizes for live cells after culture and confluence in complex media and xenobiotic-free media.

4.3.2.1. Immunofluorescence

These four samples (S01 – S04) were processed for immunofluorescence

characterization for stemness markers (p63α, p40, and p75NTR), proliferation marker

(Ki-67), and differentiation markers (K3, K8, K13, and K19), as detailed in 3.2.10

Immunofluorescence, page 56.

The stemness marker p63α was detected in the basal layer of all four samples, Figure

25, but mainly concentrated on the tips of the rete ridges, and the signal intensity was lower

or absent in the base of the rete ridges; it was also weekly present in the suprabasal layer in

between the epithelial projections. For the note, the bright intensity observed in the

submucosa was also present in the negative control samples, in contrast to the bright signal

observed in the basal layer. Similarly, p40 (ΔNp63) was also detected along the basal layer,
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with a higher intensity on the tips of the rete ridges, and the intensity also decreased towards

the base of the rete ridges; it was also weekly present in the suprabasal layer in between the

epithelial projections. The co-localization of p63α and p40 was also evaluated, and cells were

mostly positive for both markers, Figure 26. The marker p75NTR was also present in the

basal layer of all four tissues and uniformly along the basal layer, with similar intensity in the

tip and base of the rete ridges. Ki-67, a marker used to investigate the proliferation state of

cells, is expressed unevenly in the parabasal and scarcely in the suprabasal layers of the oral

mucosa epithelium, Figure 25.

FIGURE 25: Immunofluorescence of four oral mucosa epithelia (donors S01 – S04) for the
following stemness markers: p63α (green), p40 (red), p75NTR (green), and proliferation
marker Ki-67 (red). Nuclei counterstained with DAPI (blue). Scale bar: 100 µm. Images from
the author's archive.
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FIGURE 26: Immunofluorescence of four oral mucosa epithelia (S01 – S04) for the following
stemness markers: p63α (green), p40 (red), and colocalization p63α + p40. Nuclei
counterstained with DAPI (blue). Scale bar: 10 µm. Images from the author's archive.

The differentiation marker K3 was absent in one (S02) of the evaluated samples; in

two of them (S03 and S04), it was minimally (< 1%) present in the suprabasal layer, and only

in S01 K3 was present in the parabasal layer of a tip of a rete ridge, with the signal intensity

decreasing upwards, and scattered in the suprabasal layer. K8 was primarily found in the

basal layer, and the signal was usually more intense, particularly on the tips of the rete ridges,

with a weaker signal spreading heterogeneously through the suprabasal-superficial layers.

K13 was detected homogeneously throughout the entire suprabasal layer of all
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immunostained samples and was absent in the basal layer. K19 showed much less positivity,

and its distribution was heterogeneous among the samples. Still, it was concentrated in

regional areas of the epithelium, with a strong signal at the tip and base of the rete ridge and a

decrease of the signal towards the superficial layers, Figure 27.

FIGURE 27: Immunofluorescence of four oral mucosa epithelia (donors S01 – S04) for the
following differentiation markers: Keratin (K) 3 (green), K8 (green), K13 (green), and K19
(green). Nuclei counterstained with DAPI (blue). Scale bar: 100 µm. Images from the
author's archive.

4.3.3. Oral Mucosa Cell Growth Dynamics and Cell Morphology

Among the donors whose samples were used for cell culture on COM and XF and

evaluated (19 samples, S05 – S23, Table 1, page 52), there were eight females and eleven
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male donors; for details, see Table 5. The average post-mortem time to tissue retrieval was

29.9 ± 13.4 h (mean ± SD), and samples were kept in Base 128 for a maximum of 24h.

Cultures were prepared as described in 3.2.5 Preparation of Cell Suspension, page 53.

Gender n (%) Age (mean ± SD) Post-mortem time to
retrieval (h), (mean ± SD)

Female 8 (42.1%) 66.5 ± 12.6 32.2 ± 11.4
Male 11 (57.9%) 69.6 ± 10.6 28.3 ± 15
Total 19 (100%) 68.3 ± 11.2 29.9 ± 13.4

TABLE 5: Donors' age and tissues' characteristics. n: absolut number; h: hour; SD: standard
deviation.

Immediately after the seeding, the cells showed a rounded morphology. After 4 – 6

days of culture, OMECs in both culture conditions had cobblestone-like morphology, Figure

28. When viewed under an inverted phase-contrast microscope, the epithelial cells appeared

small. They had uniform morphology, with a high nucleus-to-cytoplasm ratio, and cell-to-cell

contacts were evident. When the wells were close to full confluence (90 – 100%), it was

possible to observe that stratification had already initiated, causing the cells to adopt a

spindle-shaped morphology towards the upper surface of the stratified layer while the

cobblestone cell layer was still visible underneath, Figure 29. Throughout the culture period,

the gel housing the cultivated OMEC sheet remained transparent.

FIGURE 28: Inverted phase-contrast microscopy of oral mucosa epithelial cells on a fibrin
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substrate and complex media four days after seeding the cells. The images reveal the initial
stages of cell proliferation, showing clusters of cells proliferating, and some rounded cells not
attached to the fibrin gel. Scale bar: 100 µm. Images from the author's archive.

FIGURE 29: Inverted phase-contrast microscopy of oral mucosa epithelial cell culture on a
fibrin gel substrate, nine days after seeding. Arrow indicates stratification near well borders at
near full confluence. Scale bar: 100 µm. Images from the author's archive.

It was observed that cells grown using COM showed an earlier onset of proliferation

compared to the XF group. The beginning of proliferation was determined by the number of

days it took for the cells to settle on the fibrin gel and start proliferating. Based on those

nineteen pairs (COM – XF, S5 – S23) of OMEC culture, the COM group took 4.7 ± 1.1 days,

while the XF group took 5.4 ± 1.0 days to show proliferation. The COM group reached

confluence in 11.8 ± 2.3 days, while the XF group took 12.7 ± 2.7 days, Figure 30. COM

cultures, upon harvesting, showed a viability of 89.8% ± 5.1% (mean ± SD), whereas XF

cultures had a viability of 86.3% ± 7.9% (mean ± SD). For details on the measurement of

viability, refer to the chapter 3.2.9 Cell Viability and Cell Size, page 56. Cell viability

variances were homogeneous among the conditions (Levene's test, p > 0.05). Subsequently, a

parametric t-test revealed no significant difference, indicating that the type of media used did

not affect cell viability.  Table 6 summarizes the data on the days to the beginning of

proliferation, days to reach confluence (90 – 100%), and cell viability for each media

condition.
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FIGURE 30: A. Inverted phase-contrast microscopy of cultures on fibrin complex media
(COM) and fibrin xenobiotic-free media (XF), showing the progress of proliferation until
confluence observed at 5 days post-seeding (dps), 7 dps, 12 dps, and 14 dps (XF only). B.
The cobblestone-like morphology of cells in both culture media at confluence. Images from
the author's archive. Scale bar: 200 µm.

Media n (%) Days lapsed to the
beginning of the
proliferation
(mean ± SD)

Days lapsed to
confluence
(mean ± SD)

Viability %
(mean ± SD)

Complex media 19 (50%) 4.7 ± 1.1 11.8 ± 2.3 89.8 ± 5.1
Xeno-free 19 (50%) 5.4 ± 1.0 12.7 ± 2.7 86.3 ± 7.9
Total 38 (100%) 5.0 ± 1.1 12.2 ± 2.5 88.0 ± 6.8
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TABLE 6: Summary of the days to initiate proliferation, days to achieve confluence (90 –
100%), measured by the area of the well covered by a cell layer, and cell viability upon
confluence for both complex media and xenobiotic-free media. n: absolut number; SD:
standard deviation.

4.3.3.1. OMECs Culture on Deepithelized Amniotic Dembrane

An attempt was made to culture OMECs on dAM; however, several issues arose.

Firstly, the same cell amount as seeded on the fibrin substrate (4.5 x 104 cells/well or 2.36 x

104 cells/cm2) was insufficient for the larger area of the dAM (1.9 cm2 on fibrin vs. 5.3 cm2

on dAM), requiring an increased concentration. Ultimately, when 5.0 x 105 cells (9.4 x 104

cells/cm2) were used, OMECs showed attachment and proliferation, Figure 31. Additionally,

harvesting cells for further analysis posed a challenge. Direct application of the lysate was

ineffective, and we optimized cell collection by applying Tryple Express for 30 minutes in

the incubator, dilution by 2 volumes to inactivate the enzyme, followed by centrifugation of

the cell suspension (10 minutes at 250 × g), and subsequent resuspension of cells in the lysis

buffer for RT-qPCR analysis.

This study on the use of dAM is preliminary and aims to compare OMEC cultures in

both fibrin gel and dAM under XF conditions.

FIGURE 31: Inverted phase-contrast microscopy of oral mucosa epithelial cells proliferation
on a deepithelialized amniotic membrane (dAM) four days after seeding the cells. Scale bar:
200 µm. Images from the author's archive.
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4.3.4. Immunofluorescence

4.3.4.1. Cultured Cells

OMECs from S05, S06, S08, S09, S10, S11, S13, S14, S18, S19, and S23 cultured in

COM and XF were immunostained for p63α, p40, p63α + p40 (ΔNp63α+), p75NTR, Ki-67,

K3, K8, and K13 markers; except for p40, p75NTR and K3, primary cells were also

immunostained. At least three samples per condition (primary cells, COM, and XF) were

scored for each marker. For protocol on immunofluorescence and the calculation of the

presence of a marker, refer to the chapter 3.2.10 Immunofluorescence, page 56. Due to the

small sample size to assume a normal distribution, a nonparametric test (Mann-Whitney U

Test for two independent samples or Kruskal-Wallis for multiple independent samples) was

used to compare the positivity of a marker among the groups.

Stemness markers (p63α, p40, p63α + p40, p75NTR) were detected in all samples

assessed, Figure 32. The p63α protein was detected in cells of the primary cell suspension

and from both media conditions similarly, Figure 33. The average presence of p63α was

68.6% ± 16.0% (mean ± SD) in the primary cell suspension, 68.8% ± 10.5% (mean ± SD) in

the COM, and 64.6% ± 10.6% (mean ± SD) in the XF, not statistically significant (Kruskal-

Wallis). The marker p40 (ΔNp63) was also assessed in cultured cells from both groups

(COM and XF), Figure 33, and the presence of this marker correlates with the mean

percentage of cells positive for p63α. In the COM group, 69.6% ± 8.8% (mean ± SD) were

p40+, and in the XF group, 64.5% ± 6.4% (mean ± SD). The co-localization of p63α and

ΔNp63 (thus, ΔNp63α+ cells) was also evaluated, Figure 34. In COM, there was a mean of

67% ± 11.3% (mean ± SD) positive cells for both markers simultaneously, whereas, in XF, it

was co-localized in 59.6% ± 5.9% (mean ± SD) of the cells.
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FIGURE 32: The graph illustrates the percentage of cells positive for stemness markers – p63α,
p40, p63α co-localized with p40, and p75NTR. Cells from at least three different donors were
assessed for each marker and condition (complex and xenobiotic-free media), and primary
cells were also evaluated for p63α. The results are presented as mean ± standard deviation.
No statistical significance was observed within each group (nonparametric Kruskal-Wallis
test for multiple independent samples and Mann-Whitney test for two independent samples).
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FIGURE 33: Immunofluorescence was conducted to detect the protein p63α on oral mucosa
epithelial cells under three different conditions: primary cell suspension, cells cultured on
complex media (COM), and xenobiotic-free media (XF). Additionally, p40 (ΔNp63) was
analyzed in cultured cells (COM and XF). p63α was labeled in green, p40 in red, and the
nuclei were counterstained in blue (DAPI). The scale bar represents 10 µm. The images are
sourced from the author's archive.

FIGURE 34: Immunofluorescence for the detection of the col-localization of the proteins p63α
and p40 on oral mucosa epithelial cells cultured on complex media (COM) and xenobiotic-
free media (XF). p63α in green, p40 in red, and nuclei counterstained in blue (DAPI). Scale
bar: 10 µm. Images from the author's archive.

Another putative stem cell marker, the p75NTR protein, exhibited a similar pattern to

p63α and p40, with detection in 62.3% ± 26.1% (mean ± SD) of cells cultured on COM and

64.7% ± 11.7% (mean ± SD) of cells cultured on XF, Figure 35, also not statistically

significant according to the Mann-Whitney Test.
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FIGURE 35: Immunofluorescence for the detection of the proteins p75NTR on oral mucosa
epithelial cells cultured on complex media (COM) and xenobiotic-free media (XF). p75NTR
in green and nuclei counterstained in blue (DAPI). Scale bar: 10 µm. Images from the
author's archive.

The proliferation marker Ki-67 showed a higher percentage in the cultured cells

(COM and XF) compared to the primary cell suspension, Figure 36, with approximately

35.9% ± 16.4% (mean ± SD) of cells cultured on COM and 24.2% ± 21.6% (mean ± SD) of

cells cultured on XF, compared to the presence of Ki-67 in about 12.0% ± 7.1% (mean ± SD)

of the primary cells, Figure 37. Although this difference was not statistically significant

(Kruskal-Willis Test).
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FIGURE 36: Immunostaining was performed to detect the proliferation marker Ki-67 in the
primary cell suspension, complex media (COM), and xenobiotic-free media (XF). The results
are presented as mean ± standard deviation. No statistical significance was observed among
the groups (nonparametric Kruskal-Wallis test).
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FIGURE 37: Immunofluorescence for the detection of the proliferation marker Ki-67 on oral
mucosa epithelial cells in three different conditions: primary cell suspension, cells cultured
on complex media (COM), and xenobiotic-free media (XF). Ki-67 in red and nuclei
counterstained in blue (DAPI). Scale bar: 10 µm. Images from the author's archive.

Moreover, differentiation markers K3, K8, and K13 were also evaluated, Figure 38.

K3 was detected in 15.1% ± 5.7% (mean ± SD) of cells in COM and, in XF, 13.3% ± 3.1%

(mean ± SD), with no statistically significant difference due to small sample size. K8 was

detected in 56.2% ± 9.8% (mean ± SD) of cells from the primary cell suspension, similar in

COM, 53.7% ± 24.5% (mean ± SD), and lower in XF, 44.0% ± 18.8% (mean ± SD), although

this difference was not statistically significant (Kruskal-Willis Test). On the other hand, K13

was detected in 68.3% ± 21.2% (mean ± SD) of cells in the primary cell suspension, whereas

it was found in 17% ± 12.7% (mean ± SD) of cells cultured on COM and 26.8% ± 11.0%

(mean ± SD) of cells cultured on XF. There was a statistically significant difference when

comparing either culture media to the primary cell suspension (p < 0.0001, Kruskal-Wallis

Test). Immunofluorescence images for these keratins are shown in Figure 39 and Figure 40.
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FIGURE 38: Immunostaining was performed to detect the differentiation markers keratin (K)
3, K8, and K13 in the primary cell suspension (K8 and K13), complex media (COM), and
xenobiotic-free media (XF). The results are presented as mean ± standard deviation. No
statistical significance was observed among the groups for K3 or K8 (nonparametric Kruskal-
Wallis test). However, a statistically significant difference was found for the presence of K13
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in both COM and XF compared to the primary cell suspension (p < 0.0001 for both cases,
nonparametric Kruskal-Wallis test).

FIGURE 39: Immunofluorescence for the detection of the differentiation marker Keratin (K) 3
on oral mucosa epithelial cells in cells cultured on complex media (COM) and xenobiotic-
free media (XF). K3 in red and nuclei counterstained in blue (DAPI). Scale bar: 10 µm.
Images from the author's archive.
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FIGURE 40: Immunofluorescence for the detection of the protein keratin (K) 8 and K13 on
oral mucosa epithelial cells in three different conditions: primary cell suspension, cells
cultured on complex media (COM), and xenobiotic-free media (XF). K8 in red, K13 in green,
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and nuclei counterstained in blue (DAPI). Scale bar: 10 µm. Images from the author's
archive.

4.3.4.2. Cell size and Stemness

Four specimens (S08, S10, S18, and S19) were also evaluated for the correlation

between cell size and the presence of p63α, p40 (ΔNp63), and their co-localization

(ΔNp63α+) in both conditions (COM and XF) by immunofluorescence. In COM, after

culture, 4.9 ± 5.8% (mean ± SD, range 0.41 – 13%) of the cells had a cell diameter ≤ 11 µm,

39.6 ± 21.8% > 11 and ≤ 18 µm, and 55.5 ± 27.1% > 18 µm, Figure 41. In XF, 3.1 ± 2.3%

were ≤ 11 µm, 47.0 ± 11.0% > 11 and ≤ 18 µm, and 49.8 ± 11.9% larger than 18 µm.
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FIGURE 41: The percentage of cells falling into three different ranges of cell diameter (≤ 11
µm, > 11 – ≤ 18 µm, and > 18 µm) was determined for both cultured conditions: complex
media (COM) and xenobiotic-free media (XF).

When considering only cells ≤ 11 µm, in COM, 84.5% (4.3% when weighted for the

whole amount of cells) were p63α+, 87.8% (4.5% among all cells) were p40+, and 81.8%

(4.2% weighted value) were both p63α+ and p40+. Whereas in XF, 73.4% of cells ≤ 11 µm

(1.9% for the whole amount) were p63α+, 72.1% (1.9% among all cells) were p40+, and

68.3% (1.8% of all cells) were positive for both p63α and p40, Figure 42.
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FIGURE 42: The graphs represent the correlation of cell diameter of cells ≤ 11 µm and the
presence of putative stem cell markers p63α, p40, and the co-localized p63α+p40+ for both
conditions – complex media (COM), and xenobiotic-free media (XF). In blue are the cells
positive for the markers, and in red, negative. The overall weighted positivity of the markers
was: in COM, 4.3% p63α+, 4.5% p40+, and 4.2% p63α+p40+; in XF, 1.9% p63α+, 1.9%
p40+, and 1.8% p63α+p40+.

4.3.5. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)

Samples from S08, S13, S14, S18, S19, S20, and S21 had their gene expression for

putative stem cells, proliferation, and differentiation genes analyzed for three groups: primary

cell suspension, cells cultured on COM, and cells cultured on XF. To assess the impact of

media (COM or XF) on cell phenotype, we utilized RT-qPCR to evaluate the expression of

such genes at the mRNA level. Through bidirectional hierarchical clustering of the log.

rel.mRNA values, we observed that the control cells tended to form a distinct group separate

from cells derived from culture in either medium, Figure 43. Also, based on their expression,

the tested genes were classified into two groups of lower and higher expressed genes: class I,

lower expression – KRT3, NESTIN, KRT12, ABCG2, IGFPB5, PAX6, KRT8, and NANOG;

class II, higher expression – OCT4, LRIG1, NGFR, ALDH3A1, KLF4, PCNA, ΔNp63α,

MKI67, SOX2, KRT14, KRT13, KRT15, KRT7, KRT17, ITGB1, and KRT19, Figure 43. The

logarithmic mean values for all gene expressions for primary cells, COM, and XF are

detailed in Table 7.
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FIGURE 43: Comparisons of oral mucosa epithelial cells (OMEC) cultured in complex media
(COM) or xenobiotic-free media (XF) compared to cells prior to culture (primary cells) for
the gene expression of stem cell, proliferation, and differentiation markers assessed using
real-time polymerase chain reaction. A heatmap was generated to provide an overview of the
relative mRNA expression (logarithmic values) for the tested genes (rows), with the samples
(columns) grouped based on the media used for their cultivation or control. The color scale
on the right side of the heatmap represents higher expressions in red and lower expressions in
blue.

Genes Primary Cells Complex Media Xenobiotic-free media
Progenitor and Putative Stem Cell genes
ΔNp63α 7.66 ± 0.97 8.08 ± 0.94 8.35 ± 1.06
KLF4 9.13 ± 1.37 6.84 ± 2.16 7.39 ± 1.95
SOX2 6.82 ± 1.20 3.72 ± 1.62 4.29 ± 1.17
NGFR 1.84 ± 2.16 3.49 ± 2.30 2.76 ± 2.74
ОСТ4 1.57 ± 1.11 1.92 ± 0.81 1.98 ± 0.90
LRIG1 2.72 ± 1.18 2.26 ± 2.21 2.14 ± 1.90
ABCG2 -2.55 ± 1.27 0.54 ± 1.56 1.15 ± 1.63
PAX6 -2.39 ± 1.79 -2.69 ± 1.16 -1.24 ± 1.33
NANOG -0.22 ± 0.82 -1.68 ± 1.51 -1.38 ± 1.22
NESTIN -2.63 ± 2.48 -3.23 ± 2.22 -3.37 ± 1.93
Proliferation genes

J.V. Cabral Doctoral Thesis

96



ITGB1 8.71 ± 2.42 11.94 ± 1.13 10.91 ± 1.90
PCNA 7.02 ± 0.75 8.61 ± 0.67 8.85 ± 0.63
ALDH3A1 7.83 ± 3.28 1.71 ± 1.46 4.05 ± 3.05
MKI67 3.15 ± 1.96 5.66 ± 1.63 6.00 ± 1.80
IGFBP5 0.57 ± 2.52 -3.37 ± 2.29 -1.50 ± 1.40
Differentiation genes
KRT3 2.13 ± 2.06 -3.31 ± 2.02 -3.08 ± 1.43
KRT7 3.33 ± 1.12 13.33 ± 0.83 13.15 ± 0.71
KRT8 -1.07 ± 1.70 -0.23 ± 1.42 -0.56 ± 1.12
KRT12 -2.32 ± 1.53 -1.07 ± 2.09 -0.31 ± 4.05
KRT13 14.06 ± 1.17 10.07 ± 1.09 11.78 ± 1.16
KRT14 12.00 ± 2.04 14.31 ± 0.69 14.38 ± 0.64
KRT15 13.39 ± 3.56 11.28 ± 0.92 12.34 ± 0.75
KRT17 6.77 ± 2.23 11.71 ± 0.93 12.33 ± 1.03
KRT19 9.14 ± 3.96 11.41 ± 0.48 11.79 ± 1.05

TABLE 7: Logarithmic values (mean ± SD) of all gene expressions for primary cells, complex
media, and xenobiotic-free media from donors S08, S13, S14, S18, S19, S20, and S21.

4.3.5.1. Expression of Stem Cell Markers

We evaluated the gene expression of various putative stem cell genes, including

ΔNp63α, KLF4, SOX2, NGFR, ОСТ4, LRIG1, ABCG2, PAX6, NANOG, and NESTIN.

Statistical significance was observed between the groups for SOX2 and ABCG2.

After analysis using repeated measures ANOVA with Bonferonni posthoc tests,

ABCG2 was significantly upregulated in the xeno-free culture relative to the control group (p

< 0.05); on the other hand, SOX2 was downregulated in both culture media groups in relation

to the control, both significantly (COM p < 0.05, XF p < 0.01), Figure 44. No significant

difference was observed among the groups for the remaining putative stem cell genes.

However, ΔNp63α, NGFR, and OCT4 showed a trend to be more expressed in both

conditions compared to control (primary cells), whereas KLF4 and LRIG1 showed an

opposite trend, with higher expression in the control samples and lower in cultured cells;

again, not statistically significant. ABCG2, PAX6, NANOG, and NESTIN had a lower

expression in general, Table 7.
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FIGURE 44: The boxplot shows the RT-qPCR results of the relative mRNA expression of
specific stemness genes (ABCG2, and SOX2) from oral mucosa cells cultured in two different
media, the COM (purple), XF (green), and the non-cultured samples used as control (primary
cells, yellow). The asterisks indicate the level of significance (*p < 0.05, **p < 0.01, ****p
< 0.0001, n = 7).

4.3.5.2. Expression of Proliferation Markers

We evaluated the gene expression of various proliferation genes, namely ITGB1,

PCNA, MKI67, ALDH3A1, and IGFBP5. Statistical significance was observed between the

groups for PCNA, MKI67, and ALDH3A1.

After analysis using repeated measures ANOVA with Bonferonni posthoc tests, the

proliferation marker PCNA was expressed in both media groups but was significantly

upregulated only in XF (p < 0.05). MKI67 was upregulated in both media but with a

significant difference only in the COM (p < 0.01). In this sense, the expression of ALDH3A1,

a proliferation-suppressive marker, was downregulated in both media but only significantly

in the COM group (p < 0.05), Figure 45. For the remaining proliferation genes, no

significant difference was observed among the groups. However, ITGB1 was highly

expressed in all three conditions, with a trend of higher expression in cultured cells, whereas

IGFBP5 had low expression in all conditions and was lower in cultured cells.
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FIGURE 45: The boxplot shows the RT-qPCR results of the relative mRNA expression of
specific proliferation genes (MKI67, PCNA, ALDH3A1) from oral mucosa cells cultured in
two different media, the COM (purple), XF (green), and the non-cultured samples used as
control (primary, yellow). The asterisks indicate the level of significance (*p < 0.05, n = 7).

4.3.5.3. Expression of Differentiation Markers

We evaluated the gene expression of various differentiation genes, namely KRT3,

KRT7, KRT8, KRT12, KRT13, KRT14, KRT15, KRT17, and KRT19. Statistical significance

was observed between the KRT3, KRT7, KRT13, and KRT17 groups.

After analysis using repeated measures ANOVA with Bonferonni posthoc tests, the

expression of KRT13 was downregulated in both culture conditions (COM, p < 0.0001, and

XF, p < 0.05) relative to the control group. The expression of KRT3 followed the same trend,

and it was significantly downregulated in both culture conditions (COM, p < 0.01, XF, p

< 0.05). On the other hand, the expression of KRT7 was upregulated significantly in both

conditions (p < 0.0001). The expression of KRT17 followed a similar trend (p < 0.01), Figure

46. No significant difference was observed among the groups for the remaining

differentiation genes. KRT14 and KRT19 exhibited higher expression levels in both cultured

conditions than primary cells. Conversely, KRT15 showed higher expression in the primary

cell suspension than COM and XF. On the other hand, KRT8 demonstrated lower expression

in all three conditions, with a slightly lower expression observed in the primary cell

suspension.
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FIGURE 46: The boxplot shows the RT-qPCR results of the relative mRNA expression of
specific differentiation genes (KRT13, KRT17, KRT3, and KRT7) from oral mucosa cells
cultured in two different media, the COM (purple), XF (green), and the non-cultured samples
used as control (primary, yellow). The asterisks indicate the level of significance (*p < 0.05,
**p < 0.01, ****p < 0.0001, n = 7).

4.3.6. Genotoxicity Assay

The genotoxicity assay was performed in six culture pairs (COM and XF) of donors

S07, S09, S12, S13, S22, and S23 (Table 1, page 52) within an average of 13.6 ± 1.0 (mean

± SD) dps. As shown in Figure 47, the OMEC cultivated in both COM and XF showed very

low levels of DNA SBs + ALS after two weeks of culture. Similarly, the levels of net

FPG-sensitive sites were also low under both types of cell media but lower in the xeno-free

medium. In cells cultured on COM, the % tail DNA was 0.27 ± 0.19 (mean ± SD) for SBs +

ALS and 4.43 ± 4.33 (mean ± SD) for net FPG-sensitive sites. On the other hand, in cells

cultured on XF, the % tail DNA was 0.29 ± 0.22 (mean ± SD) for SBs + ALS and 2.80 ± 2.12

(mean ± SD) for net FPG-sensitive sites. A representative image of the comet assay for S23 is

shown in Figure 48.

Since the sample is small to assume a normal distribution, a nonparametric test

(Mann-Whitney U Test) was used. There was no statistically significant difference between

SBs + ALS (p > 0.05) or net FPG-sensitive sites (p > 0.05) in COM compared to XF.
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FIGURE 47: Individual data of DNA strand breaks (SBs+ALS) and net FPG-sensitive sites
expressed as % tail DNA detected in six samples of oral mucosa cells expanded ex vivo in
either complex media or xenobiotic-free media.
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FIGURE 48: DNA damage in oral mucosa epithelial cells (S23) cultured in either complex
media (COM) or xenobiotic-free media (XF), for strand breaks (SBs), including alkali-labile
sites (ALS), A and C, and oxidized purines by incorporating a digestion process with the
bacterial DNA repair enzyme called formamidopyrimidine DNA glycosylase (FPG), B and
D. Images kindly prepared by RNDr. Soňa Vodenková, Ph.D. (Department of Molecular
Biology of Cancer, Institute of Experimental Medicine, Czech Academy of Sciences).

4.4. Long-term Storage of OMECs in Liquid Nitrogen (H3)
After preparing the primary cell suspension of cells from donors S23 and S26, cells

were divided into different storage solutions for long-term storage in liquid nitrogen. For the

detailed methods, refer to chapter 3.3 Long-term Storage of OMECs in Liquid Nitrogen

(H3), page 61). From S26, 5.0 x 106 cells/ml were stored in the following media: COM,

COM + 5% glycerol, COM + 10% glycerol, COM + 10% DMSO; and from S23, COM,

COM + 5% glycerol, COM + 10% glycerol, COM + 10% DMSO, XF, XF + 5% glycerol, XF

+ 10% glycerol, and XF + 10% DMSO.

Samples were stored in liquid nitrogen for an average of 21 days. Thawing of all

groups from the same specimen occurred on the same day, followed by seeding of the cells

on fibrin. Then, either COM or XF was added according to the storage media with which the

cells were stored. Approximately 4.0 x 104 cells were seeded per well, and the culture

proceeded with daily media changes, as described previously (see 3.2.7 Cell Seeding and

Culture, page 55).

Primary cells stored without CPAs (COM or XF) were not able to proliferate after

thawing. All the other groups from S26 (COM + 5% glycerol, COM + 10% glycerol, and

COM + 10% DMSO) were able to proliferate and reach confluence. Whereas in the second

specimen (S23), cells stored in COM + 5% glycerol, COM + 10% DMSO, XF + 5% glycerol,

and XF + 10% DMSO proliferated and partially reached confluence, Figure 49 showing the

growth of cells on COM and Figure 50 the growth of cells on XF. For clarification, all

descriptions of CPAs herein refer exclusively to the storage media. After storage and seeding,

cells were cultured without CPAs, using only COM or XF.
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FIGURE 49: Inverted phase-contrast microscopy of cultures of oral mucosa epithelial cells
(donor S23) after storage of primary cells in liquid nitrogen. Cultures on fibrin complex
media (COM), COM + 5% glycerol, COM + 10% glycerol, and COM + 10% dimethyl
sulfoxide (DMSO) on the seeding day, 5 days, 7 days, and 12 days after thawing and seeding
the cells for culture. Cells on COM + 5% glycerol and COM + 10% DMSO grew and were
able to achieve confluence. Cells on COM and COM + 10% glycerol were unable to grow.
The percentage of CPAs refers to the concentration in the freezing media; after thawing, all
the cells were cultured in COM. Scale bar: 500 µm. Images from the author's archive.
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FIGURE 50: Inverted phase-contrast microscopy of cultures of oral mucosa epithelial cells
(donor S23) after storage of primary cells in liquid nitrogen. Cultures on fibrin xenobiotic-
free (XF), XF + 5% glycerol, XF + 10% glycerol, and XF + 10% DMSO on the seeding day,
5 days, 7 days, and 12 days after thawing and seeding the cells for culture. Cells on XF + 5%
glycerol and XF + 10% DMSO grew and were able to achieve confluence; however, the
growth rate was faster in XF + 5% glycerol. Cells on XF and XF + 10% glycerol were unable
to grow. The percentage of CPAs refers to the concentration in the freezing media; after
thawing, all the cells were cultured in XF. XF: xenobiotic-free media; DMSO: dimethyl
sulfoxide. Scale bar: 500 µm. Images from the author's archive.

The cells achieved confluence on an average of 21.71 days (the average number of

days required to achieve confluence per passage, regardless of the group); COM + 5%

glycerol, COM + 10% DMSO, XF + 5% glycerol, and XF + 10% DMSO had a similar

culture length of 20 – 21.5 days to confluence. In contrast, COM + 10% glycerol required

more days to achieve confluence (27 days), and there was no growth in XF + 10% glycerol,

Figure 51. The overall viability of cells confluent after the storage of primary cells ranged

from 64.1% to 86.7%, Figure 51. Interestingly, both groups in XF (5% glycerol and 10%

DMSO) had higher viability than COM groups (10% glycerol, 10% DMSO) and were similar
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to COM + 5% glycerol.
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FIGURE 51: The number of days lapsed to reach confluence after storage of primary cells in
liquid nitrogen and cell viability at confluence after culturing the cells following the storage
(graph on the right). COM: complex media; XF: xenobiotic-free media; DMSO: dimethyl
sulfoxide.

The cell size of live cells upon the confluence also varied according to the groups.

Cells from COM groups (5% glycerol, 10% glycerol, and 10% DMSO) had smaller live cells

(highest percentage for 5 µm cells) than cells from XF groups, 5% glycerol and 10% DMSO,

in which the highest number of cells were larger, Figure 52.
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FIGURE 52: Histogram of the live cells percentage at the confluence of cultures after storage
of primary cells in liquid nitrogen. The media in the horizontal axis represents the storage
media, and the following culture was cultured in either complex media (COM) or xenobiotic-
free condition (XF). The cell size and amount of cells were measured by an automated cell
counter. DMSO: dimethyl sulfoxide.

We also considered the storage of cells after they first reached confluence (for more

details, refer to Figure 11, page 61); then, they were passaged (herein referred to as first

passage cells) and resuspended in the storage media. Upon the first two specimens (S14,

S24), first passage cells were stored in COM, COM + 10% glycerol, COM + 50% glycerol,

COM + 10% DMSO, XF, XF + 10% glycerol, XF + 50% glycerol, and XF + 10% DMSO.

From these, cells on COM, COM + 10% glycerol, or COM + 10% DMSO were able to grow

after thawing and achieved confluence. However, cells stored in COM + 50% glycerol or any

XF variants did not succeed in the culture (no attachment). Because of these partial results,

the protocol was adapted, and instead of 50% glycerol, we replaced it with 5% glycerol, and

the experiments for the first passage continued only with COM storage media and its variants

with CPAs for S25 and 26. For the note, these experiments on first passage cells happened

before the experiments on the primary cells (mentioned earlier). Thus, the storage media

variant with 50% glycerol was not used for the primary cells.

First passage cells of S14, S24, 25, and S26 stored in COM, COM + 5% glycerol,

COM + 10% glycerol, or COM + 10% DMSO were able to achieve confluence, Figure 53,

with an average of 11 days in the CPAs group and 14.6 days in the COM group, Figure 54.

The overall viability of cells confluent after the storage of first passage cells was higher on

average than cells from the primary cells, and interestingly, the highest was in the group

without CPA, COM, 87.37%, and the lowest in COM + 5% glycerol, 71.31%, Figure 54.
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FIGURE 53: Inverted phase-contrast microscopy of cultures of oral mucosa epithelial cells
after storage of cells after the first passage in liquid nitrogen. Cultures on fibrin COM (S24),
COM + 5% glycerol (S25), COM + 10% glycerol (S24), COM + 50% glycerol (S24), and
COM + 10% DMSO (S24) on the seeding day, 5 days, and 7 days after thawing and seeding
the cells. The appearance of OMECs after storage resembles the morphology prior to storage.
Cells on COM + 50% glycerol were unable to grow, while in COM the growth rate was
slower than in COM + 5% glycerol, COM + 10% glycerol, or COM + 10% DMSO. The
percentage of CPAs refers to the concentration in the freezing media; after thawing, all the
cells were cultured in COM. COM: complex media; DMSO: dimethyl sulfoxide. Scale bar:
500 µm. Images from the author's archive.
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FIGURE 54: The number of days lapsed (graph on the left) to reach confluence after storage of
first passage cells in liquid nitrogen and cell viability at confluence after culturing the cells
following the storage (graph on the right). First passage cells indicate cells that were initially
cultured in complex media (COM). Once reaching confluence, they were harvested and
stored using the storage media shown in the graph. After storage, the cells were thawed and
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seeded for culture, which continued in COM. DMSO: dimethyl sulfoxide.

The cell size of live cells upon the confluence also varied according to the groups.

Cells from COM and COM + 5% glycerol were relatively smaller than cells from COM +

10% glycerol and COM + 10% DMSO, Figure 55.
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FIGURE 55: Histogram of the live cells percentage at the confluence of cultures after storage
of passaged cells in liquid nitrogen. The media in the horizontal axis represents the storage
media, and the following culture was cultured in complex media (COM). The cell size and
amount of cells were measured by an automated cell counter. DMSO: dimethyl sulfoxide.

4.4.1. Reverse Transcription Quantitative Real-time PCR (RT-qPCR)

Samples from S14, S23, S24, S25, and S26 had their gene expression analyzed for

putative stem cell, proliferation, and differentiation genes in each storage media group that

cells achieved confluence after storage in liquid nitrogen. To assess the impact of storage

media (COM or XF with or without CPAs – 5% glycerol, 10% glycerol, and 10% DMSO) on

cell phenotype, we utilized RT-qPCR to evaluate the expression of such genes at the mRNA

level. Through bidirectional hierarchical clustering of the log. rel.mRNA values, we observed

that the control cells tended to form a distinct group separate from cells derived from culture
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in either medium, Figure 56. Also, based on their expression, the tested genes were classified

into two groups of lower and higher expressed genes: class I, lower expression – KRT3,

ABCG2, KRT12, KRT8, MKI67, and SOX2; class II, higher expression – KRT14, KRT7,

KRT13, KLF4, ΔNp63α, and PCNA.

FIGURE 56: Comparisons of oral mucosa epithelial cells (OMEC) cultured in complex media
(COM) or xenobiotic-free media (XF) compared to cells prior to storage (in the heatmap
these are the ones named only COM or XF) for the gene expression of stem cell,
proliferation, and differentiation markers assessed using real-time polymerase chain reaction.
A heatmap was generated to provide an overview of the relative mRNA expression
(logarithmic values) for the tested genes (rows), with the samples (columns) grouped based
on the storage media used for their cultivation. The color scale on the right side of the
heatmap represents higher expressions in red and lower expressions in blue. P0 refers to
primary cells which were stored, then cultured; P1 designates cells that were first cultured
until confluent, passaged, stored, then cultured again.
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4.5. Treatment of Non-healing Wounds with Cryopreserved AM

(H4, A)
We evaluated the effect of the application of cryopreserved amniotic membrane on

the healing of 26 non-healing wounds (18 patients) with varying etiologies and baseline sizes

(average of 15.4 cm2), which had resisted the standard of care treatment for 6 to 456 weeks

(average 88.8 weeks). Based on their average general responses to the application of

cryopreserved AM, we could differentiate three wound groups. The healed group (the

example of a healing wound is shown in Figure 57A) was characterized by complete healing

(100% wound closure, maximum treatment period 38 weeks) and represented 62% of treated

wounds. A wound area reduction of at least 50% was reached for all wounds in this group

within the first 10 weeks of treatment, Figure 58. 19% of the studied wounds responded

partially to the treatment (partially healed group), reaching less than 25% of closure in the

first 10 weeks and 90% at maximum for an extended treatment period (up to 78

weeks),Figure 57B. The remaining 19% of treated wounds did not show any reaction to the

AM application (unhealed defects), Figure 57C. The three groups have different profiles of

wound area reduction, which can be used as a guideline in predicting the healing prognosis of

non-healing wounds treated with a cryo-preserved amniotic membrane.

FIGURE 57: Examples of wound healing. A. Healed wound (defect 15, venous leg ulcer); B.
Partially healed wound (defect 19, venous leg ulcer); C. Wound with no response (defect 25,
defect after fasciotomy). W0: the wound state after 24, 456, and 100 weeks of outpatient care
with SOC treatment for A, B, and C, respectively. W: number of weeks of treatment with
AM.
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FIGURE 58: Wound closure evolution. Wound area reduction progress for healed A, partly
healed B, and unhealed C, defects. D, comparison of the averages of the three groups with
fitted asymptotic functions and their parameters for healed (H) and partially healed (PH) and
correlation coefficients (R2). The closed and open markers reflect visits with or without AM
application for A, B, and C, respectively.

The pain level of all patients decreased even if they were not fully healed. Before the

first AM treatment, the typical pain score was 3.25 out of 10 (on a scale of 0 to 10). The

average pain levels were 1.95, 1.22, and 0.47 after the first, fifth, and tenth weeks of AM

therapy, respectively (Figure 59). According to the study, there was no discernible difference

in pain reduction between those who had been healed and those who had not. For more

details, see Appendix 5: The healing dynamics of non-healing wounds using cryo-
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preserved amniotic membrane, page 206.

FIGURE 59: Pain level evolution during the AM treatment. Average value ± SD from all
patients on a scale from 0 (no pain) to 10 (the worst pain) at week (W) 0, 1, 5, and 10 of
treatment.

4.6. Inter-placental Variability in the Healing Efficiency of AM

when used for Treating Chronic Non-healing Wounds (H4, B)
During the study, it was observed that the use of cryopreserved AMs resulted in

complete wound closure at the end of the treatment period. To evaluate the efficiency of AM,

we considered only the proliferative phase of the healing process. The average wound closure

rate ranged from 5.7% to 20.99% (medians from 1.07% to 17.75%) for the studied cases 7

days after cryopreserved AM application. Table 8 provides a summary of the values for

individual placentas, and Figure 60 presents a visual representation of the statistics.

Average ± SD Median Saphiro-Wilk Test
Placenta 1 13.67 ± 12.98 17.75 0.19
Placenta 2 5.70 ± 14.47 1.07 0.18
Placenta 3 10.13 ± 8.66 10.24 0.63
Placenta 4 6.83 ± 32.75 12.29 0.60
Placenta 5 12.13 ± 17.65 9.65 0.77
Placenta 6 7.26 ± 29.11 7.02 0.33
Placenta 7 13.46 ± 14.13 11.87 0.33
Placenta 8 18.06 ± 13.07 12.87 0.01
Placenta 9 20.99 ± 17.19 16.21 0.50

TABLE 8: The average healing efficiency of the placentas is expressed as wound area
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reduction in % seven days after AM application.

FIGURE 60: Statistical representation of the efficiencies of AMs originating from different
placentas.

These findings indicate a significant improvement in the wound closure rate when

using cryopreserved AM to treat non-healing wounds. It is worth noting that the wound

closure rate varied in individual cases, ranging from 5.7% to 20.99%. However, the median

wound closure rate was 17.75%, considerably higher than the average wound closure rate of

12.17 ± 20.12% (average ± standard deviation) 7 days after AM application. Therefore, the

results of this study suggest that using cryopreserved AM for non-healing wounds can be an

effective treatment option. For more details, see Appendix 6: Inter-placental variability is

not a major factor affecting the healing efficiency of amniotic membrane when used for

treating chronic non-healing wounds, page 217.
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5. Discussion
The discussion will be divided into four parts. The first part focuses on LECs, as we

studied the effect of IL13 to promote stemness and the study of an alternative substrate for

cell culture (nanofibrous membrane). The second part delves into an in-depth analysis of the

alternative use of OMECs for treating LSCD. This novel approach has been gaining attention

in recent years due to its promising results, and we have cultured OMECs in fibrin gel and

avoided animal products in the culture media. The third part will discuss our results on the

long-term storage of OMECs, which brings advancements in cell-based therapies and tissue

regeneration since LSCD could recur and require another autologous grafting. Lastly, we will

explore the use of amniotic membranes to treat non-healing wounds, investigating AM's

properties for wound healing. This area has seen increased interest in recent years due to its

potential for improving wound healing outcomes and as a support for the culture of limbal or

oral mucosal cells, potentially leading to improved treatment outcomes.

5.1. Limbal Epithelial Cell Culture
This study provides evidence that IL13 can potentially improve the properties of

cultured LECs in terms of their stemness and their use for treating LSCD. Gene expression

analysis revealed that adding IL13 to LECs culture upregulated the expression of the stem

cell genes KRT14, KRT17, and, most significantly, ΔNp63α, often used to denote stemness in

LESC cultures. However, according to immunofluorescence, the percentage of p63-positive

cells showed a significant difference between cultures with or without IL13 only in passage

2. The discrepancy between qPCR and immunostaining findings has been previously found

(López-Paniagua et al., 2013; Brejchova et al., 2018), and it can be explained by post-

translational modifications or the increased dynamic range of RT-qPCR compared to

immunofluorescence (Sinn et al., 2017). Another potential explanation is that mRNA levels

reflect the average gene expression across the entire sample, while in immunofluorescence, it

may be biased towards selected representative areas of the slide, despite our efforts to count

the whole immunostained slide area (Sinn et al., 2017).

After the first passage, the clonogenic activity of LECs cultures without IL13 was

around 5%, decreasing to 1% following the second passage. Adding IL13 to culture media

significantly increased the clonogenic capacity (evaluated by CFA assay) of LECs cultures

after both passages, correlating with the upregulation of p63α's expression.
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Our study indicated that IL13 did not affect the gene expression of corneal epithelial

markers K3 and K12, suggesting that IL13 did not influence differentiation into the corneal

epithelial phenotype. Instead, we demonstrated that IL13 promoted a more significant

differentiation into the conjunctival phenotype, as evidenced by the increased K7 gene

expression in all cells (passage 0 – passage 2), whereas K7 is regarded as a conjunctival

epithelial marker (Jirsova et al., 2011).

It has been demonstrated previously that IL13 maintains stemness in conjunctival cell

cultures from limbal explants by increasing clonal capacity and p63α expression (Stadnikova

et al., 2019). A similar observation was made in intestinal stem cells, where IL13 receptor

stability was increased by a circular RNA (circPan3) to activate the β-catenin pathway and

maintain stemness (Zhu et al., 2019).

Based on our results, the increased gene expression of putative stem cell markers in

limbal cultures supplemented with IL13 could be beneficial for preparing cell sheets grafts

containing a higher amount of stem cells. As has been demonstrated, the percentage of stem

cells in the transplanted epithelial graft plays a pivotal role in predicting transplantation

success. Rama et al. (Rama et al., 2010) showed that limbal transplants that contain more

than 3% of p63-bright cells had a significantly higher success rate (78%) in regenerating

corneal epithelial tissue in eyes suffering from LSCD, as opposed to transplants with 3% or

fewer p63-bright cells, which had much lesser success rates (11%). We can conclude that the

presence of IL13 has a positive effect because it increases the stemness of the culture; on the

other hand, it supports the conjunctival phenotype. For this reason, we are not going to

include it in the standardized protocol for LECs preparation which will be transferred to the

State Institute for Drug Control.

Moreover, following up with our previous study on the culture of LESCs in fibrin gels

(Brejchova et al., 2018), we were also interested in investigating different scaffolds, such as

electrospun nanofibers. The utilization of electrospun scaffolds constitutes a widely

investigated approach in tissue engineering (Nguyen et al., 2018). These scaffolds effectively

imitate 3-D extracellular matrices, exhibiting a remarkable resemblance, offering mechanical

support and cell attachment points (Ortega et al., 2013).

Our findings reveal that PDLLA membranes, much like fibrin gel, effectively support

the culture of LECs. However, the resulting PDLLA-based cultures exhibit distinct

morphological differences compared to those grown on fibrin gel. We observed the presence
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of multilayered irregular networks of cells exhibiting a heterogeneous morphological

appearance after an extended cultivation period (16 – 21 days). It is plausible that longer

culture time may lead to these morphological disparities. Besides that, the presence of

spindle-shaped cells can be explained by mesenchymal cells, as supported by the work of

Polisetti et al. (Polisetti et al., 2010). In their study, they conducted extended limbal explant

cultures on deepithelized AM (dAM) in a feeder cell-free environment, resulting in spindle

cells, referred to as mesenchymal cells of the limbus.

In addition to the morphological observations, gene expression analysis reveals

phenotypic differences between cells cultured on PDLLA membranes and fibrin gel.

Specifically, cells cultured on fibrin gels demonstrated significantly higher expression levels

of stem cell genes, including ΔNp63α, OCT4, and NGFR. Herein, we observed upregulation

of OCT4 in both culture conditions, but the increase was notably higher in cells cultured on

fibrin. We also found a significantly higher expression of NGFR, identified as a stem/

progenitor cell marker of ocular surface epithelium (Di Girolamo et al., 2008), in cells

cultured on fibrin than those on the PDLLA membrane. Lastly, the putative stem cell gene

KRT14 was also significantly upregulated in LECs cultured on fibrin gels. In summary, LECs

cultured on either fibrin and PDLLA membrane express stem or progenitor cell markers, but

a higher expression is found on cells cultured on fibrin. Based on this, fibrin gel seems to

maintain stemness in the cultured cells, which is more beneficial for grafting purposes.

In our study, we observed that LECs cultured on fibrin gels showed a significantly

higher expression of the differentiation cornea-specific gene KRT12. These results align with

the observation of cell morphology, where cultures on fibrin clearly exhibited a uniform

cobblestone morphology, characteristic of corneal epithelial cells (Sterenczak et al., 2021),

whereas PDLLA cultures resembled fibroblast-like cells.

Cells on the PDLLA membrane showed significant upregulation of genes associated

with mesenchymal and fibroblast cells, including ACTA2, THY1, and FBLN1. This aligns

with the observed heterogeneity in cell morphology and the formation of self-organizing

structures on PDLLA, while cells on fibrin displayed a cobblestone epithelial morphology.

The higher expression of ACTA2 on PDLLA, which is linked to endothelial-to-mesenchymal

transition (Roy et al., 2015), further supports these differences. THY1, found exclusively in

corneal fibroblasts and myofibroblasts, indicates cellular differentiation towards a repair

phenotype in PDLLA-cultured cells (Pei, Sherry, & McDermott, 2004). FBLN1, an essential
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component of the extracellular matrix regulating the limbal stem cell niche (Wang et al.,

2020), was also elevated in PDLLA cells. It is important to note that PDLLA membranes

were coated with fibronectin to enhance the limbal explant adhesion, and thus, fibronectin, as

a marker of mesenchymal differentiation (Petrini et al., 2017), may have influenced the

phenotype change in the PDLAA cells.

In summary, the cultures on fibrin gel retained a higher percentage of cells expressing

stem cell or progenitor cell markers than the cells growing on the PDLLA membrane. On the

other hand, although cells on cells cultured on the PDLLA membrane expressed stem cell

markers, their morphology and phenotype did not reach the intensity of the epithelial

phenotype as cells cultured in fibrin, while demonstrating upregulation of genes associated

with mesenchymal cells, implying a potential transition towards a fibroblast phenotype. For

the culture of LECs, fibrin gels proved a better option.

5.2. OMECs for Limbal Stem Cell Deficiency
Despite the challenges posed by current standard treatment options, using autologous

OMECs for ocular surface reconstruction is a safe and effective treatment for LSCD. Using

the patient's own cells in the treatment eliminates the risk of immunological rejection, a

concern often associated with allogeneic transplantation. Autologous OMECs provide a

therapeutic option for patients with bilateral LSCD who cannot undergo autologous CLET or

SLET when there is no limbus left for collection or when invasive procedures in the normal

corneal limbus should be avoided (Ghareeb et al., 2020).

5.2.1. Whole Tissue Characterization

In our study, we started with the characterization of the whole tissue to analyze the

expression of stemness, proliferation, and differentiation markers in solid tissue, i.e., before

cell suspension for culture was prepared, aiming to choose the best markers for cell

characterization.

Our results are aligned with other studies, as all putative stemness markers were

present almost exclusively in the basal layer of the epithelium. This is in accordance with

previous studies, i.e., Ilmarinen et al. (Ilmarinen et al., 2013) observed that p63α staining was

localized into basal and intermediate cell layers, similar to our results. Moreover, in our

study, p40, which detects ∆Np63, was also present along the basal layer of the rete ridges and
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also weekly present in the suprabasal layer in between the epithelial projections. This agrees

with the observation from Chen et al. (Chen, Hsue, & Lin, 2004) where p40 was restricted to

the basal and suprabasal epithelial cell layers. And we observed in the immunofluorescence

of whole tissue that both markers (p63α and p40) were mainly colocalized, meaning cells

were positive for both markers simultaneously.

We observed that p75NTR was present uniformly along the basal layer of the rete

ridges, but Nakamura et al. (Nakamura et al., 2007a) identified this marker mainly in the base

of the rete ridges and in some areas also in the tips; but similarly like in our study, not in the

suprabasal or superficial layers. In fact, Nakamura et al. were the first to suggest that p75 is a

potential marker of oral keratinocyte stem/progenitor cells. Similar localization was reported

by Chen et al. (Chen et al., 2009), who observed that the expression of p75NTR was

exclusively limited to the basal layer. In contrast to these results, Gemenetzidis et al.

(Gemenetzidis et al., 2010) described a less intense expression of p75NTR in rete ridges tips.

We detected the presence of proliferation marker Ki-67 is expressed unevenly in the

parabasal and scarcely in the suprabasal layers of the oral mucosa epithelium, mostly in

agreement with the observation obtained by Ilmarinen et al. (Ilmarinen et al., 2013), that

reported Ki-67-positive cells mainly were located in the suprabasal layer, and Andl et al.

(Andl et al., 2016), who reported that the basal cell layer contains less than 3% Ki-67-

positive cells, while approximately 20% of the para- and suprabasal cells are positive for

Ki-67. Nakamura et al. (Nakamura et al., 2007a) also reported that Ki-67 was mainly

expressed in the suprabasal and occasionally in the basal cell layer of the oral epithelium. On

the other hand, Tra et al. (Tra et al., 2012) observed Ki-67 in the basal layer only.

Regarding differentiation markers, we observed that K3, a corneal epithelium marker

(Moll et al., 2008), was present in a low percentage of the cells in the suprabasal, and one of

the analyzed samples was negative for K3. Attico et al. (Attico et al., 2022) have also

demonstrated that K3 is present in the oral mucosa epithelium. We also found that K8 was

mainly present in the basal layer, particularly on the tips of the rete ridges. This is in

agreement with Moll et al. (Moll et al., 2008), who stated that K8, the primary keratin of

simple epithelial cells, may also be expressed focally in the basal cell layer of non-

keratinizing stratified squamous epithelia and absent in differentiating keratinocytes. Still, it

contrasts with the study by Hsueh et al. (Hsueh et al., 2016) in which K8 was not expressed

in oral mucosal tissue. Our results are closer to Moll's findings. Due to its location/
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morphological pattern, we also suggest that K8 can also be a positive marker in terms of

stemness and not yet completely differentiated cells. This conclusion is also supported by a

similar study on LECs (Merjava et al., 2011a), in which positive clusters of K8 cells were

found in the basal layer of the limbal epithelium, and these K8-positive cells were suggested

as stem cells or TACs. A similar localization was also found for K19, as it had a

heterogenous distribution in the tissues, but mostly higher intensity in the basal layer and

weaker signal towards the superficial layers. A similar result was observed by multiple

groups (Tra et al., 2012; Gaddipati et al., 2014; Sheth et al., 2015), as all of them identified

K19 on the basal layer only, but different from the study by Kolli et al. (Kolli et al., 2014), in

which K19 was not expressed in the oral epithelium.

On the other hand, we localized K13 mainly in the suprabasal and superficial layers,

which is in agreement with other studies as well (Tra et al., 2012; Ilmarinen et al., 2013),

which considered this keratin as specific for oral mucosa; in fact, Moll et al. (Moll et al.,

2008) state that in internal stratified squamous epithelia, which are primarily non-

keratinizing, a highly characteristic K13 indicates the mucosal path of keratinocyte

differentiation, and Groeger et al. (Groeger & Meyle, 2019) corroborates that K13 and K4

(the pair) are the mainly expressed keratins in epithelia of the buccal mucosa.

Taken together based on our results, we establish to use of p63, p40, p75NTR, Ki-67,

K8, and K13 are good markers for the characterization of cultured OMECs in terms of

stemness, proliferation, and differentiation, and also K3 due to its importance as a corneal-

specific marker, despite its low positivity in the whole tissue.

5.2.2. Culture Substrates

Standardly, OMECs are cultured on AM (Dobrowolski et al., 2015; Prabhasawat et

al., 2016; Baradaran-Rafii et al., 2017). AM possesses several properties that render it

suitable for tissue engineering, including antifibrotic, anti-inflammatory, antimicrobial, anti-

scarring, low immunogenicity, and useful mechanical properties (Niknejad et al., 2008).

However, using AM in tissue engineering comes with particular challenges. One of these

challenges is the variation in products obtained from AM preparations, both within and

between placentas, which could potentially impact the resulting cultured epithelial sheet.

Moreover, differences arise in the location of AM samples, some being taken from sites distal

to the placental disc and others from proximal positions. Studies have indicated that proximal
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human AM samples tend to be thicker and more robust, but they exhibit inferior optical

properties compared to distal samples (Massie et al., 2015). To overcome these challenges,

we have replaced AM with fibrin gel as a cell substrate and cell carrier. The second reason

why we started with fibrin was the fact that we had its use fairly well standardized for the

culture of LECs. Additionally, fibrin gel is a possible substrate to use for OMECs culture

(Hirayama et al., 2012), as well as a carrier for the transfer of a cell sheet to the ocular

surface (Rama et al., 2010). In fact, a higher success rate for COMET was achieved when

transplanting the cells cultured on a fibrin gel compared to cells cultured on AM (Hirayama

et al., 2012).

Nonetheless, we also attempted OMECs culture on denuded AM to compare with

cultures on fibrin gels; however, we encountered challenges with cell attachment on dAM.

Firstly, we had to increase the number of cells seeded since the surface area was larger due to

the dAM being assembled in a culture insert with a 26 mm diameter. The cells took longer to

attach to the dAM and start proliferating compared to the fibrin gel. Additionally, we

observed that the cells formed a homogeneous and continuous cell layer in the fibrin, while in

the dAM, they were dispersed in islands. Kolli et al. (Kolli et al., 2014) also reported that

when trying to replace murine 3T3 feeders with AM, OMEC colonies were rather sparse and

poorly defined on intact AM, and these colonies began to break down and float off the

surface of the AM by 4 weeks before achieving a confluent sheet. These surface

irregularities, caused by the heterogeneity of the AM surface and further deepened by fixing

the AM in the culture insert, in which AM is assembled, may result in a central deepening of

the AM compared to the peripheral regions due to the weight of the culture medium. This

could be problematic for the following reasons: 1) cells that have to overcome unevenness or

curvature in the surface during migration may react with irregularities in their morphology,

causing them to stretch their shape (and the presence of long fibers) and consequently, 2) a

non-uniform distribution of cells on the substrate might prolong the culture time needed to

achieve a fully confluent cell layer, potentially leading to cells assuming a more

differentiated status. Other studies have shown that longer culture times can result in the loss

of stemness and a higher degree of differentiation (Joseph et al., 2004). Nonetheless, a direct

comparison of cell features, such as the percentage of cells positive for the stemness marker,

is needed to determine which substrate could be more effective regarding grafting efficacy

and the number of stem cells transferred to the ocular surface.
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In the cell cultures on fibrin gels, the gels remained transparent, and cells successfully

proliferated and achieved confluence. As the cultured method used was cell suspension, we

did not observe any issue with the cell attachment at the beginning of the culture. We

cultured the cells in a 24-well plate, which has a diameter of 14.0 mm, in comparison to the

cornea, which is about 11.7 mm in diameter (Rüfer, Schröder, & Erb, 2005). Thus, the

resulting cell sheet would be large enough to cover the entire cornea.

5.2.3. Cell Morphology, Culture Media and Culture Growth

To optimize the clinical use of cultured OMECs for the treatment of LSCD, it is

important to develop culture protocols that avoid the use of xenogeneic materials, which are

commonly used in cell culture but pose a risk of transmitting infectious agents and can trigger

an immune response in the patient. To address this issue, we cultured OMECs in culture

media without adding animal products (herein called XF), and we replaced FBS with HS. We

then compared the growth of OMECs in such conditions with the growth under standard

media with additives (here referred to as COM).

To the best of my knowledge and research, this is the first report on the culture of

OMECs in xenobiotic conditions without using a feeder layer (3T3 fibroblasts) and replacing

FBS with HS. Other researchers have cultured OMECs in serum-free conditions (Gaddipati et

al., 2014), HS as a replacement for FBS (Sotozono et al., 2014), or without a feeder layer

(Kolli et al., 2014; Gaddipati et al., 2014), but not all of those conditions altogether.

In our study, OMECs exhibited a characteristic cobblestone-like morphology in both

culture media, with small and uniform epithelial cells displaying a high nucleus-to-cytoplasm

ratio. Such morphology was also reported by other studies, including the one by Sheth et al.

(Sheth et al., 2015), in which OMECs were cultured in fibrin gel, and Kolli et al. (Kolli et al.,

2014) also observed tightly packed small cells with high nucleus-to-cytoplasm ratios,

consistent with stem cell or early TACs' phenotype. Notably, throughout the entire culture

period in our study, the fibrin gel supporting OMECs remained transparent, and it did not

interfere with the cells' growth and development. Our cultures also yielded epithelial cells

from seeding to confluence, and contamination by fibroblast-like cells was not an issue. This

indicates that the isolated cell suspension from the epithelial tissue was well-prepared, with

minimal to no contamination by stromal cells.

Additionally, we did not observe epithelial-to-mesenchymal transition (as discussed
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in the previous chapter for the culture of LECs in PDLLA membranes). Other studies on the

culture of OMECs (Hirayama et al., 2012; Dobrowolski et al., 2015; Toshida et al., 2023) do

not report contamination by fibroblast-like cells, so it may not be an issue with this kind of

cell culture. However, a study by López et al. (López et al., 2021), reported that the OMECs

showed a fibroblast-like shape, and this might have been because of a different source area of

the cells, as in their study, oral mucosa was obtained from patients that required a third molar

surgery, whereas in ours was from the buccal mucosa.

In our study, there were differences in the growth kinetics of OMECs between the

COM and XF groups. In our research, it took about 4.7 days in COM and 5.4 days in XF for

the observation of OMEC proliferation, which aligns with a study by Kolli et al. (Kolli et al.,

2014), in which cell colonies, cultured on a feeder layer of murine fibroblasts, were first

visible around 5.2 ± 1.3 days (4 – 7) and reached confluence at 13.2 ± 0.8 days (12 – 14).

Similar to our findings, Sheth et al. (Sheth et al., 2015), who cultured oral mucosa explants,

also achieved confluence within two weeks. However, it is important to note that, in our

study, the cell viability was not significantly different between the two culture conditions

(COM and XF), with 89.8% ± 5.1% (mean ± SD) of cell viability in COM and 86.3% ± 7.9%

in XF, both higher than in the study by Hyun et al. (Hyun et al., 2017), in which viable cells

grown on fibrin-coated wells and media with additives, including FBS, accounted for 70.5%.

Based on our results, the earlier onset of growth and shorter time to reach confluence

in the COM group suggest that the COM may provide a more favorable environment for cell

proliferation, and compared to the XF condition, the growth is somewhat faster.

5.2.4. Cell Size, Stemness

The cell size of cultured cells has been shown to play a key role in cell-based

therapies for LSCD, in which the presence of stem cells in cell sheet grafts is considered.

And several studies suggest that determining the level of p63 in epithelial cell sheets is

essential for determining the cell sheet's quality (Baba et al., 2020). Kim et al. (Kim et al.,

2004) have shown that stem cell-associated markers are preferentially present in the smaller

LESCs, while differentiation markers are highly expressed in the larger LECs. Conflicting

data have been shown regarding the cell size used to define small or large cultured cells, with

small cells considered stem cells. For instance, De Paiva et al. (De Paiva et al., 2006)

categorized cells into four ranges of size: 10 – 16 µm, 17 – 23 µm, 24 – 30 µm, and ≥ 31 µm;
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and the smallest cell size accounted for 11.0% ± 4.5% (mean ± SD). On the other hand, Di

Iorio et al. (Di Iorio et al., 2006) categorized LECs into three ranges: 6 – 10 µm, 10 – 18 µm,

and 18 – 36 µm, and the smallest size accounted for 13% of the cells. When we observe the

cell size of OMECs (where much less data is available compared to LECs) and their relation

to stemness, Priya et al. (Priya et al., 2011) considered small cells ranging from 9 – 11 µm,

intermediate 12 – 18 µm, and large 19 – 60 µm, and Izumi et al. (Izumi, Tobita, & Feinberg,

2007) showed that cultured oral epithelial cells had a diameter of 33.9 ± 0.9 µm (mean cell

diameters of 18 sorted cultured samples; no data for p63).

The data from other studies led us to consider the 11 µm cell size as a small cell,

similar to Priya et al. (Priya et al., 2011), data correlated with the putative stem cell marker

(p63α and p40). We obtained about 4.9% of cells ≤ 11 µm in COM and 3.1% in XF; among

these, 84.5% were p63α+ in COM, and 73.4% were p63α+ in XF, resulting in 4.5% small

cells-p63α+ in COM and 1.9% in XF to the total amount of cells in each condition. Pryia et

al. (Priya et al., 2011) cultured OMECs on dAM and found that among cells of 9 – 11 µm,

6.2% expressed high levels of p63 and that about 2.0 ± 1.0% of stem cells were included in

the ex vivo expanded buccal epithelium. Compared to Priya et al. (Priya et al., 2011), in our

study, XF had a similar result, but COM had a higher percentage of stem cells at the end of

the culture. Because of the higher number of small cells stained positive for stemness marker

p63α in COM (4.3%) compared to XF (1.9%), COM is a better option for OMECs culture,

also considering the established 3% of stem cells in the cell sheet for predicting

transplantation success (Rama et al., 2010).

CFA was also considered to assess the growth potential for both cultured conditions

(COM and XF). However, we faced an issue with such a method. The feeder layer

(mitomycin C-inactivated 3T3 mouse fibroblasts) would not survive in culture when HS

replaced FBS; thus, the proper analysis of the growth potential of OMECs under both

conditions, including xeno-free, would not be properly assessed. Such an issue was also

reported by Lužnik et al. (Lužnik et al., 2017), as none of the xeno-free media conditions

allowed for the propagation or normal survival of feeder cells, including both human and

murine fibroblasts. Nonetheless, CFA has been successfully used by other groups, using

inactivated 3T3 fibroblasts as feeder layer and also media containing FBS (Burillon et al.,

2012; Kondo et al., 2014). In fact, Kondo et al. concluded that while colony size and CFA are

recognized as important criteria for forming cell sheets, the sheet-forming ability of OMECs
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is hardly associated with these parameters (Kondo et al., 2014). We have then used the

analysis of the cell size in combination with the presence of stemness markers, which will be

discussed further, as a surrogate method to identify and characterize stem cells (Di Iorio et

al., 2006).

In immunofluorescence, the ∆Np63α protein can only be detected through double

staining with p63α and p40 antibodies (Hongisto et al., 2017; Vattulainen et al., 2021). In a

previous study, Hongisto et al. demonstrated that 90% of the LESCs expressing either p63α

or ∆Np63 are double-positive for the other marker as well (Hongisto et al., 2017), concluding

that it is reasonable to assume that positivity for either of these markers indicates the presence

of the specific ∆Np63α isoform. In our study, the percentage of co-localization of p63α+p40+

was similar to that reported by Hongisto et al. and consistent across both media conditions; in

COM, the co-localization of p63α+p40+ was approximately 87.7%, while in XF, it was

88.0%. Moreover, the lack of significant differences in the gene expression of ΔNp63α

among the COM and XF groups in our study suggests that the culture conditions did not

affect the stemness maintenance of the OMEC. Moreover, our results on gene expression

showed that ∆Np63α was highly expressed similarly across all conditions, including in the

primary cells, and no statistical significance was found; other groups obtained similar results

(Krishnan, Iyer, & Krishnakumar, 2010; Gopakumar et al., 2019).

The p75NTR protein, a marker for stem/progenitor cells of oral epithelium

(Nakamura et al., 2007a; Ma et al., 2009; Nakamura et al., 2016), was detected in our study

in about 62.3% of cells in COM and 64.7% in XF. Both are higher than the observed by

Hsueh et al. (Hsueh et al., 2016), in which OMECs were cultured on dAM in serum-free

condition and presented 32.9% of cells positive for p75NTR. The gene expression in our

study also corroborates with the high expression of p75NTR in cultured cells, although not

statistically significant compared to the primary cells, suggesting that p75NTR-positive cells

were maintained in cells that proliferated from the primary cell suspension.

Similarly, the expression of ABCG2, another presumptive biomarker of LESC (de

Paiva et al., 2005), was significantly upregulated in the XF culture group relative to the

primary cell suspension. Interestingly, the expression of ABCG2 was lower in COM cultures

than in XF, and we did not find a statistically significant difference in the expression of

ABCG2 between COM and primary suspension, and it is aligned with other studies, which

have shown a relatively low expression of ABCG2 (Kolli et al., 2008; Björkblom et al.,
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2016). The significant upregulation of ABCG2 in XF indicates this media condition allows

the maintenance of a side population of stem cells, as other studies have shown the presence

of ABCG2 in OMECs confirmed the presence of a stem cell population (Krishnan et al.,

2010; Dhamodaran et al., 2016).

We also observed in our study that OCT4 maintained the expression level across the

primary cell suspension and the cultured cells. Dhamodaran et al. (Dhamodaran et al., 2015)

obtained similar results showing similar levels of OCT4 in the control and cultured cells

(from an explant tissue on AM). Also, in our study, LRIG1 was expressed in all cultured

conditions at a similar level as in the primary cell suspension. KLF4 was highly expressed in

primary and cultured cells in our study, with a slightly lower expression in cultured cells,

although not statistically significant. This could also be related to the fact that the cultured

cells maintained their epithelial morphology throughout the culture, as a study by Tiwari et

al. (Tiwari et al., 2017) showed that KLF4 suppresses epithelial-mesenchymal transition.

The expression of stem cell marker SOX2 was significantly downregulated in both

culture media groups compared to the primary cell suspension. This result is consistent with

previous studies that have shown SOX2 downregulation in stem cells during differentiation

processes (Zhang & Cui, 2014). In our study, cells were usually harvested at 80 – 90%

confluence, and no visible stratification in a phase-contrast microscope was observed, and a

study by Attico et al. (Attico et al., 2022), in which cells were cultured up to one week after

confluence, promoting stratification up to 10 – 12 layers of cells and differentiation of the

epithelial cultures, there was a significant downregulation of SOX2. This suggests that cell

sheets containing OMECs should not be cultured longer than achieving confluence to

maintain stemness factors.

On the other hand, we detected low expression levels for some stemness genes: PAX6,

NANOG, and NESTIN. Our result on PAX6 expression is similar to the one obtained by Attico

et al. (Attico et al., 2022), in which it was absent in holoclones, meroclones, and paraclones

derived from oral mucosa. Our results on the low expression of NANOG and NESTIN are

aligned with Calenic et al. (Calenic et al., 2015), who reported that oral mucosa stem cells are

positive for well-established stem cell markers, such as p63, OCT4 (as we demonstrated

above), and K19 (also present, detailed in the next chapter), but negative for NANOG and

Nestin.

In summary, the comparison between COM and XF-based cultures showed that both
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media conditions maintained stemness markers in OMECs. Immunofluorescence analysis

confirmed the presence of stem cell markers (p63α, p40, and p75NTR) in cultured cells,

while also indicating a higher proliferative status (Ki-67). Gene expression data supported the

high expression of stemness genes, with ABCG2 being significantly higher in the XF

condition. Interestingly, COM appeared to be more favorable than XF in achieving a

confluent culture with smaller cells, which are considered to be stem cells. Furthermore,

OMECs exhibited reduced expression of KRT13, a typical oral mucosa epithelium marker,

suggesting a lower degree of differentiation in culture, which is beneficial for preparing

grafts for ocular regeneration. Due to the combination of small cell size and expression of

putative stem cell markers, OMECs cultured in COM have a higher likelihood of a positive

outcome, as indicated in the study by Rama et al. (Rama et al., 2010).

5.2.5. Proliferation Markers

In our study, the proliferation marker Ki-67 had higher percentages in the cultured

cells (COM 35.9%, XF 24.2%) compared to the primary cell suspension (12.0%). However,

the difference was not statistically significant due to the low number of samples. The gene

expression saw the same trend as MKI67, the gene encoding Ki-67, was upregulated in both

COM and XF but with a significant difference (compared to primary cells) only in the COM

group. The increased expression of Ki-67 in cultured cells is expected due to their

proliferative status.

Regarding other proliferation markers, PCNA was expressed in both media groups but

was significantly upregulated only in the XF. PCNA expression is associated with cells that

are actively proliferating and remain in the G1/S phase for a longer time (Bologna-Molina et

al., 2013). The expression of ALDH3A1, a proliferation-suppressive marker (Pappa et al.,

2005), was downregulated in both culture media groups but only significantly in COM. This

result shows that there is a high expression of proliferation genes in both cultured conditions.

Still, the combination of upregulation of MKI67 and downregulation of ALDH3A1 in COM

may have a cumulative effect on the proliferative status of the cultured cells. This is

supported by the observation that cells grown on COM reached confluence slightly earlier

(11.8 days) than those grown on XF (12.7 days). The earlier confluence of cells in the COM

group suggests a higher rate of cell proliferation in this medium.
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5.2.6. Differentiation Markers

Concerning the presence of K13, the specific oral mucosa epithelial marker, which

was uniformly and highly present in the whole suprabasal and superficial layer detected in

the immunofluorescence of the whole tissue as described earlier, we found a significant

decrease in the number of K13-positive cells in both cultured conditions (COM and XF)

compared to the primary cell suspension. The same significant difference was matched by the

gene expression (KRT13 downregulated in cultured cells), which corroborates that the

cultured cells have a lesser degree of differentiation. As a marker of differentiation and

stratification, it is expected that KRT13 expression decreased in the resulting cultured sheet of

our study. In fact, the study by Attico et al. (Attico et al., 2022) mentioned earlier, which

allowed for the stratification of the cultured cells after confluence, noted that the expression

of KRT13 increased with stratification. So, from the perspective of ocular regeneration, it is

less desirable to culture OMECs beyond confluence to maintain a less differentiated state.

We observed that KRT7 was significantly upregulated in cultured cells in both

conditions (COM and XF) compared to primary cells. This could be explained by the fact

that K7 is a secondary keratin of simple epithelia (Pekny & Lane, 2007), meaning that K7 is

produced in addition to or instead of primary keratins (Bragulla & Homberger, 2009).

Although the oral mucosa is not a simple epithelium, the resulting cultured sheet is not

stratified (based on the previously mentioned result on K13), and thus the higher expression

of KRT7 could be related to this. Nonetheless, K7 has been suggested as a marker of corneal

conjunctivalization (Jirsova et al., 2011), as K7 is present in the conjunctival surface

epithelium but not in corneal epithelial cells. This also raises the concern that OMECs

presenting a higher expression of KRT7 are shifting toward a conjunctival phenotype;

however, the keratin panel we obtained, along with the presence and expression of stemness

markers, point to the high content of progenitor cells and lesser differentiated cells. In fact,

K13 has also been linked as a marker for conjunctival cells (Poli et al., 2015), and as we

mentioned above, KRT13 was downregulated after culture.

The low expression of KRT3 and KRT12 was already expected as these two are

cornea-specific markers, and it is also aligned with the low expression we found in the whole

tissue (as described earlier) and immunofluorescence of cultured cells (about 15% in both

media conditions); moreover, we also noted a statistically significant downregulation of

KRT3 in cultured cells (COM and XF) compared to primary cells. Other studies have
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reported the presence of K3 in the oral mucosa and the absence of K12 (Chen et al., 2009;

Toshida et al., 2023). A similar result was obtained by Krishnan et al. (Krishnan et al., 2010),

who cultured oral mucosa explants directly on the well (plastic), in which OMECs expressed

KRT3, whereas KRT12 was not expressed. In the study by Kolli et al. (Kolli et al., 2014),

OMECs also expressed KRT3 but not KRT12. On the other hand, in a study by Dhamodaran

et al. (Dhamodaran et al., 2015), cultured OMECs on AM did not express KRT3, and K3 was

also not detected by immunohistochemistry.

On immunofluorescence of primary and cultured cells, we observed KRT8 expression

in a similar manner in all three conditions. However, this observation did not correspond to

the detected gene expression of KRT8, which showed low expression in all conditions. The

gene expression data also differed from the earlier observation of K8 presence in the whole

tissue. As explained in the previous chapter on limbal cells, this discrepancy in the presence

of the marker by immunofluorescence and the gene expression results could be attributed to

different post-transcription modifications or variations in the range of RT-qPCR (Osorio et

al., 2011; Vélez-Bermúdez & Schmidt, 2014). Nonetheless, our lack of KRT8 expression is

aligned with another study that also reported that OMECs do not express KRT8 (Ma et al.,

2021).

We also showed the increased expression of keratins which are usually detected in the

basal layer and, thus, have a relation to progenitor cells. The high expression of KRT14,

KRT15, KRT17, and KRT19 could be related to the number of stem cells present, and this is

more relevant by noting that along these, other putative stem cell markers were also highly

expressed (e.g., ∆Np63α, NGFR, and ABCG2). In Zsebik et al. (Zsebik et al., 2017), they

showed that OMECs cultured on contact lenses express KRT14, and they also evaluated

OMECs by immunofluorescence and detected that most K14-containing cells are also

positive for p63α. In Dhamodaran et al. (Dhamodaran et al., 2015), cultured OMECs on AM

also expressed KRT15. Regarding the expression of KRT17, which showed a significant

upregulation in cultured cells (COM and XF), there is limited data from other studies on its

expression in cultured OMECs. However, K17 has been associated with limbal basal cells

(Saghizadeh et al., 2011), indicating a relation to LESCs. Therefore, the higher expression of

KRT17 in our cultures is considered favorable for grafting purposes, as it suggests a higher

content of stem cells, as indicated by markers also present in LESCs. Similarly, the same

study by Saghizadeh et al. (Saghizadeh et al., 2011), also demonstrated the presence of
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KRT19 in a similar manner as KRT17 in the basal limbal cells. KRT19 also had a higher

expression in cultured cells, although not statistically significant, and it has been shown to be

expressed in cultured OMECs by other groups (Sheth et al., 2015; Kim et al., 2016).

Besides, it is also worth discussing whether grafting less differentiated cells with a

high content of progenitor cells, and reestablishing conditions for maintenance of the limbal

niche is a better approach than transplanting already differentiated (corneal phenotype) to the

ocular surface. Research has demonstrated that the optimal functioning of LESCs relies on a

specific microenvironment called the limbal stem cell niche (Soleimani et al., 2023). This

niche is crucial in providing specific physical, autocrine, and paracrine functions (Soleimani

et al., 2023). Attico et al. (Attico et al., 2022) have suggested that the transplantation of oral

mucosa graft onto the ocular surface of patients could potentially offer paracrine stimulation

to some recipients' remaining autologous corneal cells.

Based on this keratin panel, we observed no statistically significant difference

between the two cultured conditions (COM and XF). All the significant differences were

found when comparing the cultured conditions to the primary cells; therefore, cells in both

cultured conditions exhibited similar gene expression. A similar pattern in both cultured

conditions was observed for the presence of the markers by immunofluorescence.

Considering the ultimate goal of using the cell sheet for ocular surface transplantation, it is

beneficial that there is a high expression of stemness markers (including keratins related to

stemness, i.g., K8, K14, K15, K17, and K19), even though there is a low expression of

corneal markers (KRT3 and KRT12), as, after grafting, OMECs have been shown to acquire

some of the corneal phenotype characteristics, expressing KRT3 and KRT12 (Chen et al.,

2009; Kim et al., 2018). In summary, the phenotype and gene expression of the cultured cells

are consistent with their use for transplantation purposes.

5.2.7. Genotoxicity

In the context of ocular surface transplantation, the analysis of DNA damage in

cultured cells is crucial for ensuring the safety and efficacy of the procedure. The long-term

renewal of the epithelium following transplant surgery relies heavily on the presence of a

functional pool of stem cells (Lorenzo et al., 2018). However, when utilizing ex vivo systems,

which create a foreign microenvironment, the cellular function can be temporarily or

permanently altered due to oxidative reactions and other stressors. These alterations can
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disrupt the integrity of cellular molecules, leading to potential damage (Pathak et al., 2016),

and thus we were interested in levels of potential DNA damage in our cultured cells.

In our study, there was no statistically significant difference between SBs + ALS or

net FPG-sensitive site damages in cells cultured in COM or XF; however, net FPG-sensitive

sites were consistently lower in the XF group, except for one sample. These differences

suggest that COM and XF may have slightly different effects on DNA stability in OMECs,

and further studies are needed to understand the underlying mechanisms. Our results are in

agreement with the results reported by Baričević et al. (Baričević et al., 2012), who showed

in an alkaline comet assay that buccal cells from control samples had a range of % tail DNA

of 0.36 ± 1.19 (mean ± SD), and in our study, cultured cells in COM had % tail DNA of 0.27

± 0.19 (mean ± SD) for SBs + ALS and in XF 0.29 ± 0.22 (mean ± SD), meaning that our

cultured cells do not contain higher DNA damage compared to non-cultured cells. In their

study, however, they did not assess FPG-sensitive site damages. On the other hand, our

results for OMECs are relatively contrary to the results of a study by Lorenzo et al. (Lorenzo

et al., 2018), where they compared LECs expanded in complex media and media with only

HS as an additive and showed that levels of SBs were substantial. In contrast, levels of net

FPG-sensitive sites were relatively low in LECs engineered in either media. Nonetheless, in

our and their study, both types of damage were still relatively low, and despite the relative

lack of complexity of the XF, we did not observe any increase in DNA base oxidation

damage (Lorenzo et al., 2018). Previous studies suggest that cells cultured in a medium

supplemented with HS may exhibit enhanced genome stability and the ability to maintain an

unmethylated state when compared to a medium supplemented with FBS (Shahdadfar et al.,

2005; Dahl et al., 2008).

The results confirm that OMECs can be effectively cultivated in both COM and XF

media without inducing significant DNA damage. This is an important finding since XF

media are often preferred in clinical settings due to their reduced risk of contamination and

transmission of animal-derived pathogens.

5.3. Long-term Storage of OMECs
In the context of cell-based therapy, as we have so far discussed, LSCD patients often

require regrafting, considering the average 70% success rate with COMET (Cabral et al.,

2020). Thus, cryopreservation allows for the long-term preservation of stem cells, ensuring

J.V. Cabral Doctoral Thesis

130



their availability for future treatments (Jaiswal & Vagga, 2022). This approach enables

multiple treatments from a single donation, reducing the need for repeated donations, which

can be burdensome for donors. Furthermore, cryopreservation extends the shelf life of stem

cells, maintaining their potency for years (Erol et al., 2021). Considering our goal of using

stored cells for grafting, we were interested in analyzing how cells stored in media without

CPAs would behave after thawing. If this approach proves successful, it could provide an

important alternative to the use of CPAs, which are known to be toxic (Best, 2015).

Our results indicate that cells first cultured and then stored after reaching confluence

achieved better growth rates and viability compared to cells stored directly from the primary

cell suspension. Primary cells took more days to reach confluence after thawing and seeding

(average 21.7 days, ranging from 20 – 27 days). Only cells stored in media (COM or XF)

with 5% glycerol or 10% DMSO were able to proliferate, with viability ranging from 64%

(COM + 10% DMSO) to the highest 87% (XF + 5% glycerol) once the cells were confluent

(after storage). However, it should be noted that limited data is available in our work, as only

two samples were prepared for COM storage media with CPAs variants, and only one sample

of XF variants was included.

In contrast to primary cells, first passage cells that were stored after reaching

confluence required an average of 11 days for groups with CPAs and 14.6 days for cells

stored in COM-only, with viability of 71% (COM + 5% glycerol) to 87% (COM).

Interestingly, the highest viability was observed in cells stored in COM without CPA.

However, cultures in COM also required more days to reach confluence (14 days) compared

to 11 days for the other groups, and then the longer time to reach confluence might lead cells

to a differentiated phenotype, diminishing the number of stem cells, which is undesirable.

Furthermore, regarding cell size upon confluence after thawing and culture, primary

cells stored in COM (5% glycerol, 10% glycerol, and 10% DMSO) were generally smaller on

average than cells from XF groups (5% glycerol and 10% DMSO). When considering first

passage cells, cells stored in COM or COM + 5% glycerol were relatively smaller than cells

from COM + 10% glycerol and COM + 10% DMSO groups. These findings suggest that

COM + 5% glycerol yielded a more consistent result across both scenarios (storage of

primary or first passage cells). As previously discussed, smaller cells are considered stem

cells; thus, COM + 5% glycerol emerges as a preferable storage medium for maintaining

stemness in both cell storage stages, while achieving an earlier confluence compared to the
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COM-only option.

We have demonstrated that first passage OMECs stored in COM (and CPAs variants)

could successfully proliferate and form a cell sheet after being thawed and seeded again. On

the other hand, although it requires more samples to draw any conclusion, first passage

OMECs stored in XF (and CPAs variants) were unable to attach and proliferate after storage.

It needs further investigation of the role of the additives in COM to maintain the proliferative

status of the cells after storage. However, it could be related to a specific sample, as primary

OMECs stored in XF (+ 5% glycerol or 10% DMSO) also proliferated, and, interestingly,

they had higher viability compared to primary OMECs stored in COM with 10% glycerol or

10% DMSO, although the sample size is small to draw any significance.

Successful preparation of a cell sheet after cryopreservation of OMECs was also

obtained by Morino et al. (Morino et al., 2019), who cryopreserved first passage OMECs

after culture for two weeks and stored 3 x 106 cells in 1 ml of CELLBANKER1 (ready-to-use

cell cryopreservation medium with serum containing formulation). In their study, after

cryopreservation for 3 months at -80 ºC, cells were thawed and seeded on temperature-

responsive cell culture inserts, and proliferating cells showed a typical polygonal

cobblestone-like appearance, and then cell sheets were successfully fabricated.

Oliva et al. (Oliva et al., 2019) attempted to cryopreserve cell sheets containing rabbit

OMECs and reported a loss of ΔNp63 expression when the storage solution was composed of

ethylene glycol and DMSO (cell sheets were immersed for 1 min in a solution containing

10% of both CPAs, then for 25 seconds in a solution containing 20% of both CPAs, then

immersed in liquid nitrogen). Although we studied human OMECs, we did not observe the

loss of ΔNp63 in any of the groups that achieved confluence after thawing and culturing,

including the groups which were stored in media containing 10% DMSO.

Regarding other genes expression, we observed a consistent pattern of expression for

stemness, proliferation, and differentiation, as detailed earlier (5.2.4 Cell Size, Stemness,

5.2.5 Proliferation Markers, and 5.2.6 Differentiation Markers), with one exception,

SOX2. The heatmap displays a relatively uniform color distribution (gene expression) across

the different samples, except for SOX2, where a visible difference in expression is observed

between the cells before storage and after storage, with lower expression in the latter.

Although the small sample size does not allow for statistical significance, we observe a trend

that suggests cryopreservation may influence the expression of SOX2. Finally, some studies
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have shown that CPAs can influence gene expression (Sumida et al., 2011; Cordeiro et al.,

2015); particularly, it was shown that DMSO could affect the expression of pluripotency

genes in human embryonic stem cells, leading to a decrease in stem cell markers (Czysz,

Minger, & Thomas, 2015). To our knowledge, storage of OMECs in such different kinds of

storage media, including those without CPAs and xenobiotic-free media, has not been

performed previously. This lack of prior research makes direct comparisons impossible.

These findings suggest that storing cells after the first passage improves their viability

and growth potential, and it can also be carried out without the use of CPAs. However, the

study did not explore the long-term effects of cryopreservation on cell functionality and

genetic stability, which is a limitation of the presented results. Based on the previous

discussion on OMECs culture, a recommended approach would be to first culture OMECs in

COM, considering the cell sheet grafting. Simultaneously, if needed, a secondary parallel

culture would be harvested (first passage cells) and stored for further use. According to the

data on long-term storage, either COM or COM + 5% glycerol would preserve stemness, the

difference being in terms of culture length (shorter for 5% glycerol) and viability (slightly

higher in COM).

5.4. Cryopreserved AM for the Treatment of Non-healing

Wounds and Inter-placental Variability in the Healing Efficiency

of AM
Our study on NHW found a healing rate after the application of cryopreserved AM of

62%, consistent with similar studies. Lavery et al. also found a success rate of 62% (100%

reepithelialization at 12 weeks) for cryopreserved AM in a clinical trial, compared to 21.3%

for SOC (Lavery et al., 2014), Farivar et al. (Farivar et al., 2019) found that NHW using

cryopreserved AM had a healing rate of 53% in a trial limited to 12 weeks and venous leg

ulcers. Another multicenter trial reported a success rate of 48.4% for viable cryopreserved

placental membranes (Ananian et al., 2018).

Studies show that healing efficiency depends on the baseline wound size (Abdo,

2016; Raspovic et al., 2018; Ananian et al., 2018). In our study, we could not prove statistical

significance despite the larger baseline size in the unhealed group versus the healed group.

Moreover, our average wound size before starting AM therapy (15.4 cm2) was larger than in

other studies using cryopreserved AM (Lavery et al., 2014; Valiente et al., 2018; Ananian et

J.V. Cabral Doctoral Thesis

133



al., 2018; Johnson et al., 2021). AM treatment frequency in similar studies varies from 2 to 3

days up to more scarce (Mermet et al., 2007; Dehghani et al., 2017). We started with weekly

applications and later changed to every two weeks after 4 to 8 weeks of treatment. We then

adjusted the frequency based on the wound's response and healing progress.

When treating wounds with AM, it's important to have a way to predict whether the

treatment will be effective. We found that wounds can be divided into three categories:

healed, partially healed, and unhealed, which respond differently to the treatment. The

wounds in the healed group showed good progress, reaching 70% closure after 10 weeks and

50% after 5 weeks, which is similar to another study (Valiente et al., 2018). All wounds in

this group eventually reached 50% closure. These values can be used as predictors of

successful treatment.

AM not only promotes healing, but it also has an analgesic effect. All patients

reported pain relief after the first application of AM, regardless of their wound's healing

progress. Recently we have detected and analyzed the levels of endogenous analgesic and

anti-inflammatory of lipid molecules N-acylethanolamides, particularly

palmitoylethanolamide, oleoylethanolamide, and anandamide in various placental tissues,

including AM We suggested that these compounds are responsible for pain relief expressed

by AM (Svobodova et al., 2023; Vrkoslav et al., 2023). Regarding inter-placental variability

in the healing efficiency of AM, we did not observe a significant difference in healing

capacity between the individual placentas. The data suggest that if there are intra- and inter-

placental differences in AM sheets’ healing efficacy, they are overridden by the actual health

status of the subject or even the status of its individual wounds (Horvath et al., 2023).
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6. Conclusion and Future Perspectives

6.1. Conclusion 1: Increasing the Stemness of Limbal Epithelial

Cell Cultures and Alternative Substrates for Cell Culture
IL13 was established as a culture supplement that improves the stemness of LECs by

increasing their clonogenicity and expression of stem cell markers while maintaining their

morphology (Trosan et al., 2022). Although, a drawback is that this compound is not

xenobiotic-free, which should be avoided in advanced cell-based therapy. While IL13

enhances stemness, it also increases the expression of conjunctival markers in LECs. This

outcome is undesired, particularly considering that one of the major issues in LSCD is the

proliferation of conjunctival cells onto the cornea.  Therefore, supplementing the culture

media with IL13 could potentially lead to this undesirable outcome.

Additionally, we have also shown that LECs cultured on PDLLA tended to noticeable

transdifferentiation toward mesenchymal morphology and also in terms of gene expression.

Future research should focus on replacing or removing fibronectin as a coating for the

PDLLA membranes, as it can boost its pro-mesenchymal features. Taken together, we can

conclude that the culture on the PDLLA membrane was clearly suboptimal. Given the

pathophysiology of LSCD, epithelial cells (including stem cells and later differentiated

corneal epithelial cells) are deficient, not stromal. In contrast, fibrin gels sustained the

standard cobblestone corneal morphology with a high expression of stemness markers. In

terms of LECs grafting, fibrin gels posed as a better substrate alternative, and we are going to

transfer this method to clinical practice.

6.2. Conclusion 2: Preparation of Oral Mucosal Epithelial Cells

on Fibrin Gel for Grafting
This study aimed to optimize the culture technique for OMECs by comparing the use

of COM and XF on fibrin gel. Our findings provide significant advancements in ocular

surface reconstruction and cell-based therapies. We demonstrated that OMECs can be

cultured on fibrin gel without the need for xenogeneic additives or feeder layers while

maintaining an undifferentiated state and a sufficient pool of stem cells. This achievement is

crucial for developing safer and more effective culture protocols for the clinical use of
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OMECs in treating bilateral LSCD. By eliminating animal components and utilizing human-

derived materials, the risk of infectious illnesses and immunological responses can be

minimized. The drawback is that we observed a higher proliferation state in terms of time to

reach confluence and the expression of proliferation genes in the media containing animal

products (COM). Thus, although our initial intention was to demonstrate that XF would be at

least equivalent to COM, COM seems to support a better cell sheet containing OMECs.

Efforts should be made to prepare a COM-equivalent by substituting each additive with its

non-xenogeneic equivalent.

We confirmed the presence of crucial stemness markers, such as p63α, NGFR, and

ABCG2, in OMECs cultured in both COM and XF conditions. These markers play a vital

role in the maintenance and function of the niche after grafting. Nonetheless, we observed a

higher percentage of the combination of small cell size and the presence of p63α in OMECs

cultured in COM, which makes COM a better option in terms of the number of stem cells in

the cell sheet. We also analyzed the expression of differentiation markers, including K3, K7,

K8, K13, K14, K15, K17, and K19, which provides insights into the potential differentiation

capacity of OMECs towards corneal or conjunctival phenotypes, as well as the maintenance

of oral phenotype. Understanding the expression patterns of these markers is crucial for the

successful transplantation of cultured OMECs and corneal tissue regeneration (Cabral et al.,

2020).

Additionally, our results indicated low levels of DNA damage in OMECs cultured in

xenobiotic-free conditions, further supporting the safety and viability of this culture

technique.

These insights contribute to developing improved protocols for the clinical

application of OMECs and understanding their regenerative potential. This study paves the

way for further advancements in cell-based therapies for ocular diseases by advancing the

knowledge and techniques in ocular surface reconstruction. Based on the obtained results,

several future perspectives and directions for further research can be suggested:

• Optimization of culture protocols: Although this study successfully cultivated OMECs in

both COM and XF media, further optimization of culture protocols is necessary. Even

though this work did not initially focus on the comparison involving cholera toxin, it serves

as a surrogate possibility and can be considered as an interim solution. Animal components

(e.g., cholera toxin) can be removed from the media and compared to the original complex
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media containing such additives.

• Comparative studies with other cell sources: It would be valuable to compare the

characteristics and functionality of OMECs with other cell sources used to treat LSCD,

such as LESCs and hair follicle bulge stem cells.

In summary, the results of this study provide a solid foundation for future research on

OMECs for treating LSCD. As the field of OMEC-based therapies progresses, our efforts

will be directed toward translating these research findings into clinical applications. We are

already preparing the documentation for the State Institute for Drug Control in the Czech

Republic to obtain approval for the commencement of clinical studies using the OMECs

prepared as described in this work and later introducing this OMEC-based therapy in the

Czech Republic.

6.3. Conclusion 3: Long-term Storage of Oral Mucosal Epithelial

Cells in Liquid Nitrogen
In conclusion, this study demonstrates the importance of CPAs in the cryogenic

preservation of OMECs. The choice of storage media and the presence of CPAs significantly

affect the viability, proliferation capacity, and cell size of OMECs after cryopreservation.

Cells stored directly from the primary cell suspension require an appropriate CPA, such as

5% glycerol or 10% DMSO, to ensure successful attachment, proliferation, and confluence

after thawing. However, cells stored after the first passage can achieve confluence without

using CPAs, but when stored in COM, not XF.

The findings suggest that storing cells after the first passage improves their viability

and proliferation potential, which is an important consideration for optimizing

cryopreservation protocols. However, further investigation is required to evaluate the long-

term effects of cryopreservation on cell functionality and genetic stability. Nevertheless, the

results provide valuable insights into the selection of CPAs and storage media for the

successful cryogenic preservation of OMECs, thereby contributing to the development of

improved techniques for their storage and future applications in clinical practice, including

regenerative medicine and tissue engineering applications.

Suggestions for future studies:

• To investigate the long-term effects of cryopreservation on the functionality and genetic

stability of OMECs.
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• To explore different thawing protocols to optimize cell viability and functionality after

cryopreservation.

In conclusion, it can be summarized that after repeating the experiments and

confirming the results, the protocol will be optimized, according to which it will be possible

to store OMEC for the treatment of LSCD in the long term.

6.4. Conclusion 4: (A) Cryopreserved Amniotic Membrane for the

Treatment of Non-healing Wounds and (B) Inter-placental

Variability in the Healing Efficiency of Amniotic Membrane
My work on this project resulted in preparing hundreds of AM grafts for wound

treatment. It was essential to prepare in clean rooms of tissue bank high-quality AM for

clinical studies. Additionally, these AM grafts also served as a cell culture substrate.

Our study (Svobodova et al., 2022) found that cryopreserved amniotic membrane as a

treatment for NHWs was safe and effective, with 62% of wounds completely healed. The

study also identified three distinct groups of NHWs with different healing characteristics,

which can be used to predict treatment outcomes. Moreover, no significant difference in

healing capacity was observed between the individual placentas (Horvath et al., 2023).

AM is a very effective biomaterial not only for its healing effects but also as a

suitable substrate for cell cultivation. The properties of AM need to be further investigated

and used in clinical practice.
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7. Souhrn a další směrování projektu

7.1. Závěr 1: Zvyšování kmenovosti kultur buněk limbálního

epitelu a alternativní substráty pro kultivaci buněk
IL13, jako aditivum v kultivačním médiu zlepšuje kmenovost LECs tím, že zvyšuje

expresi markerů kmenových buněk při zachování jejich morfologie (Trosan et al., 2022).

Nevýhodou je, že se jedná o xenogenní látku, jejímuž použití bychom se v moderní buněčné

terapii chtěli vyhnout. Kromě kmenovosti zvyšuje IL13 také expresi spojivkových markerů v

LECs. Tento výsledek je nežádoucí, zvláště vezmeme-li v úvahu, že jedním z hlavních

problémů u LSCD je přerůstání spojivkových buněk přes rohovku. Proto by doplnění

kultivačního média IL13 mohlo potenciálně vést (kromě podpory kmenovosti) k tomuto

nežádoucímu jevu.

Dále jsme ukázali, že LEC kultivované na PDLLA měly tendenci k patrné

transdiferenciaci směrem k fenotypu typickému pro mezenchymální buňky (morfologie,

zesílení exprese mesenchymálních genů). Budoucí výzkum by se měl zaměřit na nahrazení

mezenchymální vlastnosti podporujícího fibronektinu, kterým musely být PDLLA membrány

pro zvýšení adhezivity povrchu potaženy.

Závěrem můžeme shrnout, že výsledky kultivace na nanovláknech PDLLA nebyly

zcela optimální, a to i v možné souvislosti s léčbou LSCD, kdy je nízký počet kmenových

buněk pro epitel rohovky vážným nedostatkem úspěšného převedení tohoto postupu do

klinické praxe. Na rozdíl od PDLLA si fibrinové gely udržely standardní morfologii epitelu s

vysokou expresí kmenových markerů. Pokud jde o použití buněčného štěpu LEC k aplikaci u

LSCD, představují fibrinové gely vhodnější alternativu substrátu, kterou budeme převádět i

do klinické praxe.

7.2. Závěr 2: Příprava buněk ústní sliznice kultivovaných na

fibrinovém gelu
Cílem této studie bylo optimalizovat techniku kultivace OMEC porovnáním použití

COM a XF na fibrinovém gelu. Naše zjištění přinášejí významný pokrok v oblasti

rekonstrukce povrchu oka a buněčných terapií. Prokázali jsme, že OMEC lze kultivovat na

fibrinovém gelu v nediferencovaném stavu a s dostatečným množstvím kmenových buněk
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bez použití xenogenní látek nebo vrstvy podpůrných buněk coby kultivačního povrchu. Tento

výsledek má zásadní význam pro přípravu bezpečnějších a účinnějších metod pro klinické

využití OMEC při léčbě bilaterální LSCD. Vyloučením xenogenních složek a využitím

materiálů lidského původu lze minimalizovat riziko infekčních onemocnění a

imunologických reakcí. Výsledky však ukazují vyšší míru proliferace vzhledem k dosažení

konfluence a exprese proliferačních genů v buňkách kultivovaných v komplexním médiu

(COM) obsahujícím cizorodé produkty. Ačkoli tedy bylo naším původním záměrem

prokázat, že XF bude rovnocenným kultivačním postupem, zjistili jsme, že použití

komplexního média lépe podporuje žádoucí vlastnosti OMEC. V obou kultivačních

podmínkách OMEC byla nízká hladina poškození DNA, což podporuje životaschopnost této

kultivační techniky.

Potvrdili jsme přítomnost klíčových markerů kmenovosti, jako jsou p63α, NGFR a

ABCG2, u OMEC kultivovaných v podmínkách COM i XF. Nicméně vyšší procento

kombinace malé velikosti buněk a přítomnosti p63α typické pro kmenové buňky jsme získali

v OMEC kultivovaných v COM. Kromě toho jsme analyzovali expresi diferenciačních

markerů epitelu, včetně K3, K7, K8, K13, K14, K15, K17 a K19, které umožňují definovat

potenciální schopnosti diferenciace OMEC směrem k rohovkovému nebo spojivkovému

fenotypu, stejně jako přetrvání fenotypu původního. Objasnění a pochopení exprese

jednotlivých márkrů a jejich kombinace je zásadní pro úspěšnou transplantaci kultivovaných

OMEC a regeneraci rohovkové tkáně (Cabral et al., 2020).

Na základě výsledků získaných v této studii lze navrhnout několik směrů dalšího

výzkumu:

• Optimalizace kultivačních protokolů: Přestože v této studii byly OMEC úspěšně

kultivovány v médiích COM i XF, je nutná další optimalizace kultivačních protokolů.

Přesné vyladění složení XF médií, například vynechání cholera toxinu či snížení

koncentrace specifických růstových faktorů by mohlo zajistit růst, diferenciaci a

regenerační potenciál OMEC při snížení potenciálních nežádoucích účinků.

• Srovnávací studie s jinými buněčnými zdroji: Bylo by vhodné porovnat vlastnosti a

funkčnost OMEC s dalšími buněčnými typy, například s buňkami vlasových folikulů.

Srovnávací studie by mohly poskytnout poznatky o výhodách a nevýhodách jednotlivých

buněčných typů, což by umožnilo zvolit nejvhodnější přístup k léčbě DLKB.

Závěrem můžeme shrnout, že výsledky této studie poskytují dobrý základ pro budoucí
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výzkum i praktické využití OMEC pro léčbu LSCD. V současné době připravujeme

dokumentaci pro Státní ústav pro kontrolu léčiv pro získání souhlasu se zahájením klinických

studií s použitím OMEC připravených tak, jak je popsáno v této práci.

7.3. Závěr 3: Dlouhodobé skladování buněk bukální sliznice v

tekutém dusíku
Tato studie prokázala výhody použití CPA při kryogenním uchovávání OMEC. Volba

skladovacího média a přítomnost CPA významně ovlivňují životaschopnost, proliferační

schopnost a velikost buněk OMEC po kryokonzervaci. Primární buněčné suspenze byly

vzhledem k jejich růstu po rozmražení výhodněji uchovány v 5% glycerolu nebo 10%

DMSO. Naopak, buňky skladované po první pasáži mohou dosáhnout po rozmražení

konfluence bez použití CPA, ale pouze při skladování v komplexním médiu, nikoliv v XF

médiu.

Tato zjištění naznačují, že skladování buněk po první pasáži zlepšuje jejich

životaschopnost a proliferační potenciál, což je důležitý faktor pro optimalizaci protokolů

kryokonzervace. Je zapotřebí provést další experimenty, a vyhodnotit dlouhodobé účinky

skladování na funkčnost a genetickou stabilitu buněk. Výsledky nicméně poskytují cenné

poznatky o výběru CPA a skladovacích médií pro úspěšnou kryogenní konzervaci OMEC,

čímž přispívají k vývoji lepších technik jejich skladování a budoucímu využití v klinické

praxi, včetně aplikací v regenerativní medicíně a tkáňovém inženýrství. V dalších

plánovaných experimentech bude třeba:

• Vyhodnotit dlouhodobé účinky kryokonzervace na funkčnost a genetickou stabilitu OMEC.

• Porovnat různé protokoly rozmrazování pro optimalizaci životaschopnosti a funkčnosti

buněk po kryokonzervaci.

Závěrem lze shrnout, že po zopakování experimentů a potvrzení výsledků bude

optimalizován protokol, podle kterého bude možné dlouhodobě skladovat OMEC pro léčbu

LSCD.
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7.4. Závěr 4: Kryokonzervovaná amniová membrána pro léčbu

nehojících se ran a vliv inter-placentární variability na hojení

pomocí štěpu amniové membrány
Výsledkem mé práce na tomto projektu byla příprava stovek štěpů AM pro léčbu ran.

V čistých prostorách tkáňové banky bylo nezbytné připravit vysoce kvalitní AM pro použití v

klinických studiích. Část štěpů AM byla také použita jako substrát pro buněčné kultury

(OMEC). Výsledky naší klinické studie prokázaly (Svobodova et al., 2022), že

kryokonzervovaná AM je pro léčbu NHW bezpečná a účinná, přičemž zcela vyléčeno bylo

62 % ran různých typů, které nebyly dlouhodobě zhojeny pomocí standardních postupů.

Studie rovněž identifikovala tři odlišné skupiny NHW s různými charakteristikami

(kinetikami) hojení, které lze využít k předpovědi výsledků léčby. Další studie (Horvath et

al., 2023) prokázala, že mezi AM získaných z různých placent nebyl pozorován žádný

významný rozdíl ve schopnosti hojení.

AM je velmi efektivním biomateriálem nejen pro své hojivé účinky, ale také

vhodným substrátem pro kultivaci buněk. Vlastnosti AM je třeba dále zkoumat a využívat v

klinické praxi.
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10.1. Appendix 1: List of Materials for Limbal Epithelial Cell

Culture

3.1.1 Culture of Limbal Explants on Nanofibrous Membranes, page 46
Product Company Catalog Number
70% Ethanol Penta E03801
PBS pH 7.4 (10x) Gibco 70011-036
Fibronectin Sigma-Aldrich 10838039001
DMEM/F12 (1:1, GlutaMAX) Gibco 31331-028
100x Antibiotic-antifungal solution Gibco 15240-062
12 Well TC-Treated Polystyrene

Permeable Support Companion Plate

Falcon 353503

3.1.2 Preparation of Fibrin Gel, page 47
Concentration

after

reconstitution

Dilute in PBS Final concentration

after dilution (ready

to use)
Component 1 Human

Fibrinogen

(Sealer

protein

lyophilized

Concentrate)

91 mg/ml 1 ml (reconstituted

sol.)

+

8 ml PBS

Fibrinogen 10mg/ml

Solvent for

component 1

Aprotinin

solution

3000 KIU/ml Aprotinin 333 KIU/

ml
Component 2 Human

thrombin

(Thrombin

lyophilized)

500 IU/ml 0.5 ml (reconstituted

sol.)

+

24.5 ml PBS

Thrombin 10 IU/ml

Solvent for

component 2

CaCl2 40 µmol/ml CaCl2 0.8 µmol/ml
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3.1.4 Explant Culture, page 48
Product Company Catalog Number
DMEM/F12 (1:1, GlutaMAX) Gibco 31331-028
100x Antibiotic-antifungal solution Gibco 15240-062
100nm Cholera Toxin Sigma C8052
Human serum Bio&Sell HU.SE.0500
Fetal bovine serum Gibco 10500-064
Insulin-Transferrin-Selenium (100x) Gibco 41400-045
Hydrocortisone VUAB Pharma A.S.,

Roztoky

256084

Adenin hydrochlorid Sigma A9795
EGF Gibco PH60311L
Tranexamic Acid Supelco PHR1812
Well TC-Treated Polystyrene Permeable Falcon

Support Companion Plate

353503

3.1.5 Reverse Transcription-Quantitative Real-Time Polymerase Chain Reaction (RT-

qPCR), page 48
Product Company Catalog Number
Dispase II Gibco 17105-041
TrypLE™ Express Gibco 12604021
Dual Chamber Cell counting slides Bio-Rad 1450011
Trypan blue dye 0.40% Bio-Rad 1450013
TC20™ Automated Cell Counter Bio-Rad 1450102
Universal 32 R centrifuge Hettich Zentrifugen 1610
RNeasy® Micro Kit Qiagen 74004
Eppendorf Biophotometer

Spectrophotometer

Eppendorf 6131

iScript cDNA synthesis kit Bio-Rad 1708890
Hard Shell 96-well PCR plate Bio-Rad HSR9901
SsoAdvanced Universal SYBR Green

Supermix RT-qPCR Kit

Bio-Rad 1725270

CFX Connect Real-Time PCR Detection

System

Bio-Rad 1855201
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3.1.5 Reverse Transcription-Quantitative Real-Time Polymerase Chain Reaction (RT-
qPCR), page 48
Gene name, Gene
symbol

Forward Primer Reverse Primer Size
(bp)

Hypoxanthine
phosphoribosyltran
sferase 1, HPRT1

TCTTTGCTGACCTGCTGG
ATTAC

GTCTGCATTGTTTTGCCAG
TGTC

214

Ribosomal protein
L32, RPL32

CTCAGACCCCTTGTGAA
GCC

TTGCTTCCATAACCAATG
TTGG

179

POU class 5
homeobox 1, OCT4

AGAAGTGGGTGGAGGAA
GCTG

CCAGGTTGCCTCTCACTC
G

123

SRY-box
transcription factor
2, SOX2

GCTAGTCTCCAAGCGAC
GAAA

GCCTCTCCTTGAAAAATA
TTGGC

137

Krüppel like factor
4, KLF4

CCACACTTGTGATTACGC
GG

GAATTTCCATCCACAGCC
GT

127

Marker of
proliferation Ki-67,
MKI67

CTTTGGGTGCGACTTGAC
G

GTCGACCCCGCTCCTTTT 199

Tumor protein
p63, ΔNp63α

TATCCGCATGCAGGACT
CG

GAGCCAGAAGAAAGGAC
AGCAG

127

ATP binding
cassette subfamily
G member 2
(Junior blood
group), ABCG2

GAGCCTACAACTGGCTT
AGACTCAA

TGATTGTTCGTCCCTGCTT
AGAC

85

ATP-binding
cassette sub-family
B member 5,
ABCB5

CAGCAAGGGAAGCAAAT
GC

GGGTTTCGAACTAAGGCA
CG

139

Keratin 3, KRT3 GGATGTGGACAGTGCCT
ATATGAA

AGCACCACAGATGTGTCA
CTGAT

144

Keratin 7, KRT7 ATGGAGTGGGAGCCGTG
AA

AGCCTTCAGGAGCCCAGG 146

Keratin 8, KRT8 CGAGATCGCCACCTACA
GGA

CGAGATCGCCACCTACAG
GA

116

Keratin 12, KRT12 GGAGATCGAGCTACAGT
CCCA

TCCAGGTTGCTGATGAGC
TG

120

Keratin 14, KRT14 TCTCCTCTGGATCGCAGT
CA

GCCTCAGTTCTTGGTGCG
A

131

Keratin 15, KRT15 AGGGCCTGAATGAGGAG
CTAG

CCTCATCTCTGCCAGCAC
AC

146

Integrin subunit
beta 1, ITGB1

ACATTTGAGTGTGGCGC
GT

CACACTGTCCGCAGACGC 163
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Nerve growth
factor receptor,
NGFR

CGTATTCCGACGAGGCC
A

ACCGTGTAATCCAACGGC
C

138

CCAAT enhancer
binding protein
delta, CEBPD

GAGAACGAGAAGCTGCA
CCAG

TGAGGTATGGGTCGTTGC
TG

170

Leucine rich
repeats and
immunoglobulin
like domains 1,
LRIG1

CCGTGGCTAATTGGCAG
G

TGTCCTTGCCCACCATAG
C

178

Insulin like growth
factor binding
protein 5, IGFBP5

AGCTACCGCGAGCAAGT
CAA

TCGGAGATGCGGGTGTGT 125

Actin alpha 2,
smooth muscle,
ACTA2

CTTTGCTGGGGACGATG
C

TCCCATTCCCACCATCAC
C

85

CD34 molecule,
CD34

GGCATCTGCCTGGAGCA
A

CACCTCAGACTGGGCAAG
GA

153

Thy-1 cell surface
antigen, THY1

TCCCCACCCATCTCCTCC CGAGGTGTTCTGAGCCAG
C

90

Visual system
homeobox 2, VSX2

AAGAAACGGAAGAAGC
GGC

TGGGTAGTGGGCTTCGTT
G

91

Fibulin 1, FBLN1 CTGCGAATGCAAGACGG
G

CAGCGTGTTCTCGCACTT
GT

115
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10.2. Appendix 2: List of Materials for Oral Mucosa Epithelial

Cell Culture

3.2.1 Oral Mucosal Tissue Retrieval, page 50
Product Company Catalog Number
Betadine 100 mg/ml Egis 32/389/92-S/C
NaCl 0.9% 1000 ml B. Braun 2305960
BASE•128 Alchimia BAS 006-00
6-mm biopsy punch Kai Medical BP-60F

3.2.5 Preparation of Cell Suspension, page 53
Product Company Catalog Number
BASE•128 Alchimia BAS 006-00
PBS pH 7.4 (10x) Gibco 70011-036
DMEM/F12 (1:1, GlutaMAX) Gibco 31331-028
100x Antibiotic-antifungal solution Gibco 15240-062
100nm Cholera Toxin Sigma C8052
Human serum Bio&Sell HU.SE.0500
Fetal bovine serum Gibco 10500-064
Insulin-Transferrin-Selenium (100x) Gibco 41400-045
Hydrocortisone VUAB Pharma A.S.,

Roztoky

256084

Adenin hydrochlorid Sigma A9795
Triiodothyronine Sigma T6397
EGF Gibco PH60311L
Tranexamic Acid Supelco PHR1812
Dispase II Gibco 17105-041
0.05% Trypsin-EDTA (1X) Gibco 25300-054
RNAlater™ Sigma R0901
Millex-GV Filter, 0.22 µm, PVDF, 13

mm

Merck Millipore SLGVR13SL

Tissue Culture Plates 24 wells, sterile VWR 734-2325
Petri dish 35mm, Sterile Nunc 153066
Petri dish 60mm, Sterile VWR 10062-890
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Cell scraper (11mm blade) Corning C5981-100EA
pluriStrainer Mini 70 µm (Cell Strainer) PluriSelect 43-10070-60
Dual Chamber Cell counting slides Bio-Rad 1450011
Trypan blue dye 0.40% Bio-Rad 1450013
TC20™ Automated Cell Counter Bio-Rad 1450102
Universal 32 R centrifuge Hettich Zentrifugen 1610

3.2.8 Harvesting Cultured Cells after Cell Confluence, page 55
Product Company Catalog Number
PBS pH 7.4 (10x) Gibco 70011-036
Dispase II Gibco 17105-041
DMEM/F12 (1:1, GlutaMAX) Gibco 31331-028
TrypLE™ Express Gibco 12604-021
Millex-GV Filter, 0.22 µm, PVDF, 13 mm Merck Millipore SLGVR13SL
Dual Chamber Cell counting slides Bio-Rad 1450011
Trypan blue dye 0.40% Bio-Rad 1450013
TC20™ Automated Cell Counter Bio-Rad 1450102
Universal 32 R centrifuge Hettich Zentrifugen 1610
RNeasy® Micro Kit Qiagen 74004
Eppendorf Biophotometer Spectrophotometer Eppendorf 6131
iScript cDNA synthesis kit Bio-Rad 1708890
Hard Shell 96-well PCR plate Bio-Rad HSR9901
SsoAdvanced Universal SYBR Green

Supermix RT-qPCR Kit

Bio-Rad 1725270

CFX Connect Real-Time PCR Detection

System

Bio-Rad 1855201

3.2.4 Hematoxylin and Eosin Staining, page 52
Product Company Catalog Number
Hematoxylin Harris Penta 14680-11000
Eosin Y Merck 17372-87-1
Ethanol 96% p.a. Penta 70390-11001
HCl 35% Penta 7647-01-0
Ethanol 100% Penta 71250-11001
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Solakryl Penta 2001280115
Xylene Lach-ner s.r.o. 1330-20-7
Aquatex Merck 1.08562.0050
OCT cryomount Penta 00890-EX
Ethanol 70% Penta 70392-11001
Carbol-xylene Penta 180407V

3.2.10 Immunofluorescence, page 56
Product Company Catalog Number

Tween® 20 Sigma-Aldrich P1379
Triton X® 100 Roth 3051.3
Normal Goat serum Cell Signaling Technology 5425
Bovine Serum Albumin Sigma A9647
PBS pH 7.4 (10x) Gibco 70011-036
DAPI Invitrogen
Mowiol® 4-88 Aldrich 81381
Superfrost® Plus Thermo Scientific J1800AMNZ
Paraformladehyde Fluka Chemical 76240

3.2.11 Reverse Transcription Quantitative Real-time PCR (RT-qPCR), page 58
Gene name, Gene symbol Forward Primer Reverse Primer Size

(bp)
Hypoxanthine
phosphoribosyltransferas
e 1, HPRT1

TCTTTGCTGACCTGCTG
GATTAC

GTCTGCATTGTTTTGC
CAGTGTC

214

Ribosomal protein L32,
RPL32

CTCAGACCCCTTGTGA
AGCC

TTGCTTCCATAACCA
ATGTTGG

179

POU class 5 homeobox 1,
OCT4

AGAAGTGGGTGGAGGA
AGCTG

CCAGGTTGCCTCTCA
CTCG

123

SRY-box transcription
factor 2, SOX2

GCTAGTCTCCAAGCGA
CGAAA

GCCTCTCCTTGAAAA
ATATTGGC

137

Krüppel like factor 4,
KLF4

CCACACTTGTGATTAC
GCGG

GAATTTCCATCCACA
GCCGT

127

Nanog homeobox,
NANOG

CAGAACTGTGTTCTCTT
CCACCC

CCATTGCTATTCTTCG
GCCA

198

Paired box 6, PAX6 GCCAGGGCAACCTACG
C

TCTATTTCTTTGCAGC
TTCCGC

139

Marker of proliferation
Ki-67, MKI67

CTTTGGGTGCGACTTG
ACG

GTCGACCCCGCTCCT
TTT

199
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Proliferating cell nuclear
antigen, PCNA

TCTGCAAGTGGAGAAC
TTGGAA

TTCAGGTACCTCAGT
GCAAAAGTTAG

131

Tumor protein p63,
ΔNp63α

TATCCGCATGCAGGAC
TCG

GAGCCAGAAGAAAG
GACAGCAG

127

ATP binding cassette
subfamily G member 2
(Junior blood group),
ABCG2

GAGCCTACAACTGGCT
TAGACTCAA

TGATTGTTCGTCCCTG
CTTAGAC

85

Keratin 3, KRT3 GGATGTGGACAGTGCC
TATATGAA

AGCACCACAGATGTG
TCACTGAT

144

Keratin 7, KRT7 ATGGAGTGGGAGCCGT
GAA

AGCCTTCAGGAGCCC
AGG

146

Keratin 8, KRT8 CGAGATCGCCACCTAC
AGGA

AGCTCAGACCACCTG
CATAGC

116

Keratin 12, KRT12 GGAGATCGAGCTACAG
TCCCA

TCCAGGTTGCTGATG
AGCTG

120

Keratin 13, KRT13 GAAGATCCGTGACTGG
CACC

TCCAGGATGACCCGG
TTGT

135

Keratin 14, KRT14 TCTCCTCTGGATCGCA
GTCA

GCCTCAGTTCTTGGT
GCGA

131

Keratin 17, KRT17 GGATGCCCACCTGACT
CAGTA

GATGACCTTGCCATC
CTGGA

91

Keratin 15, KRT15 AGGGCCTGAATGAGGA
GCTAG

CCTCATCTCTGCCAG
CACAC

146

Keratin 19, KRT19 CGAGCTAGAGGTGAAG
ATCCG

TGTCGATCTGCAGGA
CAATCC

152

Aldehyde dehydrogenase
3 family member A1,
ALDH3A1

GAGATCTTCGGGCCTG
TGC

CCACCCCACCACTGG
ATG

160

Nestin, NESTIN GGCTGCGGGCTACTGA
AA

AGCGATCTGGCTCTG
TAGGC

80

Integrin subunit beta 1,
ITGB1

ACATTTGAGTGTGGCG
CGT

CACACTGTCCGCAGA
CGC

163

Nerve growth factor
receptor, NGFR

CGTATTCCGACGAGGC
CA

ACCGTGTAATCCAAC
GGCC

138

Leucine rich repeats and
immunoglobulin like
domains 1, LRIG1

CCGTGGCTAATTGGCA
GG

TGTCCTTGCCCACCA
TAGC

178

Insulin like growth factor
binding protein 5,
IGFBP5

AGCTACCGCGAGCAAG
TCAA

TCGGAGATGCGGGTG
TGT

125
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10.3. Appendix 3: Interleukin-13 increases the stemness of limbal

epithelial stem cells cultures
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Abstract
This study aimed to determine the effect of interleukin-13 (IL13) on the stemness, differenti-
ation, proliferation, clonogenicity, and morphology of cultured limbal epithelial cells (LECs).
Human limbal explants were used to culture LECs up to the second passage (P0-P2) with or
without IL13 (IL13+ and IL13-, respectively). Cells were analyzed by qPCR (for the expres-
sion of ΔNp63α, BMI-1, keratin (K) 3, K7, K12, K14, K17, mucin 4, and MKI67) and immuno-
fluorescence staining for p63α. The clonogenic ability was determined by colony-forming
assay (CFA), and their metabolic activity was measured by WST-1 assay. The results of the
CFA showed a significantly increased clonogenic ability in P1 and P2 cultures when LECs
were cultured with IL13. In addition, the expression of putative stem cell markers (ΔNp63α,
K14, and K17) was significantly higher in all IL13+ cultures compared to IL13-. Similarly,
immunofluorescence analysis showed a significantly higher percentage of p63α positive
cells in P2 cultures with IL13 than without it. LECs cultures without IL13 lost their cuboidal
morphology with a high nucleocytoplasmic ratio after P1. The use of IL13 also led to signifi-
cantly higher proliferation in P2, which can be reflected by a higher ability to reach conflu-
ence in P2 cultures. On the other hand, IL13 had no effect on corneal epithelial cell
differentiation (K3 and K12 expression), and the expression of the conjunctival marker K7
significantly increased in all IL13+ cultures compared to the respective cell culture without
IL13. This study showed that IL13 enhanced the stemness of LECs by increasing the clono-
genicity and the expression of putative stem cell markers of LECs while maintaining their
stem cell morphology. We established IL13 as a culture supplement for LESCs, which
increases their stemness potential in culture, even after the second passage, and may lead
to the greater success of LESCs transplantation in patients with LSCD.

Introduction
The corneal epithelium undergoes continuous renewal throughout life but has a limited capac-
ity to renew itself [1]. Maintenance of the epithelium is provided by a population of limbal
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epithelial stem cells (LESCs), which reside in the basal layer of the limbus, the transition zone
between the cornea and the conjunctiva [2]. LESCs are slow cycling and divide asymmetrically
to self-renew and differentiate to maintain the corneal epithelium [3,4]. The limbus provides a
unique environment—niche, which is morphologically complex with dense innervation and
vascularization [5,6]. The niche of stem cells plays a crucial role in cell division, proliferation,
differentiation, migration, and maintaining their stemness. It consists of cells, the extracellular
matrix, cytokines, and growth factors [7]. As already demonstrated, various growth factors
could induce LESCs proliferation and migration [8–11], regulation of apoptosis [12], or differ-
entiation [13]. Because the properties of stem cells are unique, it is challenging to mimic their
environment outside the niche. Therefore, the usage of LESCs for a more prolonged culture
and its possible application in treatment are limited.

It is crucial for scientific and therapeutic use to search for endogenous factors that could
prolong the culture of LESCs. Supplementation of culture medium with NGF extended the life
span of LESCs cultures invitroand increased the expression of LESCs’ putative markers
ΔNp63α and ABCG2[14]. The expression of the p63gene is crucial for the stemness of LESCs
[15]. While TP63transactivated isoforms (TAp63) participate in senescence and metabolism
[16], the β and μisoforms of ΔNp63gene play a role in epithelial differentiation during corneal
regeneration, and the α variant is responsible for maintaining the stem/progenitor cells [15]. A
higher percentage of the stem cell marker p63 in the sheets of transplanted limbal epithelial
cells (LECs) was shown to be related to the success rate of transplantation in patients with lim-
bal stem cell deficiency (LSCD) [17].

Our previous work found a positive effect of interleukin-13 (IL13) on proliferative activity
and ΔNp63α gene expression in the conjunctival epithelium generated from limbal explants
[18]. The effect of IL13 on increasing the expression of the ΔNp63α gene in conjunctival cul-
tures leads to the idea of its role in maintaining stemness and using it as part of the medium
for the culture of LESCs from limbal explants.

As a T helper 2-type cytokine, which regulates the responses of lymphocytes, myeloid cells,
and nonhematopoietic cells [19], IL13 is considered one of the anti-inflammatory interleukins.
The effect of IL13 on LESCs or stem cells in general is not widely studied. It is essential during
early myelopoiesis when, together with the stem cell factor (SCF), it induces the proliferation
of Lin-Sca-1+ progenitor cells and, together with the granulocyte-macrophage-SCF, enhances
their colony formation [20]. Similarly as with IL4, IL13 can activate the STAT6 signaling path-
way [19], which leads to increased clonogenic potential of prostate stem-like cells [21].
Recently, secreted IL13 was found to promote intestinal stem cell self-renewal by initiating the
Foxp1 transcription factor expression, associated with the β-catenin signaling pathway respon-
sible for maintaining their stemness [22]. Together with our observation of the role of IL13 in
the stemness of conjunctival epithelial cells, it makes IL13 a promising stem cell research tar-
get. In this study, we investigated the role of IL13 in the stemness, differentiation, clonogeni-
city, and proliferation of LESCs.

Materials and methods
Donor corneal tissue
The study adhered to the tenets set out in the Declaration of Helsinki. Donor tissue procure-
ment met all Czech legal requirements, including the absence of the donor in the national reg-
ister of persons opposed to postmortem withdrawal of tissues and organs. On the use of the
corneoscleral rim based on Czech legislation on specific health services (Law Act No. 372/2011
Coll.), informed consent is not required if the presented data are anonymized in the form.
Forty corneoscleral rims were obtained from cadaver donor corneas within 24 h after death
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and stored in Eusol-C preservation medium (Alchimia, Padova, Italy) until transplantation.
The mean donor age ±standard deviation (SD) was 59.3 ±9.9 (range 41–75 years).

Preparation of limbal explants and cell culture
The donor corneoscleral rims were washed three times in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 (1:1, GlutaMAX) containing 1% of 100×Antibiotic-Antimycotic (AA,
Thermo Fisher Scientific, Waltham, MA, USA). Then each corneoscleral rim was cut into 12
pieces (approximately 2 ×3 mm) and washed three times in DMEM/F12 medium with 1%
AA. Six explants were placed directly on the plastic bottom of the 24-well plate (one explant
per well), and six pieces were placed on Thermanox plastic cell culture coverslips (Nunc,
Thermo Fisher Scientific, Rochester, NY, USA) present on the bottom of the wells. Cultures
grown on coverslips were used for immunostaining, and the explant grown on plastic for all
other experiments. Each explant was covered with 50 μl of complete medium consisting of 1:1
DMEM/F12, 10% FBS, 1% AA, 10 ng/ml recombinant EGF, 0.5% insulin-transferrin-selenium
(Thermo Fisher Scientific), 5 μg/ml hydrocortisone, 10 μg/ml adenine hydrochloride and 10
ng/ml cholera toxin (Sigma-Aldrich, Darmstadt, Germany) and maintained at 37˚C in 5%
CO2. Complete medium was changed every day until cell outgrowth was seen. The tissue was
then covered with 250 μl of complete medium, which was changed three times a week until the
cells were 90–100% confluent. Half of the donor explants were cultured in a complete medium
supplemented with 10 ng/ml recombinant human IL13 (BioLegend, San Diego, CA, USA).
Similarly, after passage, cells were cultured in a complete medium with (IL13+) or without
IL13 (IL13-). When primary cultures (P0) and cells after passage 1 (P1) were 90–100% conflu-
ent, cells were passaged using TrypLE Express (Gibco, Thermo Fisher Scientific). After detach-
ing the culture, cells were seeded again on the plastic bottom or Thermanox coverslip in
24-well plates at concentrations of 1.5 ×104 cells per well. The rest of the cells were stored in
Trizol (Molecular Research Center, Cincinnati, OH, USA) for subsequent RNA isolation. All
experiments were carried out on P0, P1, and P2 cells and repeated at least three times.

Morphology, cell growth, and cell viability
Expanded LECs were monitored, and the beginning of cell outgrowth, confluence, cell mor-
phology, viability and contamination by fibroblast-like cells were evaluated under an inverted
microscope (Olympus CX41, Olympus, Tokyo, Japan). After each passage, cell viability was
defined by staining with 0.4% trypan blue (Gibco, Thermo Fisher Scientific). Both unstained
live cells and stained dead cells were counted with a hemocytometer and calculated as follows:
viability (%) = live cells/ (live + dead cells) ×100. The percentage of successfully cultured rims
was calculated as from how many corneoscleral rims the cell culture reached confluence to the
total number of rims. The percentage of fibroblast-like cells contamination was calculated as
how many cultures had contamination to the overall number of cultures. Culture is taken here
as cell culture from one explant. From one rim 3 explants cultures were cultured with IL13 and
3 without. If one culture had fibroblast-like cell contamination, just other two were passaged
to subsequent culture.

Preparation of mouse 3T3 feeder layer
The 3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% FBS and 1% AA
and kept at 37˚C and 5% CO2. At 80–90% confluence, 3T3 cells were treated with 12 μg/ml
mitomycin-C Kyowa (NORDIC Pharma, Prague, Czech Republic) for 2 h at 37 ̊ C under 5%
CO2 to arrest cell growth. After incubation, cells were washed with PBS three times, detached
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with TrypLE Express for 2 to 4 min, and seeded in a 6-well plate at a density of 3 x 105 cells per
well. Cells were used within 24 h of preparation.

Colony-forming assay (CFA)
After reaching at least 80% confluence, the cell cultures were passaged to obtain a single-cell
suspension. After P1 and P2, 1000 cultured cells were seeded in 6-well plates containing
growth-arrested 3T3 mouse fibroblasts. All experiments were carried out at least in triplicate
for each donor and condition (i.e., IL13- and IL13+). The LECs were kept at 37 ̊ C and 5%
CO2, and after 12 days of culture, colonies were fixed with cold methanol for 30 min at -20˚C.
Subsequently, the cells were rehydrated with PBS and stained for 5 min at 37˚C with 2% rho-
damine B (Sigma-Aldrich). After that, rhodamine B was removed, and the colonies were
washed with tap water until optimal staining intensity was achieved. The plates were photo-
graphed and manually computed by using Fĳi image processing software (https://imagej.net/
Fĳi). Only bright-purple colonies were counted, small dots were excluded. The colony growth
was monitored during the colony-formation phase under a microscope. The total colony-
forming efficiency (CFE) (%) was calculated using the following equation:

CFEð%Þ ¼
numberofcolonies

numberofseededcells
x100

Immunocytochemistry
The cells for immunocytochemistry (ICC) cultured on Thermanox coverslips were at 90
−100% confluency fixed in 4% paraformaldehyde for 20 min at room temperature. Immuno-
cytochemical staining was performed for the p63α isotype encoded by the tumor protein P63
gene, TP63. After fixation, the cell membranes were permeabilized with 0.33% Triton X-100
(Sigma-Aldrich) diluted in PBS, followed by a 1 h incubation at room temperature with pri-
mary p63α antibody (Cell Signalling Technology, Danvers, MA, USA; cat. No: 4892) diluted in
0.1% bovine serum albumin. The cells were then rinsed three times in 0.5% Tween 20 and
incubated for 1 h at room temperature with the Alexa Fluor 594 conjugated goat anti-rabbit
IgG secondary antibody (Life Technologies, Eugene, OR, USA; cat. No. A11037). After rinsing
three times in 0.5% Tween 20, followed by rinsing in PBS, cells were mounted with Vecta-
Shield-DAPI (4´ 6-diamidino-2-phenylindole) (Vector Laboratories, Burlingame, CA, USA)
to counterstain nuclear DNA. Cell samples were examined by fluorescence microscopy
(Nikon ECLIPSE Ni-U, Nikon) at ×100 and ×200 magnifications. At least 1000 cells were eval-
uated to calculate the percentage of positive cells.

Quantitative real-time polymerase chain reaction (qPCR)
The expression of the GAPDH(glyceraldehyde-3-phosphate dehydrogenase), ΔNp63α, BMI-1,
K3, K7, K12, K14, K17, mucin4(Muc4), and MKI67genes was detected by qPCR. Cells were
collected after each passage (P0-P2), transferred to Eppendorf tubes containing 500 μl of TRI
Reagent (Molecular Research Center, Cincinnati, OH, USA), and total RNA was extracted
according to the manufacturer’s instructions, followed by reverse transcription, which has
been described previously [18]. Briefly, 1 μg of RNA was treated with deoxyribonuclease I
(Promega, Madison, WI, USA) and used for reverse transcription (RT). First-strand comple-
mentary DNA (cDNA) was synthesized using M-MLV (Moloney murine leukemia virus)
reverse transcriptase and random primers (Promega) in a total reaction volume of 25 μl.

The qPCR was performed in a CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The sequences of the primers used are summarized in Table 1. The
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sequence specificity of all primers was confirmed via BLAST (http://www.ncbi.nlm.nih.gov/
blast/). Conventional reverse transcription PCR was performed to confirm that only a single
band was obtained. The PCR products were electrophoresed on 1% agarose gels containing
GelRed Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA). The qPCR parameters included
initial denaturation at 95 ̊ C for 2 min, 40 cycles of denaturation at 95 ̊ C for 5 s, and annealing
at 60 ̊ C for 30 s. Fluorescence was monitored at 55 to 95 ̊ C at 0.5 ̊ C intervals for 5 s. Each
experiment was carried out in triplicate. A relative quantification model was used to calculate
the expression of the target gene expression compared to GAPDH, used as the endogenous
control.

Determination of the proliferation activity
The proliferation activity of living cells was determined by the WST-1 assay, as described
before [23]. In brief, the LECs (15 x 103 cells/ well) were cultured in a complete DMEM
medium with or without IL13 in a 96-well tissue culture plate (VWR, Radnor, PA, USA) for 7
days at 37˚C in an atmosphere of 5% CO2. WST-1 reagent (Roche, Mannheim, Germany) was
added to each well (10 μl/100 μl of medium), and plates were incubated for another 1 h to
form formazan. A formazan-containing medium (100 μl) was transferred from each well into
a new 96-well tissue culture plate. The absorbance was measured using a Tecan Infinite M200
(Tecan, Mannedorf, Switzerland) at a wavelength of 450 nm.

Statistical analysis
Statistical analysis was performed with GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Descriptive statistics are reported as N (number of values), mean ±SD, or the median
with quartile range. Data sets were analyzed by Mann–Whitney U nonparametric test. P-
values < 0.05 were considered statistically significant.

Results
Limbal epithelial cell growth and morphology
LECs P0 cultures started to outgrow from limbal explants mostly on the fifth day, and 90–
100% confluence was achieved after 14 days regardless of the presence of IL13 (Fig 1A). P1 and
P2 cultures reached confluence significantly earlier than P0, but there was no difference
whether the cells were cultured with or without IL13 (Fig 1D). The cell viability after passaging
was comparable between the cultures (Fig 1E). The percentage of successful cultures decreased

Table 1. Primers used for quantitative real-time PCR.

Gene (human) Sequence (50! 30) GenBank accession number Product size (bp)
GAPDH F: GAAGGGGTCATTGATGGCAAC R: GGGAAGGTGAAGGTCGGAGTC NM_001289746.1 108
ΔNp63α F: GAGGTTGGGCTGTTCATCAT R: GAGGAGAATTCGTGGAGCTG NM_001114980.1 174
BMI-1 F: GCTCGCATTCATTTTCTGCT R: ACACACATCAGGTGGGGATT NM_005180.8 163
K3 F:GGATGTGGACAGTGCCTATATG R: AGATAGCTCAGCGTCGTAGAG NM_057088.2 106
K7 F: AGGATGTGGTGGAGGACTTC R: CTTGCTCATGTAGGCAGCAT NM_005556.3 116
K12 F: CCAGGTGAGGTCAGCGTAGAA R: CCTCCAGGTTGCTGATGAGC NM_005556.3 352
K14 F: TTCTGAACGAGATGCGTGAC R: GCAGCTCAATCTCCAGGTTC NM_000526.4 189
K17 F: GCTGCTACAGCTTTGGCTCT R: GACGGGCATTGTCAATCTGT NM_000422.2 315
MUC4 F: TCCGTGTCCTGCTGGATAACC R: GTTGCGGCTCAGGAGGACTC NM_018406.6 104
MKI67 F: CTTTGGGTGCGACTTGACG R: GTCGACCCCGCTCCTTTT NM_002417 199

https://doi.org/10.1371/journal.pone.0272081.t001
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throughout the cell culture from P0 to P1 and P2 (Fig 1B). The most noticeable difference was
after P2, where 9.7% of IL13- cultures reached confluence, compared to 42% in the IL13
+ group. This fact is also reflected in the morphology of cells. Typical cuboidal morphology of

Fig 1. The growth and morphology of IL13- and IL13+ cell cultures. (A) The beginning of the outgrowth of LEC cultures
from day 0 (D) to reaching full confluence in P0, P1, and P2 cultures. (B) The percentage of successfully cultured
corneoscleral rims. (C) The percentage of fibroblast-like cells contamination in cell cultures. (E) Percentages of cell viability
after the first and second passages. (F) Cell morphology was observed at the end of cultivation of P0, P1, and P2 cultures
under an inverted phase-contrast microscope. Scale bars: 50 μm.

https://doi.org/10.1371/journal.pone.0272081.g001
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LECs with a high nucleocytoplasmic ratio was visible in all cultures, except P2 IL13- cultures,
where cells were more flattened or fibroblast-like morphology with a low nucleocytoplasmic
ratio (Fig 1F). The contamination by fibroblast-like cells was higher in the P0 group without
than P0 with IL13 (27.7% and 20% respectively). Cell cultures without IL13 had a low percent-
age of contamination in P1 (16.2%) but increased in P2 (45.8%). On the contrary, the fibro-
blast-like cell contamination was not observed in P1 and P2 cultures with IL13 (Fig 1C).

CFA
The CFA was performed for P1 and P2 cultures (Fig 2). A significantly higher growth potential
was observed in the P1 and P2 IL13+ groups (mean 13.79% and 8.63% respectively) than the
P1 and P2 IL13- cultures (mean 4.78% and 1.19% respectively), P<0.001 and P<0.0001 respec-
tively. The decrease of the number of colonies was between both passages and IL13 groups,
more significant in IL13- than in IL13+ cultures (P< 0.001 vs. P<0.05).

Expression of limbal stem cell markers
The ΔNp63α gene expression was significantly higher in all cultures (P0, P1, and P2) with IL13
compared to the cells cultured without it (P<0.001, P<0.001, P<0.01, respectively). A consis-
tent decrease of ΔNp63α gene expression was observed during the LECs culture with signifi-
cance between P0-P1 and P1-P2 cultures in the IL13- (both P<0.01) and IL13+ (P< 0.05,
P<0.001 respectively) groups. A slightly higher expression of the BMI-1gene was observed in
P0 IL13+ cultures compared to IL13- cells with no statistical significance. The BMI-1expres-
sion values in P1 and P2 cultures were comparable. The gene expressions of K14were signifi-
cantly higher in the IL13+ groups P0 (P<0.05) and P1 (P<0.001) than controls without IL13.
The expression decreased significantly between P0 and P1 cultures without IL13 (P<0,05). A
decreased K17gene expression tendency was found throughout the cell culture with statistical
significance between the P0 IL13+ culture and the P1 and P2 IL13+ groups, respectively (both

Fig 2. Comparison of total CFE. After the first and second passages (P1 and P2), cells were cultured with growth-arrested 3T3 mouse fibroblasts to compare
their growth capacity under IL13- and IL13+ conditions. (A) Distribution of total CFE percentages of the P1 and P2 groups. Each bar represents the mean ±SD
from 7 to 13 determinations. The asterisks represent a statistically significant difference between the examined groups ( P  0.05, P  0.001,

P  0.0001). (B) The colonies were stained with 2% rhodamine B.

https://doi.org/10.1371/journal.pone.0272081.g002
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P<0.05). The expression of the K17gene was significantly higher in samples with IL13 in P0
(P<0.05) compared to samples without IL13 (Fig 3).

Immunocytochemical staining for p63
Cells positive for the p63 protein were detected in all cultures and conditions (Fig 4A). The
percentage of p63 positive cells significantly decreased during cell culture without IL13 (mean
values 94.86%, 91.65%, and 75.55% for P0, P1, and P2 cultures, respectively; P<0.05). Cell cul-
tures with IL13 had a similar expression of p63 in all passages (mean values 96.23%, 95.54%,

Fig 3. Relative gene expression of ΔNp63α, BMI-1, K14, and K17in IL13- and IL13+ cell cultures. Cells originating from limbal explants (P0) and passaged
cells (P1 and P2) were analyzed at the end of the culture for p63α, BMI-1, K14, and K17gene expression by qPCR. Each bar represents the mean ±SD of three
to ten determinations. The asterisks represent statistically significant difference between the examined groups ( P < 0.05, P  0.01, P  0.001).

https://doi.org/10.1371/journal.pone.0272081.g003
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Fig 4. Immunostaining for the putative limbal stem cell marker p63α in IL13- and IL13+ cell cultures. (A) Cells were analyzed by immunofluorescent
staining for p63α (red) at the end of P0-P2 cultures. Nuclei were counterstained with DAPI (blue). Scale bars: 20 μm. (B) Distribution of percentages in the P0,
P1, and P2 groups for p63α staining. Each bar represents the mean ±SD of three to eight determinations. The asterisks represent a statistically significant
difference between the examined groups ( P  0.05).

https://doi.org/10.1371/journal.pone.0272081.g004
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and 90.69% for P0, P1, and P2 cultures, respectively). A significantly higher percentage of p63
+ cells were measured in P2 IL13+ compared to P2 IL13- culture (P<0.05) (Fig 4B).

LECs proliferation and metabolic activity
The proliferation of cultured LECs was determined by gene expression analysis of MKI67and
WST-1 assay (Fig 5). No significant difference was observed between the evaluated groups for
MKI67gene expression. No difference was found between IL13+ and IL13- groups in P1, but
significantly higher proliferation was determined in P2 IL13+ compared to P2 IL13- (P<0.01)
according to WST-1 assay. The significant decrease of the proliferation activity was measured
between P1 and P2 cultures without IL13 (P<0.01).

Presence of differentiation markers
K3and K12genes specific for the corneal epithelium were expressed in all groups at very low
levels with no difference and significance. Conjunctival K7gene expression was higher in all
IL13+ cell passages compared to IL13- cultures, significantly in P0 and P1 (both P<0.05). The
MUC4gene was expressed in all groups with a significant decrease between passages P0 and
P2 and between P1 and P2 in IL13- conditions (P<0.05) (Fig 6).

Discussion
In this study, we explore the potential of IL13 to improve the properties of cultured LECs, par-
ticularly in terms of their stemness and use for the treatment of LSCD. Our results showed that
IL13 significantly increases stemness of LECs after P1 and P2, as shown by the CFA, by the
expression of putative stem cell markers (ΔNp63α, K14, and K17), and by immunocytochemis-
try (p63α). Besides the increase in stemness, there was no change in the morphology, but cell
proliferation was significantly higher after P2 cultures with IL13 compared to without IL13.

Fig 5. Relative gene expression of MKI67and WST-1 assay in IL13- and IL13+ cell cultures. (A) Cells originating from limbal explants (P0) and passaged
cells (P1 and P2) at the end of culture were analyzed for MKI67gene expression by qPCR. Each bar represents the mean ±SD of five to ten determinations. (B)
Measurement of cell proliferation after the first and second passages (P1 and P2). The WST-1 reagent was added to the cell cultures for 1 h to form formazan.
The absorbance was measured at a wavelength of 450 nm via optical density. Each bar represents the mean ±SD of eight to ten determinations. The asterisks
represent a statistically significant difference between the examined groups ( P  0.01).

https://doi.org/10.1371/journal.pone.0272081.g005
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The clonogenic activity of our LESCs cultures without IL13 was about 5% after the first pas-
sage, decreasing to 1% after the second passage. This percentage was higher than the clono-
genic activity in conjunctival cultures or limbal explants in previous studies [18,24]. Cultures
with IL13 had significantly higher clonogenic capacity after both passages than the related pas-
sage of cultures without IL13. The higher clonogenic activity of IL13+ cultures corresponds to
increased gene expression of the putative stem cell marker p63α. Previously, it was reported
that coexpression of C/EBPΔ, BMI-1, and ΔNp63α identified mitotically quiescent limbal stem
cells, which generate holoclones in culture [25].

Furthermore, human holoclone-forming cells have been shown to be only located in the
limbus [26,27], and that more than 3% of p63 positive cells from total clonogenic cells in the

Fig 6. Relative gene expression of K3, K12, K7, and MUC4in IL13- and IL13+ cell cultures. Cells originating from limbal explants (P0) and passaged cells
(P1 and P2) at the end of culture were analyzed for the expression of K3, K12, K7, and MUC4genes by qPCR. Each bar represents the mean ±SD of four to ten
determinations. The asterisks represent a statistically significant difference between the examined groups ( P < 0.05).

https://doi.org/10.1371/journal.pone.0272081.g006

PLOS ONE Interleukin-13 increases the stemness of limbal epithelial stem cells cultures

PLOS ONE | https://doi.org/10.1371/journal.pone.0272081 August 2, 2022 11 / 16



culture led to successful transplantation in patients with LSCD. Therefore, clonogenic activity
is an important indicator of stem cells, as the competence for the continued proliferation of
stem cells in tissues is required for normal tissues’ continued integrity and function [28]. The
time-dependent decrease in clonogenicity is consistent with the observation of other studies; a
4-day culture of LECs led to differentiation and loss of almost all the capacity for colony for-
mation [14]. The loss of clonogenic properties in transient amplifying cells during culture was
also found by Pellegrini et al. [26]. Moreover, a decreased number of cells with p63 stemness
factor was observed during a more extended culture of LECs from limbal explants [29]. It
looks like a typical stem cell process. The clonogenic activity decreased rapidly in our LECs
cultures from 5% after P1 to 1% after P2. The preservation of clonogenicity and stemness due
to IL13 also corresponds to the cuboidal morphology of cultured cells that had a high nucleo-
cytoplasmic ratio during all cultures. On the contrary, LESCs cultures without IL13 lost their
morphology after the second passage, consistent with other works [14,18]. Fibroblast-like cells
contamination was lower or not present in cultures with IL13, and the epithelial phenotype
was predominant compared to cultures without IL13. Still, more studies are necessary to ana-
lyze whether IL13 inhibits fibroblasts’ outgrowth directly or the lower contamination is
because of higher stemness in the IL13 cultures.

Our gene expression analysis showed that LECs culture with IL13 increased the expression
of K14, K17, and most importantly, ΔNp63α stem cell markers, which are generally used to
indicate stemness in LESCs cultures [30–33]. However, according to immunohistochemistry,
the percentage of p63 positive cells showed a significant difference between cultures with or
without IL13 only in P2, in which a slight increase in p63 positive cells was observed in IL13
+ cells compared to IL13- culture. The discrepancy between qPCR and immunostaining find-
ings has been previously found [34,35]. It can be explained by immunostaining analysis show-
ing only the number of positive cells and not the amount of protein expressed. In addition, the
antibody is less specific than the qPCR primers due to the six isoforms of the p63gene and the
minor differences between them.

Generally, LESCs are slow-cycling during homeostasis and highly proliferative in case of
injury [36]. Our gene expression analysis of the MKI67gene, which is involved in cell prolifer-
ation, showed weak expression and no difference between cultures with or without IL13 in all
passages. Joyce et al. showed in the study of the expression of MKI67 in the human cornea by
indirect immunofluorescence localization that most LECs did not present this marker of cell
proliferation [37]. A similar observation was found in the study of limbal explant cultures, in
which epithelial cells were positive for MKI67 in the first week of culture, but most expression
disappeared by 3 weeks when cells migrating from explants reached confluence [29]. They
hypothesized that MKI67 expression indicates the proliferative status of cells in a certain time
but not the proliferation capacity of cells, as they showed a decrease in MKI67 staining in cells
from confluent cultures [29]. This is in accordance with the weak gene expression of MKI67 in
our cultures, as we measured the expression after the passage when cells were about to reach
the confluence. Therefore, we also used another measurement of cell proliferation, the WST-1
assay, which showed no difference in cell proliferation between P1 and P2 IL13+ cultures.
However, a substantially higher proliferation of IL13+ than IL13- cultures after the second pas-
sage indicates their potential to be used as a graft even after passage. This observation follows
the weak potential of LECs after P2 without IL13 to reach confluence.

The gene expression of corneal epithelial markers K3 and K12 did not differ between the
IL13- and IL13+ cultures. The expressions of these genes were weak, and we did not observe
any changes leading to differentiation into the corneal epithelial phenotype. In contrast to our
findings, some works showed 60–80% positivity of K3 and K12 in LESCs cultures [24,38]. The
low expression of corneal epithelial factors can be explained as a positive effect of IL13, as the
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culture cells did not differentiate into the corneal epithelial phenotype but retained their stem-
ness. Nevertheless, it is unclear whether cells with a differentiated corneal epithelial phenotype
in the graft are more important for transplant success than the presence of a niche with cells
with varying degrees of differentiation [39].

Here we show that culture influenced by IL13 led to a higher differentiation into conjuncti-
val phenotype, as we measured a higher gene expression of the K7gene in all cultures (P0-P2).
K7 is considered a marker of the conjunctival epithelium [40]. The same differentiation poten-
tial of IL13 was observed in conjunctival cultures from limbal explants [18]. Interestingly, the
expression of another conjunctival marker, MUC4, was not affected by the addition of IL13
and decreased significantly during passages. Because conjunctival cells have also been used for
the successful treatment of LSCD, the presence of K7 is unlikely to adversely affect the quality
of the graft. Our previous results with conjunctival epithelial cells showed that partial differen-
tiation to the conjunctival phenotype was expected [18]. However, unlike corneal conjunctiva-
lization, which includes a vascularized pannus that overgrows on the cornea in LSCD-affected
eyes, these transplanted conjunctival epithelial cells do not have any associated fibrous or vas-
cular tissue [41].

IL13 is essential during early myelopoiesis. However, its role in the stemness of LESCs or
other cell types was unknown. The first findings were made in conjunctival cell cultures from
limbal explants, where IL13 maintained the stemness of the cultures by increasing their clonal
capacity and p63α expression [18]. The detailed signaling pathway for this mechanism is
unclear. A similar observation of maintaining stemness via IL13 –IL13R (IL13 receptor) was
recently described in intestinal stem cells (ISCs) [22]. They found that the circular RNA mole-
cule circPan3 bounds the mRNA encoding the cytokine IL13R subunit IL13Rα1 in ISCs to
increase the stability of the receptor. IL13 then binds to IL13R, which initiates the expression
of the transcription factor Foxp1. Foxp1 is associated with the β-catenin signaling pathway,
causing activation of this pathway and maintenance of ISCs. The deletion of circPan3 in ISCs
led to impaired stem cell self-renewal capacity and regeneration of the intestinal epithelium
[22]. IL13 can induce through IL4Rα present in the human corneal epithelial cells the expres-
sion of various genes, such as HAS3, encoding hyaluronan synthases; hyaluronan in the extra-
cellular matrix has been shown to control epithelial proliferation and regeneration [42,43].
The Wnt/β-catenin signaling is also present in the ocular surface epithelium and plays an
important role in regulating LESCs proliferation [41]; further investigation of this signaling
pathway would better explain the whole mechanism of IL13 in LESCs.

This study showed that IL13 enhanced the stemness of LESCs by increasing the clonogeni-
city and the expression of putative stem cell markers of LECs while maintaining their stem cell
morphology. We established IL13 as a culture supplement for LESCs, which increases their
stemness potential in culture, even after the second passage, and may lead to greater success of
LECs transplantations in patients with LSCD.
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Abstract

Destruction or dysfunction of limbal epithelial stem cells (LESCs) leads to unilateral or bilateral limbal stem cell
deficiency (LSCD). Fifteen years have passed since the first transplantation of ex vivo cultivated oral mucosal
epithelial cells (COMET) in humans in 2004, which represents the first use of a cultured non-limbal autologous cell
type to treat bilateral LSCD. This review summarizes clinical outcomes from COMET studies published from 2004 to
2019 and reviews results with emphasis on the culture methods by which grafted cell sheets were prepared.

Keywords: Cultivated oral mucosal epithelial cell, Limbal stem cell deficiency, Oral mucosal epithelial cells, Tissue
regeneration

Background
Damage to the limbus can lead to a decrease in limbal
epithelial stem cells (LESCs) and dysfunctional homeo-
stasis of the corneal epithelium. This failure, termed
limbal stem cell deficiency (LSCD) [1–3], leads to
disruption of the barrier function and invasion of con-
junctival cells onto the corneal surface [4, 5]. Conjuncti-
valization is followed by vascularization, chronic
inflammation, photophobia, recurrent pain, and de-
creased vision [4, 6–8]. LSCD is classified as partial or
total and may occur unilaterally or bilaterally [9].

Conjunctival limbal autograft (CLAU) and cultivated
limbal epithelium transplantation (CLET) are procedures
often used in the treatment of unilateral LSCD [10, 11].
However, patients with bilateral total LSCD do not have
limbal tissue available for use in either CLAU or CLET.
Thus, options for a source of LESCs are limited to

living-related or cadaveric donors and entail use of im-
munosuppression to prevent rejection [12].

In 2004, Nakamura and co-workers performed the first
transplantation of autologous oral epithelial cells cul-
tured ex vivo on human amniotic membrane (AM) to
offer an alternative to use of allogenic tissue and avoid
immunosuppression [13]. The treatment of LSCD using
ex vivo cultivated oral mucosal epithelial cell transplant-
ation (COMET) minimizes the risk of graft rejection and
has the added advantage that it can be repeated if neces-
sary. However, neo-angiogenesis following transplant-
ation is a drawback associated with this procedure [13].
This review summarizes clinical outcomes from COMET
case series from 2004 to 2019 and reviews the methods
used in preparation of transplanted cell sheets.

General analysis of studies
The review was prepared by searching the Ovid MED-
LINE database using search terms: limbus corneae, lim-
bus, limbal stem cell deficiency, corneal epithelium,
cornea, mouth mucosa, and transplantation. We found
24 studies published over the past fifteen years [13–36].
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A case report of one patient (one eye) was excluded
from this review [37].

COMET has been performed in Japan [13–19, 23–25,
27, 29, 30], Taiwan [20, 21, 28], India [22], France [26],
the UK [31], Poland [32], Thailand [33], Iran [34], South
Korea [35], and China [36]. In total, 343 eyes of 315 pa-
tients (64% men and 36% women) were included. The
age range was from eight to 86 years, the mean age was
46.5 (± 18.6) and 50.8 (± 21.5) years for males and fe-
males, respectively. About 26% of male and 23% of fe-
male patients were younger than 30 years, while about
28% and approximately 45%, respectively, were older
than 60 years.

Three hundred and twenty LSCD eyes were classified
as totally deficient, eight eyes as partial [32, 33]. One
study classified all 5 eyes as severe LSCD [21]. Nine
studies included patients with bilateral LSCD [13–16,
19, 26, 31, 33, 34], two studies included both bilateral
and unilateral cases [22, 30], and one study enrolled only
patients with unilateral LSCD [25].

Patients and surgery
Etiology
The most common etiology of LSCD is corneal burn
(146/343 eyes; 42.6%) resulting from chemical, thermal
or unspecified causes, followed by Stevens-Johnson syn-
drome (SJS) (92/343 eyes; 26.8%) (Fig. 1 and Table 1).
Ocular cicatricial pemphigoid (OCP) and pseudo-ocular
cicatricial pemphigoid (pOCP) together composed the
third most common cause of LSCD receiving COMET
(44/343 eyes; 12.8%).

Diagnosis
Diagnosis of LSCD is based on the following clinical fea-
tures: irregular corneal surface with loss of light reflex,
corneal epithelial opacity, loss of limbal palisades of
Vogt, fluorescein staining, epithelial thinning in a vortex
pattern, corneal neovascularization, peripheral pannus,
persistent epithelial defect (PED), corneal stroma scar-
ring, and opacification [6, 38].

Corneal conjunctivalization can be confirmed clinically
using in vivo confocal microscopy (IVCM) to define the
phenotype of cells on the cornea (conjunctival epithelial
cells are hyperreflective with bright nuclei and ill-
defined borders, whereas corneal epithelial cells are well-
defined with bright borders and dark cytoplasm) [39].
Conjunctival tissue contains goblet cells (GCs) and
blood vessels, which can also be seen using IVCM [39].
Impression cytology (IC) is another method used to de-
tect GCs on the corneal surface [4]. In case of GC ab-
sence due to severe ocular surface damage, conjunctival
(but not corneal) mucins (mucin 1) [40] or keratins
(keratin 7, -13, and -15) can be detected using immuno-
cytochemistry [41–43]. Clinical features were used in diag-
nosis of LSCD in 18/24 studies [13–16, 19, 22–27, 29–33,
35, 36], five of these studies also used IC (Table 1)[19, 23,
31, 33, 36].

Pre-operative considerations
Some studies reported previous surgeries, including AM
transplantation (38 eyes) [13, 15, 20–22, 28, 30, 35], and
penetrating keratoplasty (PKP) (8 eyes) [14–16, 20, 21, 34,
35], or other (57 eyes) [29, 36]. Moreover, 21 eyes had previ-
ously undergone CLAU or allograft transplantation [13–15,

Fig. 1 Etiology of limbal stem cell deficiency (LSCD). Percentages are according to the number of eyes. OCP, ocular cicatricial pemphigoid; pOCP,
pseudo-ocular cicatricial pemphigoid; SJS, Stevens-Johnson syndrome. *Miscellaneous (%): trachoma (1.45), post keratitis (1.45), idiopathic (1.2),
Lyell syndrome (1.2), rosacea keratitis (0.9), congenital aniridia (0.6), contact lens hypoxia + congenital aniridia (0.6), neuroparalytic keratitis (0.6),
Behcet’s disease (0.6), graft-versus-host disease (0.6), squamous cell carcinoma (0.6), gelatinous drop-like dystrophy (0.3), multiple eye surgery (0.3),
advanced pterygium (0.3), ocular trauma (0.3), contact lens hypoxia (0.3), cystinosis (0.3), severe Groenouw dystrophy (0.3), hepatitis C (0.3),
radiation keratopathy (0.3), Salzmann’s corneal degeneration (0.3), and drug toxicity (0.3)
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Table 1 Summary of clinical studies
Author, year Etiology No. of eyes/No.

of patients
Dry eye assessment
pre-operatively

Nakamura et al.,
2004 [13]

SJS × 3, chemical burns × 3 6/4 Yes

Nishida et al.,
2004 [14]

SJS × 1, OCP × 3 4/4 Yes

Inatomi et al.,
2006 a [15]

SJS × 7, chemical injury × 5, thermal injury × 1, pOCP × 1, idiopathic × 1 15/12 Yes

Inatomi et al.,
2006 b [16]

SJS × 1, chemical injury × 1 2/2 Yes

Ang et al., 2006
[17]

SJS × 7, thermal injury × 1, chemical injury × 1, OCP × 1 10/10 Yes

Nakamura et al.,
2007 [18]

SJS × 3, chemical injury × 3 6/5 NA

Satake et al., 2008
[19]

SJS × 2, pOCP × 2 4/4 NA

Chen et al., 2009
[20]

Chemical burn × 3, thermal burn × 1 4/4 NA

Ma et al., 2009
[21]

Chemical burn × 3, thermal burn × 2 5/5 NA

Priya et al., 2011
[22]

SJS × 1, chemical injury × 9 10/10 Yes

Satake et al., 2011
[23]

SJS × 12, chemical or thermal injury × 11, OCP × 9, pOCP × 7, gelatinous drop-like dys-
trophy × 1

40/36 Yes

Nakamura et al.,
2011 [24]

SJS × 11, chemical or thermal injury × 1, OCP × 4, squamous cell carcinoma × 2, graft-
versus-host disease × 1

19/17 Yes

Takeda et al., 2011
[25]

Chemical burn × 1, thermal burn × 2 3/3 NA

Burillon et al.,
2012 [26]

Corneal burn × 9, neuroparalytic keratitis × 2, rosacea keratitis × 3, Lyell syndrome × 4,
severe trachoma × 1, contact lens hypoxia × 1, congenital aniridia × 1, cystinosis × 1, severe
Groenouw dystrophy × 1, hepatitis C × 1, contact lens hypoxia + congenital aniridia × 2

26/25 Uncleara

Hirayama et al.,
2012 [27]

Chemical injury × 12, pOCP × 12 (trachoma × 4, Behcet’s disease × 2, thermal burn × 1 and
post keratitis × 5), SJS × 4, OCP × 4

32/32 Partially (27/32)

Chen et al., 2012
[28]

Chemical burn × 4, thermal burn × 2 6/6 NA

Sotozono et al.,
2013 [29]

SJS × 21, OCP × 10, chemical or thermal injury × 7, idiopathic × 3, radiation keratopathy × 1,
graft-versus-host disease × 1, congenital aniridia × 1, Salzmann’s corneal degeneration × 1,
drug toxicity × 1

46/40 Uncleara

Sotozono et al.,
2014 [30]

SJS × 3, thermal injury × 3, chemical injury × 2, OCP × 2 10/9 Uncleara

Kolli et al., 2014
[31]

Chemical burn × 2 2/2 Partially (1/2)

Dobrowolski et al.,
2015 [32]

Aniridia × 17 17/13 NA

Prabhasawat
et al., 2016 [33]

SJS × 10, chemical burn × 7, multiple eye surgery × 1, advanced pterygium × 1, ocular
trauma × 1

20/18 Yes

Baradaren-Rafii
et al., 2017 [34]

Chemical burn × 14 14/14 Yes

Kim et al., 2018
[35]

SJS × 6, OCP × 1, chemical burn × 1 8/8 NA

Wang et al., 2019
[36]

Chemical injury × 16, thermal injury × 18 34/32 NA

LSCD limbal stem cell deficiency, NA not available, OCP ocular cicatricial pemphigoid, pOCP pseudo-ocular cicatricial pemphigoid, SJS Stevens-
Johnson syndrome
aThese studies mentioned that dry eye patients received artificial tears in the post-operative management, but it was not stated whether dry eye
was assessed in all patients
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18–22, 35]. In total, 148 earlier surgeries were reported.
Thus, the number of eyes previously treated was 119, more
than a third (34.7%) of the total number of eyes included in
this review [13–16, 18–22, 28–30, 34–36].

Prognostic factors
The presence of pre-operative epithelial defects and/or
poor tear production may affect successful outcome [23,
44, 45]. Thus, numerous studies included assessment of
dry eye in the pre-operative evaluation (Table 1)[13–17,
22–24, 27, 31, 33, 34]. DeSousa et al. recommend that
adnexal abnormalities, including the health and function
of the eyelids, fornix, and tear film, be assessed and im-
proved prior to surgery to ensure the best chance of epi-
thelial healing [46]. Conjunctival swab has revealed the
presence of pathogenic organisms, which is likely due to
a poor ocular surface and absence of a tear film. There-
fore, performing a conjunctival swab culture before
COMET to ensure a receptive ocular surface is sug-
gested [47]. A complete oral exam is also recommended
as successful culture of oral mucosal epithelial cells
(OMECs) sheets may be affected by poor oral hygiene
and smoking [15, 34].

Surgery
Surgical technique was similar in all studies. First, the
conjunctival tissue was removed from the corneal sur-
face, up to 3 mm away from the limbus to expose the
corneal stroma [14, 17, 26]. Dissection of symblepharon
was performed where necessary, and in some cases, AM
was grafted onto the bare sclera to reconstruct the con-
junctival fornix [17, 29, 30, 35]. In several cases, the sub-
conjunctival space was treated with Mitomycin C [13,
15–17, 19, 22, 24, 27, 33]. A cultured OMEC sheet
measuring from 14 [32] to 23.4 mm [14] diameter was
transferred onto the corneal surface. Most of the studies
used sutures to secure the graft in place [13, 15–34, 36].
Sutures were not used if the cell sheet was carrier-free
[14, 26, 27, 35]. A study also used tissue adhesive glue
[33], one used fibrin glue plus temporary tarsorrhaphy
[35], and another used lateral tarsorrhaphy [34].

After surgery, AM [31] or therapeutic contact lenses
(CLs) [13–36] were typically applied for 1 month [20, 29,
30] or for up to 3 months [24, 36] to protect the graft.
One study reported adverse events attributed to hypoxia
caused by extended use of CLs [26].

Post-operative considerations
Post-operative management varied considerably across
the studies.  A moist ocular surface post-COMET has
been shown to be an important criterion for success [14,
24]. This was achieved by frequent application of
preservative-free artificial tears [14, 19, 23, 26, 27, 32–
34, 36], autologous serum eye drops [19, 21, 23, 31–33,

35, 36], or water-retaining hyaluronic acid [19, 23, 35].
One study occluded the lacrimal punctum to increase
tear retention [14]. Topical antibiotics were applied in
all studies, generally from 2 weeks [32, 33] up to 6
months [22]. Post-operative inflammation was controlled
by topical steroids alone [27, 31–33] or in combination
with systemic steroids [13, 14, 17, 19, 21–24, 26, 29, 30,
34–36]. The length of the treatment varied from 1 week
[14, 26] up to 2 months [13, 21, 34]. Two studies tapered
the dose-dependent on the patient response [29, 30]. In
some studies, immunosuppression in the form of cyclo-
sporine [17, 24, 29, 30] or cyclophosphamide [13, 21]
was used to control post-operative inflammation, and
topical tacrolimus [34] was used to decrease the risk of
allograft rejection following PKP.

Characteristics of the culture protocol used in clinical
studies
Biopsy
The smallest tissue sample was ~ 4.7 mm2, obtained by
using a 3-mm diameter biopsy punch [31], the largest
ranged from 120 to 200 mm2 (Table 2)[35]. Fourteen
studies used tissue from the buccal mucosa [14, 19, 21–
23, 26–33, 36], and two from the lip [34, 35].

Culture methods
Cell suspension was the most common culture system
(23 studies), in which single OMECs were released from
tissue using enzymatic treatment (Table 3)[13–30, 32–
36]. All but one [33] of the cell suspension cultures re-
ported standard use of 3T3 mouse fibroblasts in cocul-
ture, as a feeder layer [13–30, 32, 34–36]. The explant
method was investigated in one study, where culture of
the biopsy on AM demonstrated faster growth compared
to culture on a feeder layer [31]. In vitro work has also
shown that OMEC sheets maintain a comparable epithe-
lial stem cell phenotype when cultured on autologous
dermal fibroblasts compared with use of 3T3 mouse fi-
broblasts [48]. Culture time was typically 2 to 3 weeks;
the shortest was 1 week [32]. Good manufacturing prac-
tice (GMP) regulations were followed in four studies
from Japan [29, 30], South Korea [35], and the UK [31].

Medium
Dulbecco Modified Eagle’s Medium with HAM F12 mix-
ture (DMEM/F12) was used in more than half of the
studies; in ten of these, the DMEM/F12 ratio was 1:1
[13, 15, 16, 18, 19, 22, 23, 25, 27, 34], and in three of
them 3:1 (Table 3)[31, 35, 36]. Other studies used sup-
plemented hormonal epithelial medium (SHEM) [20,
28], keratinocyte growth medium (KGM) [17, 24], or
serum-free keratinocyte growth medium (KBM-2) [33].

Fetal bovine serum (FBS, or FCS when referred to as
“fetal calf serum”) was used in nine studies [13, 16, 19–

Cabral et al. Stem Cell Research &Therapy (2020) 11:301 Page 4 of 13



21, 28, 34–36], five used autologous serum (AS) [17, 22,
23, 27, 31], and four used FBS and AS (Table 3)[15, 29,
30, 32]. Only one was serum-free [33]. Use of AS elimi-
nates exposure to xenogeneic compounds contained in
animal serum. One study compared use of AS with FBS
and found that cell sheet morphology and expression of
structural proteins were similar in both groups [17]. Pre-
liminary in vitro work has also shown that AS promotes
similar expression of putative stem cells markers in cul-
tured OMEC sheets compared to use of FBS [31]. The
two patients receiving AS feeder-free cultured OMEC
sheets in this study had significant improvement in
corneal epithelium integrity, pain relief, and visual acuity
(VA) [31].

Airlifting
Fifteen studies (258 eyes) used airlifting to promote for-
mation of a stratified epithelium (Table 3)[13, 15–19,
23–25, 27, 29, 30, 32, 34, 36]. Airlifting produced more
stratification with four to nine layers compared to two

to five in non-air-lifted OMEC sheets. Stratification pro-
motes cell-cell adhesion between superficial epithelial
cells via tight junction formation, which helps to prevent
loss of the transplant due to blinking [49]. On the other
hand, highly differentiated air-lifted sheets have lower
proliferative function, which is consistent with a de-
crease in p63α-expressing stem cells [50].

Substrate
AM was the most common culture substrate (Table 3).
Eighteen studies used denuded AM (epithelial layer re-
moved) [13, 15–22, 24, 26, 29, 30, 32–34, 36], and one
used intact AM [31]. Of the remaining studies, two used
either denuded AM or fibrin-coated culture inserts [23,
27], two used temperature-responsive cell-culture inserts
[14, 26], and one study did not employ a substrate [35].

Carrier
Most studies employed AM as a culture substrate and
OMECs were transferred directly on the same substrate

Table 2 Size and location of oral mucosal biopsy used in COMET
Studies Biopsy size (mm2) Location of biopsy

[13] 2–3 NA

[14] 9 Buccal mucosa

[15] 2–3 NA

[16] 3–5 NA

[17] 2–3 NA

[18] NA NA

[19] 50.24a Buccal mucosa (inferior)

[20] 36 NA

[21] 36 Buccal mucosa

[22] 8 Buccal mucosa

[23] 50.24a Buccal mucosa (inferior)

[24] NA NA

[25] NAc NA

[26] 9 Buccal mucosa (cheek)

[27] 50.24a Inferior buccal mucosa

[28] 36 Buccal mucosa

[29] 9.42b Buccal mucosa

[30] 9.42b Buccal mucosa

[31] 4.71c Buccal mucosa (cheek, 20 mm behind the angle of the mouth)

[32] 3–5 Buccal mucosa (inferior)

[33] 100 Buccal mucosa

[34] NA Labial mucosa (behind the lip)

[35] 120–200 Labial mucosa (inside the inferior lip)

[36] 16 Buccal mucosa (cheek)

NA not available
Area of an a8-, b6-, or c3-mm diameter biopsy punch
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(Table 3). Two studies using temperature-responsive
cell-culture inserts transferred cells on a supporter
[14] or polyvinylidene fluoride membrane rings [26],
which were removed after transfer to the cornea. A

filter paper ring was used to transfer cell sheets
grown on a fibrin substrate [27]. A support mesh
was used in one study employing substrate-free cul-
ture [35].

Table 3 Summary of culture methods used in OMEC sheet preparation
Ref. Culture

system
Substrate Feeder

layer
Nutrient Air

lifting
% SC Medium GMP Carrier Culture time (days)

[13] S dAM 3T3 10% FBS Y – DMEM/F12 (1:1) N dAM  14–21

[14] S  CellSeedb 3T3 NA N 2.1 ±
0.9

NA N Carrier-free* 14

[15] S dAM 3T3 10% FBS/10%
AS

Y – DMEM/F12 (1:1) N dAM 15–16

[16] S dAM 3T3 10% FBSa Y – DMEM/F12 (1:1)a N dAMa 14

[17] S dAM 3T3 5% AS Y – KGM N dAM 15–16

[18] Sa dAMa 3T3a Ud Ya – DMEM/F12 (1:1)a Na dAM Ud

[19] S dAM 3T3 10% FBS Y – DMEM/F12 (1:1)a N dAM > 14

[20] S dAM 3T3 5% FBS N – SHEM N dAM 14–21a

[21] S dAM 3T3 5% FBS N – U  N dAM  14–21a

[22] S  dAM 3T3 10% AS N 2.0 ±
1.0

DMEM/F12 (1:1) N dAM 18–21

[23] S Fibrinc/
dAM

3T3 4% AS Y – DMEM/F12 (1:1) N U NA

[24] S dAM 3T3 5% Serum Y – KGM N dAMa 15–16

[25] Sa dAM 3T3 Ud Y – DMEM/F12 (1:1)a N dAM  15–16

[26] S  CellSeedb 3T3 NA N 3.4 ±
2.06

NA N Carrier-free** Ue

[27] S Fibrinc/
dAM

3T3 4% AS Y – DMEM/F12 (1:1) N Fibrin group: carrier-
free***
AM group: denuded
AM

8–16 (Fibrin)/NA
(dAM)

[28] S dAM 3T3 5% FBS N – SHEM N dAM 14–21a

[29] Sa dAMa 3T3 10%a FBS/5%b

AS
Y – Ud Y dAMa 8–9

[30] Sa dAMa 3T3 10%a FBS/%c

AS
Y – Ud Y dAMa 8–9

[31] E iAM N AS U ~ 12 DMEM/F12 (3:1) Y iAM 21

[32] S  dAM 3T3 10% FBS/10%
AS

Y – DMEM/F12 N dAM 7

[33] S dAM N Serum-free N – KBM-2 N dAM 14–21

[34] Sa dAM 3T3a 10% FBSa Y – DMEM/F12 (1:1)a N dAM 14–21

[35] S BM-free 3T3 10% FBS N NA DMEM/F12 (3:1) Y Carrier-free**** 7–12

[36] S dAM 3T3 5% FBS Y – DMEM/F12 (3:1) N dAM Uf

AM amniotic membrane, AS autologous serum, BM-free biomaterial-free, dAM denuded amniotic membrane, iAM intact amniotic membrane, E explant, FBS fetal
bovine serum, DMEM/F12 Dulbecco modified Eagle’s medium (DMEM) with HAM F12 mixture, GMP good manufacturing practice, KGM keratinocyte growth
medium, KBM-2 serum-free Keratinocyte Growth medium, N no, NA not available, S suspension, SHEM supplemented hormonal epithelial medium, U unclear, Y
yes, 3T3 3T3 murine fibroblasts, %SC percentage of transplanted stem cells
aAccording to the referenced protocol in the paper
bCellSeed, temperature-responsive cell-culture inserts (CellSeed Inc., Tokyo, Japan)
cFibrin-coated inserts
dConflicting data among the referenced studies
eFor at least 4 days after the confluence
fFor at least 5 days after the confluence and then air-lifted for 1 to 2 days
*Supporter
**Polyvinylidene fluoride (PVDF) ring
***Filter paper
****Support mesh
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Phenotype of cultured cells and presence of stem cells in
culture
Immunohistochemistry and RT-PCR have shown that
cultured OMECs are positive for keratin (K)3, K4, and
K13 [13, 14, 17, 21, 26, 31–33], the latter is not
expressed in the corneal epithelium [51]. OMECs also
express markers of corneal differentiation connexin 43,
laminin 5 [52, 53], and putative stem cell markers ß1-in-
tegrin, p75, p63, ABCG2, C/EBPδ [52, 54]. They do not
express corneal-specific K12 and transcription factor
PAX6 [22, 31]. However, heterogeneous populations of
progenitor cells and mature epithelial cells in oral muco-
sal epithelium are similar to normal in vivo corneal epi-
thelium; thus, its feasibility as a functional ocular surface
epithelium [55, 56].

It has been shown that the presence of at least 3%
stem cells (defined as ΔNp63α-positive cells) is associ-
ated with clinical success in the treatment of LSCD
using CLET [57]. It is likely that the percentage of stem
cells in grafted OMEC sheets also influences COMET
success. Nishida et al. showed p63 expression in the
basal layer of OMEC cultures used in the successful
treatment of four patients with LSCD (Table 3) [14].
Analysis of putative stem cell markers (ΔNp63α,
ABCG2, and C/EBPδ) in transplants have shown that
OMEC and limbal cells have similar expression levels
[31]. Four studies employed the colony-forming effi-
ciency (CFE) assay to show the presence of stem cells in
OMEC sheets (Table 3)[14, 22, 26, 31]. To date, any
correlation between stem cell content in OMEC sheets
before transplantation and clinical success using
COMET remains to be investigated.

Follow-up and clinical outcome
The shortest reported follow-up period was 1 month
[35]; two studies had less than 1 year [26, 35], ten studies
1 to 2 years [13–17, 19, 22, 30, 32, 36], and nine studies
between 2 and 3 years [20, 21, 23, 25, 27, 29, 31, 33, 34].
Only two studies had a follow-up time longer than 3
years [24, 28], in which the longest was 7.5 years
(Table 4)[24].

Success rate
Clinical success was most consistently defined in terms
of a stable ocular surface. Secondary objectives reported
were improved VA and best-corrected VA (BCVA).
Post-graft investigations rarely included IVCM [16, 21]
or IC [19]. Satake et al. used IC to show that in 2/4 eyes,
the oral mucosa phenotype persisted for up to 16
months post-operatively, and in some cases the assessed
epithelium displayed a mixture of oral mucosal and con-
junctival cells [19].

In total, 70.8% (172/243) of eyes receiving COMET
achieved a stable ocular surface and were defined as

successful (Table 4; see Fig. 2 for detailed results per eti-
ology). This percentage is lower compared to transplant-
ation of cultured limbal epithelial cells (LECs) (75%)
[58]. Moreover, one study directly compared COMET to
transplantation of allogeneic cultured limbal epithelial
transplantation (ACLET) and reported 71.4% (30/42)
eyes in the ACLET group achieved a stable ocular sur-
face, versus 52.9% (18/34) eyes in the COMET group.
The authors attributed the significantly higher success
using ACLET to the lower incidence of post-operative
PED, superior LEC proliferation and differentiation, and
the ability of LECs to more readily form a stable corneal
epithelium [36].

Visual improvement
VA improvement was reported in all but two of the
studies (Fig. 2 and Table 4), and 225/331 (68.2%) eyes
had some improvement. An improvement in the BCVA
of at least two lines was noted in 172/271 (63.5%) eyes
(data from 20 studies). The absent or incomplete de-
scription of methodology for VA/BCVA measurement
prevented an accurate comparison of results between
studies. VA inconsistently measured either before or
after subsequent surgeries, such as PKP, was another
major confounding factor.

Survival of oral mucosal epithelial cells after grafting
Nakamura et al. have shown that post-COMET specimens
exhibit a decrease in the number of epithelial layers from
5 to 6 in successful grafts to 2 to 5 disorganized epithelial
layers in unsuccessful grafts [18]. The phenotype of
COMET grafts (assessed from corneal buttons retrieved
after a secondary procedure, mostly PKP) was also investi-
gated in order to characterize the differences between suc-
cessful (four samples) and unsuccessful (two samples)
graft phenotypes [18]. Successful cases showed the pres-
ence of K3, a marker common to oral and corneal epithe-
lium, in all specimens; K12, a corneal-specific keratin,
presented only occasional staining in one case. K4 and
K13, markers of oral mucosal epithelium, were present in
both successful and failed samples. In failed specimens,
one presented occasional staining for K3, but both were
negative for K12. MUC5AC, a conjunctival goblet cell
marker [59], was present only in both failed cases and
found absent in successful cases [18].

Other studies have also assessed the expression profile
post-COMET, but only in successful cases. Results were
similar to Nakamura et al., showing positive staining for
K3, K4, K13 and negative staining for MUC5AC [16, 20,
31, 35]. Additionally, Kim et al. showed that the corneal-
specific keratin, K12, was present in all four successful
COMET specimens [35]. Two other studies have indi-
cated occasional K12 staining, shown in 2/6 specimens
[16, 20]. These results suggest that the epithelium post-
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Table 4 Clinical results, complications, and follow-up
Ref. Complications  Stable ocular

surface, n/N
(%)

VA
improvement,
n/N (%)

Improvement in at
least 2 lines of BCVA,
n/N (%)

Mean follow-up ±
SD (range) in
months

[13]
Corneal epithelial defect/bacterial infection × 2 6/6 (100) 6/6 (100) 6/6 (100) 13.8 ± 2.9 (11–17)

[14] No complications 4/4 (100) 4/4 (100) 4/4 (100) 14 (13–15)

[15] Epithelial defect × 5 13/15 (86.7) 12/15 (80) 12/15 (80) 20 (3–34)

[16] No complication 2/2 (100) 2/2 (100) 2/2 (100) 22.5 (19–26)

[17] Bacterial infection × 1, epithelial defects × 4 10/10 (100) 9/10 (90) 9/10 (90) 12.6 ± 3.9 (8–19)

[18] Bacterial infection × 1, recurrent small epithelial defects × NA 4/6 (66.7) NA NA NA

[19] Increased intraocular pressure × 1 4/4 (100) 4/4 (100) 4/4 (100) 16 (6–24)

[20] NA NA 4/4 (100) 4/4 (100) 31 (27–35)

[21] Microperforation × 1, PED × 1 NA 5/5 (100) 5/5 (100) 29.6 ± 3.6 (26–34)

[22] Corneal graft rejection × 2 5/10 (50) 5/10 (50) 3/10 (30) 18.6 (1–38)

[23] PED × 19, stromal melting or perforation × 8, corneal infection 3
(bacterial infection × 2, recurrence of epithelial herpes simplex × 1),
glaucoma × 8 (3 were new), evisceration × 2

23/40 (57.5) 23,6/40 (59) NA d 25.5 (6–54.9)

[24] PED × 7, bacterial infection × 1, ocular hypertension × 3 NA 18/19 (95) 15/19 (79) 55 ± 17 (36–90)

[25]
Recurrence of entropion × 1, epithelial defect × 1, Symblepharon 1 2/3 (66.7)a NA NA 30 (11–50)

[26] Symblepharon × 1, Pain and graft complication × 1, inflammation
× 2, corneal graft rejection × 1, keratitis × 1, increased IOP × 1,
corneal perforation × 1, Meibomian cyst × 1, pain and corneal
recurrence × 1

NAb 17/23 (73.91) c 16/23 (69.5)c 11.83 (NA)

[27] Small epithelial defect × 1, PED × 10, ocular hypertension × 3 Substrate-
free: 10/16
(62.5)
AM: 6/16
(37.5)
Total: 16/32
(50)

Substrate-free:
11/16 (68.8)
AM: 7/16
(43.8)
Total: 18/32
(56.3)

Substrate-free: 11/16
(68.8)
AM: 7/16 (43.8)
Total: 18/32 (56.3)

25.26 ± 10.8
(14.45–36.08)
(substrate-free)e

33.73 ± 17 (16,68–
50.79) (AM)

[28] Glaucoma × 1  6/6 (100) 6/6 (100) 6/6 (100)  36.7 + 17 (16–56)

[29] Hepatic dysfunction × 1, drug-induced allergy × 1, PED × 16, cor-
neal stromal melting × 2, keratitis × 1, endophthalmitis × 1, infiltra-
tion × 3, increased IOP × 4

NA 26/46 (56.52) 25/46 (54.3) 28.7 (6.2–85.6)

[30] Epithelial defect × 3, increased IOP × 2, bacterial infection × 1 10/10 (100) 2/10 (20) 2/10 (20) 22.79 (5.6–39.7)

[31] Central corneal epithelial defect × 1  2/2 (100) 2/2 (100) 2/2 (100)  31 (21–41)

[32] Stromal scarring or conjunctival vascularization or stromal
vascularization × 3, epithelial defect × 4

13/17 (76.5) 15/17 (88.2) 15/17 (88.2) 16 (12–18)

[33] PED × 1, perforation × 1 15/20 (75) 14/20 (70)d NA  31.9 ± 12.1 (8–50)

[34] Epithelial defect × 3, PED × 1, bacterial keratitis × 1, increased IOP
× 2, endothelial graft rejection × 4

13/14 (92.9) 14/14 (100) 14/14 (100) 28.2 ± 8.0 (14–40)

[35] Central epithelial defect × 1, symblepharon × 1, PED × 1, primary
failure × 1, recurrence of an epithelial defect × 2

6/8 (75) 5/8 (62.5) 5/8 (62.5) 9.96 ± 4.7 (2.07–15,
8)f

[36] Epithelial defect × 3, PED × 9, increased IOP × 2, stroma melting × 5 18/34 (52.94) 14/34 (41.17) 5/34 (14.7) 16.1 ± 5.8 (range
NA)

Total 172/243
(70.78)

225.6/331
(68.15)

172/271 (63.46)

n/N number of eyes/total number of eyes, BCVA best-corrected visual acuity, IOP intraocular pressure, NA not available, PED persistent epithelial defect, VA
visual acuity
a100% after repeated transplantation
bThere was a success rate of 16/25 (64%), but it is based on a composition of criteria, not on a stable ocular surface per se
cIt excluded from the results two patients who had serious adverse events
dThere is no mention if visual improvement was at least of two lines
eFollow-up was originally given in weeks as it follows: 109.8 ± 47 weeks (substrate-free) and 146.6 ± 74.1 weeks (AM)
fFollow-up was originally given in days as it follows: 303 ± 144 (63–482) days
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COMET exhibits signs of both corneal-like (K12[+]) as
well as oral mucosal epithelium phenotype (K13[+]). De-
tection of K3[+], K4[+], K12[+], K13[+], and
MUC5AC[−] in clinically successful grafts shows that
cultivated OMECs survive transplantation and continue
to contribute to ocular surface integrity [18, 35].

However, without clear detection of cell origin (donor/
host) [60–62] it is difficult to determine clearly whether
cultivated OMECs were transdifferentiated into the cor-
neal lineage or whether the presence of corneal epithelial
cells represents expansion and migration of remaining
corneal cells. In vivo study on rats has shown that trans-
planted oral mucosal cell sheets were able to survive and
retain stem/progenitor cells for at least 8 weeks post-
operatively, which results in the long-term success of
transplantation of cultured OMECs in LSCD patients
[63]. It has been suggested that restoration of a non-
inflammatory environment post-operatively may be suf-
ficient to allow repopulation of any remaining corneal
cells to the ocular surface and/or resumption of normal
homeostatic function by residual limbal stem cells [64].

Success of stem cell transplantation and the long-term
survival of the graft in ocular surface therapy not only
depends on the features of transplanted cells, but also
on the surrounding microenvironment, as it provides the
necessary signals required for cell maintenance and
growth [48, 65]. Huang et al. speculate that transplanted
OMECs might be regulated by signals originating from
healthy stroma and differentiate toward the corneal

phenotype, while simultaneously maintaining the oral
phenotype [56]. However, identification of the key fac-
tors necessary to promote transdifferentiation of OMECs
to the corneal phenotype still requires further research.

Post-operative complications
The most common complications described following
COMET were epithelial defects (52.8%; 36.1% PED), in-
creased intraocular pressure or glaucoma (15%), stromal
melting or perforation (9.4%), and infection (7.2%)
(Fig. 3). For comparison, a review summarizing trans-
plantation of cultured LECs (889 eyes) reported that the
most common complications post-surgery were bleeding
(8.7%), inflammation (7.5%), and blepharitis and epithe-
liopathy (4%) [58]. Epithelial defects making up more
than half of the complications could reflect the often
more serious nature of the bilateral LSCD diagnosis that
demands an alternative treatment such as COMET.

Of note, there was no consensus on the definition of
PED. For instance, Nakamura et al. considered epithelial
defects to be persistent if they lasted for more than 4
weeks [24], while Hirayama et al. [27] defined PED oc-
curring after 1 week following failure of conventional
therapy. In a retrospective comparative study (76 eyes) a
higher incidence of post-operative PED was reported in
eyes receiving COMET (9/34 eyes) compared to those
receiving ACLET (3/42 eyes) [36]. Several studies
pointed to an association between incidence of post-
operative with pre-operative PED [15, 23, 36]. It has also

Fig. 2 Results per etiology. OCP, ocular cicatricial pemphigoid; pOCP, pseudo-ocular cicatricial pemphigoid; SJS, Stevens-Johnson syndrome.
Others: advanced pterygium, Behcet’s disease, contact lens hypoxia, contact lens hypoxia + congenital aniridia, cystinosis, drug toxicity, gelatinous
drop-like dystrophy, graft-versus-host disease, hepatitis C, idiophatic, Lyell syndrome, multiple eye surgery, neuroparalytic keratitis, ocular trauma,
post keratitis, radiation keratopathy, rosacea keratitis, Salzmann’s corneal degeneration, severe Groenouw dystrophy, squamous cell carcinoma,
and trachoma
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been shown that the transplanted epithelium exhibits
decreased barrier function following COMET [19].

Baradaran-Rafii et al. suggest that PKP is inevitable in
most cases of LSCD involving chemical burns due to the
presence of significant corneal opacification [34]. Patients
receiving PKP had improved visual function and the au-
thors recommended performing PKP several months
post-COMET to achieve the best chance of success [34].

Although most studies noted neovascularization post-
transplantation [13–15, 17, 20, 21, 24, 26–28, 32–34,
36], they did not define this as a complication of the
procedure. Corneal peripheral neovascularization oc-
curred slowly in most cases, during the first post-
operative year [33]. However, the central corneal area
was usually spared, and neovascularization usually
ceased to progress after 1 year, remaining stable there-
after [14, 33] or gradually abating with time [15, 24]. In
the one retrospective study comparing ACLET and
COMET, the incidence of neovascularization, corneal
conjunctivalization, and improvement in symblepharon
was similar between the two groups [36].

Nishida et al. pointed out that stromal vascularization ob-
served beneath COMET transplants on the periphery of
the cornea should be differentiated from subepithelial neo-
vascularization that accompanies conjunctival ingrowth,
which occurs several months post-transplantation [14]. The
peripheral neovascularization seen after COMET may be
caused by the lack of antiangiogenic factors, such as the sol-
uble vascular endothelial growth factor (VEGF) receptor,
fms-like tyrosine kinase-1 (sFlt-1), tissue inhibitor of
metalloproteinase-3 (TIMP-3) and thrombospondin-1
(TSP-1) [28, 66, 67] or by an increase in fibroblast growth
factor-2 (FGF-2) [68]. Initial in vitro work suggests that
OMEC sheets produced in a culture system where 3T3
fibroblast cells are replaced with limbal niche cells as a

feeder layer are less likely to induce postsurgical neovascu-
larization [69].

Effect of preparation method on clinical success
We found that OMEC sheet preparation was relatively
standardized; most studies used buccal tissue biopsy,
DMEM/F12 culture medium, AM as a substrate and air
lifting during culture. Several studies compared OMEC
culture methods. The two elements that were directly
compared were use of AS versus FBS in the culture
medium [17] and use of substrate-free culture versus AM
as a substrate [27]. Both AS and substrate-free culture
have the advantage of minimizing patient exposure to po-
tential contaminants. Clinical results so far suggest com-
parative or improved corneal epithelial integrity and VA
with use of AS and substrate-free culture compared to the
use of FBS and AM. However, larger defined comparative
studies are necessary before conclusions can be drawn.

Hirayama et al. reported improved success (10/16;
62.5%) in patients receiving substrate-free OMEC sheets
compared to those receiving OMEC cultured on AM (6/
16; 37.5%) (Table 4)[27]. Improvement in BCVA was
also superior in the substrate-free group with 11/16
(68.8%) showing improvement compared to 7/16
(43.8%). Both methods resulted in a stable ocular sur-
face. However, graft survival was significantly improved
in the carrier-free group. This may be attributed to dir-
ect contact of transplanted OMECs with stromal kerato-
cytes and promotion of proliferation and differentiation
of cells in the transplant [70].

Conclusions
OMECs are to date the most common choice of non-
limbal autologous cells in the treatment of LSCD.
COMET is a promising treatment modality for LSCD,

Fig. 3 Post-operative complications. IOP intraocular pressure. *Miscellaneous (%): symblepharon (2.2), endothelial graft rejection (2.2), corneal graft
rejection (1.7), stromal scarring or conjunctival/stromal vascularization (1.7), infiltration (1.7), inflammation (1.1), evisceration (1.1), entropion (0.6),
primary failure (0.6), hepatic dysfunction (0.6), drug-induced allergy (0.6), pain and graft complication (0.6), Meibomian cyst (0.6), and pain and
corneal recurrence (0.6)
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with a stable ocular surface reported in 70.8% (172/243)
of LSCD eyes, and visual improvement achieved in
68.2% (225.6/331) based on published cases from the
past 15 years (2004–2019).

Variation in methodologies (LSCD diagnosis, cell-
culture protocols, transplantation technique, post-
operative management, and measurement of VA) among
the studies did not allow a precise comparative analysis of
results. The use of unified tools for characterization of
pre-operative status, as well as standardized assessment of
outcomes would allow better comparison of studies.
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Abstract
We evaluated the effect of the application of cryo-preserved amniotic
membrane on the healing of 26 non-healing wounds (18 patients) with varying
aetiologies and baseline sizes (average of 15.4 cm2), which had resisted the
standard of care treatment for 6 to 456 weeks (average 88.8 weeks). Based on
their average general responses to the application of cryo-preserved AM, we
could differentiate three wound groups. The first healed group was
characterised by complete healing (100% wound closure, maximum treatment
period 38 weeks) and represented 62% of treated wounds. The wound area
reduction of at least 50% was reached for all wounds in this group within the
first 10 weeks of treatment. Exactly 19% of the studied wounds responded par-
tially to the treatment (partially healed group), reaching less than 25% of clo-
sure in the first 10 weeks and 90% at maximum for extended treatment period
(up to 78 weeks). The remaining 19% of treated wounds did not show any
reaction to the AM application (unhealed defects). The three groups have dif-
ferent profiles of wound area reduction, which can be used as a guideline in
predicting the healing prognosis of non-healing wounds treated with a
cryo-preserved amniotic membrane.

Key Messages
• we evaluated the effect of the application of cryo-preserved amniotic mem-

brane on the healing of non-healing wounds
• twenty-six wounds (18 patients) of various aetiologies and baseline sizes

with a history of long preceding resistance to standard care were treated for
an extended time period (up to 78 weeks)

• we showed that the amniotic membrane application had a profitable effect
promoting a complete healing of 62% of treated, previously non-healing
defects
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• analysis of our results also suggests that the dynamics of healing process can
be used as a predictor of the outcome of the treatment

K E Y W O R D S

cryo-preserved amniotic membrane, healing dynamics, non-healing wounds

1  |  I N T R O D U C T I O N

The general term ‘chronic wounds’ envelopes a heteroge-
neous group of wounds exhibiting specific healing pro-
cess physiology different from the acute ones. They
typically require a considerably long healing time and are
characterised by tissue renewal by granulation.1 The
period required for a wound to be classified as chronic
has been defined in the range of 4 weeks up to more than
3 months.2 As the nomenclature ‘chronic wound’ is not
clear, the European Wound Management Association
(EWMA) proposed to use the term ‘non-healing wounds’
(NHWs),3 which will be used herein. Common features
of NHW include persistent infections, the formation of
drug-resistant microbial biofilms, and loss of dermal/
epidermal cells ability to respond to reparative stimuli.4

NHWs are associated with numerous pathological condi-
tions: diabetes mellitus (DM), peripheral artery disease
(PAD), chronic venous insufficiency, post-traumatic
wounds, or postsurgical wound dehiscence. Apart from
the pathological effects, the NHWs have an important
impact on the quality of life of affected subjects in the
sense of elimination or discrimination from society,
limited mobility, and productivity.5

The current standard of care (SOC) for treating
NHW includes surgical debridement, infection control,
appropriate dressing, and treatment of primary pathol-
ogy. Despite the development of many types of wound
dressings, the healing of NHW is often challenging to
achieve. Using SOC, closure rates for NHW range from
21% to 35%, and the recurrence rate is high.6 The
increase in the healing efficiency and reduction of the
recurrence rate, the healing time, and the costs are thus
the objectives of the new approaches to NHW care. The
use of different forms of biological dressings, particu-
larly placental derivatives, has been accepted as a prom-
ising tool in regenerative medicine.7-10 Most frequently,
they are based on amniochorionic (ACM) or amniotic
membrane (AM). For decades the ACM and AM have
been recognised for their wound healing stimulation
properties and their negligible immunogenicity, making
them an attractive choice for biological wound dressing.
AM application has been adapted particularly in the
ocular surface healing, and in the last decade, its effi-
ciency is broadly confirmed in other surgical procedures

in dermatology, plastic surgery, genitourinary medicine,
and otolaryngology.8,11-13

AM application promotes several effects supporting
wound healing, namely anti-inflammatory, anti-fibrotic,
anti-microbial, neurotrophic, and analgesic. Besides
that, AM influences angiogenesis. AM grafting does not
lead to immunological rejection, and there is no need
for any immunosuppressive treatment.13-16 Therefore,
the AM grafts are considered a safe substrate, promot-
ing proper granulation and epithelisation, assuring
better hydration of the wound bed while suppress-
ing excessive fibrosis. Many studies have reported the
healing benefits of AM applied to NHW; improved
healing rates (percentage of completely healed wounds)
and significantly shortened healing times have been
documented.

Systematic studies of the effect of the AM or ACM
effect date back to the early 80s of the last century.17

Often such studies report different healing success rates
and wound closure progress, depending on the procedure
of AM or ACM preparation (cryo-preserved, dried, or
lyophilised),18 AM application frequency,19 type of
wound treated (diabetic, venous, or arterial ulcer, surgi-
cal wound, dehiscence),20 and the treatment and applica-
tion approach selected.7,21,22

The complete healing rate of NHW because of AM's
beneficial effect is reported to be anywhere between
20%23 and 100%,24 indicating the existence of non-
negligible proportions of subjects who will not respond to
the AM treatment. However, it is still unclear whether it
is possible to identify such individuals already at the early
treatment period (although some indications exist25).
Because of the elevated cost of AM treatment, this infor-
mation can be an important economic factor when opting
for AM application after SOC failure.

In the present work, we studied the effect of
cryo-preserved AM application on NHW of various aeti-
ologies (venous, arterial, postoperative, diabetic) and
various sizes (from 0.5 to 98 cm2), which had previously
resisted SOC for more than 6 weeks (average 88.8). By
evaluating the healing progress, we aimed to determine
the efficiency of the AM treatment and analyse whether
the dynamics of the wound closure can be used as a
predictor/estimator for the efficacy of the AM treatment
of NHW.
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2  |  M AT E R I A L S  A N D  M E T H O D S

The study followed the Ethics Committee standards of
four participating institutions (1st Medical Faculty of
Charles University, General University Hospital,
University Hospital Motol, and Na Homolce Hospital,
all in Prague) and adhered to the tenets set out in the
Declaration of Helsinki.

3 |  SUBJECTS

The patients for the study were selected according to the
following criteria: Inclusion criteria: age ≥18 years, the
presence of resistant NHW with the duration of more
than 6 weeks, wound of maximum size of 150 cm2 exten-
ding through the full thickness of the skin but not
reaching to the tendon or bone. Exclusion criteria: Ten-
don or bone exposure in the wound, allergy to antibiotics
used in solution for AM decontamination, transcutane-
ous oximetry value below 30 mmHg for patients with
DM, known history of AIDS or HIV, ankle brachial index
(ABI) <0.5, for all patients except those with DM,
suspicious for cancer or history of radiation at wound
site, severe (uncontrolled) systemic disease, or planned
surgical intervention in the next 6 months.

Patients willing to participate in the study and comply-
ing with the criteria signed an informed consent form.
Eighteen patients were enrolled in the study (13 men,
5 women) with a total of 26 wounds (multiple wounds in
some patients). The average age of the patients was
62.6 years (26 to 85). The treated wound size varied
between 0.5 and 98 cm2 with an average of 15.4 ± 20.2 cm2.
The wound resistance to treatments preceding the enrol-
ment into the study spanned from 6 to 456 weeks with an
average of 88.8 weeks. The demographic data of patients
are summarised in Table 1.

4  |  A M  G R A F T S  P R E PA R AT I O N

All placenta donors signed informed consent and were
checked negative for hepatitis B and C, syphilis, and HIV,
and C-reactive protein was < 20 mg/L. Placentas were
obtained from full-term deliveries by elective caesarean
section in the Motol University Hospital, Prague, and before
processing visually inspected for injuries, visible pathologies,
or comorbidities. Then they were immediately placed in a
sterile container, overlaid with decontamination solution
BASE•128 (Alchimia, Ponte San Nicolò, Italy), and stored at
room temperature for 20 hours. The placentas were subse-
quently processed in aseptic conditions. They were repeat-
edly cleansed using physiological solution (0.9% NaCl), AM

sheets were peeled off by blunt dissection, and blood clots
were removed. AM was then overlaid with DMEM
(c.n. 32 430 027, Thermo Fisher Scientific) supplemented
with antibiotics (Piperacillin/Tazobactam, Amphotericin B,
Vancomycin, and Gentamicin) and stored for at least
2 hours to complete the decontamination. Next, the AM
sheets were rinsed in physiological solution, stretched on
Sanatyl support (Tylex, Letovice, Czech Republic), and sec-
tioned into patches of the desired size. Finally, AM pieces
were placed in containers filled with storage medium
(50% glycerol in DMEM) (glycerol, Dr Kulich Pharma,
Czech Republic) and stored at 80 C. Tissues with negative
microbiology tests and negative repeated serology examina-
tion performed after 6 months were released after 6 months
for grafting.

5  |  AM DRESSING APPLICATION
A N D  T H E  W O U N D  T R E AT M E N T
P R O C E D U R E

Allpatientsfollowedupastandardvisitprotocol. Thestudy
visits were scheduled every 7 days and included photo-
documentation of the healing process, evaluation of subjec-
tive pain perception and completion of patients quality of
life questionnaire, the treatment of the wound and sur-
rounding skin, application of AM, and secondary fixation
dressing application. The initial AM application frequency
was set to weekly (every visit), but it was modulated later
according to the evolution of the healing progress. Wound
care procedure was standardised for all centres similarly:
wound debridement, rinsing with saline, cultivation collec-
tion (each 4 weeks, or if necessary), and disinfectant
solution application. After thawing, the AM was removed
from the storage solution and washed with saline
(2 5 minutes) in a sterile container. The AM graft was
applied with at least 5 mm overlap, and complete contact
with the wound surface was assured. After verifying appro-
priate graft adhesion, a fixation with foam cover (Mepilex
XT,Mölnlycke Health,Sweden) wasformedwithanover-
lap of at least 2 cm and fixed with a bandage. In patients
with venous insufficiency, a compression bandage was
added. Wound dressing was left for 3 to 5 days, depending
on the condition of the wound. In case of need of redressing
at home, the patients were equipped with the necessary
material and were eventually assisted by home care agency.

6  |  H E A L I N G  P R O C E S S
E VA L U AT I O N

The wound healing progress was regularly monitored
during the scheduled visits for wound treatment and
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dressing renewal. The wound size and the state were
photo-documented with a scale indicating the patient ID
number, the defect number, and the visit date placed in
the closest proximity of the wound to assure the image
unique identifier and proper image scaling. The wound
size was determined by manual tracing of the wound bor-
der on calibrated images with automatic determination
of the area size using NIS-Elements software (Laboratory
Imaging, The Czech Republic). Wound area reduction,
WAR = 100*(Baseline size Current size)/Baseline size):
the parameter was used to evaluate the healing progress,
expressing the wound area's percentage at a given treat-
ment period relative to the original size.

The wound was considered as healed (H) only when
100% reepithelialisation was achieved. Wounds with
WAR between 50 and 99% were considered as partially
healed (PH). Not achieving a reduction in the area by at
least 50% was judged as failure to heal (unhealed defects
[UH]), in accordance with the most often used criterion.26

The average wound closure profiles for the H and PH
group were fitted with asymptotic function (y = a b.cx)
using ORIGIN50 software. For the unhealed (UH) group,
only an approximate linear fit was performed because of
the scattered character of the average.

Other than the wound itself, the perception of
pain related to the wound was also monitored. The pain

TABLE 1 Demographic data

Patient
number Age Sex DM Smoker Comorbidities

Defect
number Location Aetiology

P1 77 M N N atrial fibrillation D1 right calf venous

P2 60 M Y N hypertension, hyperlipidaemia, renal
insufficiency, atrial fibrillation, st.p. AVR

D2 left calf venous

D3 left calf venous

P3 72 M N N hypertension, atrial fibrillation, renal insufficiency D4 left calf venous

D5 left calf venous

D6 left calf venous

D7 left calf venous

P4 64 M N N renal insufficiency D8 right calf venous

D9 right calf venous

P5 72 M N N hypertension D10 right ankle venous/ arterial

D11 right ankle venous/ arterial

P6 56 F N Y hypertension, peripheral artery disease D12 left calf defect after
fasciotomy

P7 33 M N Y hypertension D13 right lower
leg

venous

P8 60 M N N hypertension D14 right leg venous

P9 66 F N Y hypertension D15 left ankle venous

P10 65 M Y N hypertension D16 right leg arterial

P11 85 F Y N hypertension, peripheral arterial disease, anaemia D17 left ankle venous

P12 26 F N N hypertension, hyperlipidaemia, st.p. AVR,
st.p. CABG

D18 sternum dehiscence

P13 45 M N N hypertension D19 left ankle venous

D20 left ankle venous

P14 68 F Y N X D21 right ankle venous

P15 67 M Y N hypertension, hyperlipidaemia D22 left calf venous

D23 left calf venous

P16 67 M N N X D24 right ankle venous

P17 74 M Y Y hypertension, peripheral artery disease, chronic
renal failure, anaemia, st.p. CABG

D25 left calf defect after
fasciotomy

P18 69 M N Y hypertension D26 left ankle arterial

Abbreviations: DM, diabetes mellitus; st.p. AVR, status post aortic valve replacement; st.p. CABG, status post coronary artery bypass grafting.
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FIGURE 1 Examples of wound closing. A, healed (H) wound (D15, venous leg ulcer); B, partially healed (PH) wound (D19, venous leg
ulcer); C, wound with no reaction (D25, defect after fasciotomy). W0: the wound state after 24, 456, and 100 weeks of outpatient care with
SOC treatment for A, B, and C, respectively. W: number of weeks of treatment with AM

TABLE 2 Defects' characteristics and outcome data

Patient
number

Defect
number

Time from
onset (w)

Baseline
size (cm 2)

Treatment
duration (w)

Wound
closure (%)

End
status

Number
of visits

Number of AM
applications

P1 D1 315 2.6 9 100 H 10 9

P2 D2 36 16.8 32 100 H 31 15

D3 36 4.5 17 100 H 17 11

P3 D4 7 28.1 16 100 H 15 11

D5 7 1.0 6 100 H 5 2

D6 7 2.4 6 100 H 6 4

D7 7 13.8 36 100 H 36 15

P4 D8 13 6.2 31 100 H 31 14

D9 13 2.9 35 100 H 31 15

P5 D10 6 1.3 12 100 H 11 4

D11 250 5.2 38 100 H 37 19

P6 D12 6 48.7 33 100 H 29 29

P7 D13 53 5.3 36 100 H 34 30

P8 D14 12 0.5 14 100 H 14 14

P9 D15 24 10.7 13 100 H 8 8

P10 D16 8 6.0 5 100 H 6 4

P11 D17 52 98.0 74 79 PH 74 69

P12 D18 20 14.4 44 50 PH 38 32

P13 D19 456 22.9 78 64 PH 67 46

D20 456 13.9 78 74 PH 67 45

P14 D21 50 7.1 49 90 PH 39 39

P15 D22 117 30.5 6 28 UH 6 4

D23 117 5.6 11 18 UH 11 9

P16 D24 100 5.0 19 3 UH 19 12

P17 D25 100 33.6 18 22 UH 13 9

P18 D26 40 12.7 17 34 UH 13 11
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level was evaluated using the 0 to 10 scale, 0 equal none,
10—unbearable.

7  |  RESULTS

Of 18 patients (26 defects), 10 responded to the AM treat-
ment by complete healing of all wounds (H group,
16 defects, 62%). Four patients (five defects, 19%)
exhibited partially positive limited response (PH group).
They reached on average 71.4 ± 13.6% of WAR and never
exceeded 90% wound closure despite, in some cases, sig-
nificantly prolonged treatment (up to 74 weeks). They
showed less than 20% improvement over the period of
first 9 to 20 weeks. Four patients (five defects, 19%) did

not react to the treatment at all and were assigned to the
unhealed group (UH group). In no case, an adverse sec-
ondary reaction to the AM application was observed. In
cases when the defect responded well to the AM treat-
ment, the epithelisation onset was very fast (after 2 AM

applications), and the wound closure progressed rapidly
towards complete healing. Typical wound healing in the
course of treatment (D16) is presented in Figure 1A.

The period required for the defect's complete healing
in the H group varied from 5 to 38 weeks (average
21.2 ± 12.2, median 16.5) and 2 to 30 AM applications
(12.8 ± 7.9, 12.5) were needed. The WAR progress in the
PH group was significantly slower, and its average
showed the tendency to converge to a maximum value of
approximately 88%. The data summarising outcomes for

FIGURE 2 Wound closure evolution. WAR progress for healed A, partly healed B, and unhealed C, defects. D, comparison of the
averages of the three groups together with fitted asymptotic functions and their parameters for H and PH and correlation coefficients (R2).
For A, B, and C, the closed and open markers reflect visits with or without AM application, respectively
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individual defects are presented in Table 2. We have
recorded the WAR profile for each defect and determined
the average healing profiles separately for each group
(H, PH, UH) (Figure 2). From the average WAR curve
for healed defects (H) and its fit (regression coefficient
R2 = 0.987) (Figure 2A, D), we established that on
average 50% of healing was achieved in 5 weeks of treat-
ment and 70% in 10 weeks. All healed defects reached at
least 50%of closure within the first 10 weeks of treatment
(Figure 2A) with two exceptions: The defects D13, D14
(lines with square markers in Figure 2A) exhibited a pro-
file significantly diverging from the rest of the defects in
the group. They were characterised by delayed onset
(12 and 17 weeks, respectively) of the AM stimulated
healing and partial initial worsening. After this lag
period, during which the healing profiles resembled those
of the PH group, both defects started to progress and
reached complete closure. The most prolonged healing in
the H group lasted 44 weeks (defects D8 and D9).

Five defects (D17 to D21) healed partially, and despite
the prolonged care period (up to 78 weeks) these defects
progressed slowly without reaching the complete closure
(Figure 1B, Figure 2B). The average WAR of these defects
followed a different curve compared with the H group's
characteristics, and approximately 27 weeks were neces-
sary to reach 50% of closure (average). The average WAR
value was 71% at the end of treatment. The course of the
fitted curve is significantly flatter compared with the H
group and predicts the maximum reachable WAR of
approximately 90% (a = 88, Figure 2D).

Four patients (five defects, D22 to D26) did not respond
to the AM treatment despite intense care, Figure 1C,
Figure 2C. Their WAR values oscillated around 0, meaning
that their size randomly changed around the baseline. The
very approximate linear fit shows virtually no effect of the
treatment on the wound size.

The degree of pain in all patients decreased indepen-
dently of the healing progress from an average of 3.25
before the first AM application to 1.95, 1.22, and 0.47

after the first, fifth, and the tenth week of AM treatment,
respectively, on a scale from 0 (no pain) to 10 (the worst
pain) (Figure 3). No difference in pain relief was found
between healed and unhealed patients.

8 |  DISCUSSION

When AM is used for the treatment of NHW, several fac-
tors may affect the outcome: the wound aetiology, base-
line size, period from onset to treatment start, type of AM
used (cryo-preserved, dried, lyophilised, etc.), frequency
of AM application, treatment period, and the individual
sensitivity to the AM effect, which can be directly related
to the general health status of the subject's organism,
including age, and BMI and comorbidities of the subjects.
In this multicentric study, we assessed the effect of cryo-
preserved AM application on the healing of NHW. Apart
from evaluating the general healing effect, one of the
aims of the study was to understand if there is a way to
predict the outcome of the AM stimulated healing pro-
cess already at the early stages of the treatment. Although
the logistics (long-term storage and the delivery in frozen
state) related to the use of such material is more complex
than that of, for example, dried or lyophilised tissues,
cryo-preserved AM should preserve the majority of the
growth factors and other molecules affecting the healing
process in their active form and, therefore, promote the
treatment efficiency.7,27-29 Some studies, however, indi-
cate that the quality of lyophilised AM levels that of cryo-
preserved AM in terms of preservation of active molecu-
lar components30 and efficiency in NHW treatment.18

The observed healing rate of 62% in our study is
concordant with values reported in similar studies. In a
multicentre, controlled, randomised, blinded, clinical
trial, Lavery et al observed 62% successful healing rate
(100% reepithelialisation at 12 weeks) for cryo-preserved
AM compared with 21.3% success rate using SOC.31

In a retrospective study evaluating 350 NHW from
WoundExpert electronic health records, the rate of clo-
sure using cryo-preserved AM was found to be 59.4%.32

Farivar and colleagues,33 in a trial limited to 12 weeks
and venous leg ulcers, reached 53% healing with a com-
parable set of NHW when using cryo-preserved AM and
the average healing time of 10.9 weeks, which is mark-
edly shorter compared with 25.5 weeks in our study. It
should be noted, however, that the average NHW dura-
tion period before AM treatment in our patients was
88 weeks, which is considerably higher than in Farivar's
study and other comparable studies using cryo-preserved
AM.24,31,34 Interestingly, in Ref. 33, 57% of unhealed
defects showed WAR >50%, which is very similar to our
50% (five defects) representing the PH group. Another

FIGURE 3 Pain level evolution during the AM treatment.
Average value ± SD from all patients on a scale from 0 (no pain) to
10 (the worst pain) at week (W) 0, 1, 5, and 10 of treatment
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multicentre trial reported a success rate of 48.4% (100%
reepithelialisation at 8 weeks) for viable cryo-preserved
placental membrane.34

In general, the reported in literature rate of complete
wound closure using cryo-preserved AM are quite dis-
persed from 20%23 through 46%,31 53%,33 84%35 to 100%.24

However, some studies were realised with limited AM
application period reducing, thus, the potential healing
completion had the treatment been continued. Time to
complete closure appears to be also variable, ranging from
6 to 56 weeks.23,24 Therefore, the extended healing period
for some defects in the present work is in the range of
values reported previously.

Some works report the healing efficiency's depen-
dence on the baseline size.32,34,36 In our study, although
the average baseline size is superior in the UH group
compared with H group, we could not prove its statistical
significance. The average wound size before starting AM
therapy (15.4 cm2) was larger in our study than in other
studies using cryo-preserved AM.24,31,34,35

The frequency of AM or AM-based derivatives appli-
cation used in similar studies varies from frequent (2 to
3 days37) to scarce.23 We set the standard application
period to weekly at the beginning of treatment. In later
phases (generally after 4 to 8 weeks), the AM application
frequency was changed to bi-weekly and then modulated
according to the wound reaction to the treatment and
healing evolution.

AM treatment cost is rather high. Thus, the question
at which state its application is adequate and what are the
indications suggesting its efficiency is important. Existing
data show that WAR of 50% after 4 weeks of SOC is a
strong indicator of appropriate healing for diabetic foot
ulcers.38 WAR change in percent was reported as an indi-
cator of a good prognosis for venous leg ulcers.26,39 Failure
to reach such rates by SOC suggests the need for initiating
alternative and/or advanced treatments.40

When AM application is undertaken, an indicator of
the probability of complete healing would be a valuable
tool for deciding whether the treatment should be contin-
ued for an extended period or not. Analysis of our results
allowed us to separate the wounds into three categories
with different sensitivity to the AM treatment—H, PH,
and UH. The wounds in the H group achieved, on aver-
age, 70% closure after 10 weeks and 50% after 5 weeks,
which is similar to the values reported elsewhere.24 All
wounds in this group attained 50% closure in 10 weeks;
therefore, it would seem adequate to establish these
values as predictors for successful treatment. However,
this criterion may exclude the cases that would have
finally benefited from the AM application had the treat-
ment not been aborted (D13, 14). The average WAR pro-
gress for NHW in PH and UH groups is different. The

wounds completely insensitive to the AM application
(UH group) are readily recognisable at the early stages of
treatment (10 weeks at maximum) by the flat average
progression line. To distinct NHW with the potential to
heal completely (H) or to be only partially reduced over
prolonged treatment (PH) is, however, more complicated.
We have characterised the healing progress of these two
groups by parameters of the fitted asymptotic function.
The determined ‘a’ parameter defines the maximum
reachable value of wound closure and thus can be used
to predict the extent to which the wound would heal.
Compared with the H group, the PH group shows signifi-
cantly slower evolution with the indicated limit of only
~90% (‘a’ value), suggesting that these wounds will never
reach complete healing when using this type of treat-
ment, and probably it is of low interest to continue with
rather expensive AM application. Instead, the treatment
strategy should be reconsidered. Unfortunately, the data
spread is wide, and therefore such distinction at the level
of an individual patient can hardly be applied with high
certitude before the weeks 12 to 13 of treatment. Interest-
ingly, this value coincides with the time limit of most
studies evaluating the effect of skin substitutes (for a
complete overview, see Ref. 26.

Our results also show that the repeated and persistent
application can eventually trigger the healing process
even in defects not responding immediately to the AM
treatment and not fitting into the above-stated values for
H-type wounds. That was indeed the case of defects D13
and D14, which for an extended period exhibited only a
minimal response to the treatment and reached the 50%
closure only after 25 and 12 weeks, respectively, but
finally healed completely. The important feature of AM
is, besides healing acceleration and stimulation, its anal-
gesic effect; pain relief has been perceived after first AM
applications by all patients independently of wound
healing. In any case, the AM application in NHW healing
will always require a highly individual approach and
should reflect previous wound treatment/healing history
and the patient's general health condition.

9 |  CONCLUSION

From our results, we conclude that cryo-preserved AM
represents a safe and useful treatment with a strongly
beneficial effect for managing NHWs. In our study, the
AM application led to the complete healing of 62% of
wounds. We have shown that it was possible to separate
the NHW into three distinct groups with different healing
characteristics (H, PH, U) according to their WAR
profiles. This can then be used as a guideline for the
prediction of the eventual outcome of the treatment.
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Abstract This study aimed to evaluate the efficacy
of cryopreserved amniotic membrane (AM) grafts in
chronic wound healing, including the mean percent-
age of wound closure per one AM application, and
to determine whether the healing efficiency differs
between AM grafts obtained from different placen-
tas. A retrospective study analyzing inter-placental
differences in healing capacity and mean wound clo-
sure after the application of 96 AM grafts prepared
from nine placentas. Only the placentas from which

the AM grafts were applied to patients suffering from
long-lasting non-healing wounds successfully healed
by AM treatment were included. The data from the
rapidly progressing wound-closure phase (p-phase)
were analyzed. The mean efficiency for each placenta,
expressed as an average of wound area reduction (%)
seven days after the AM application (baseline, 100%),
was calculated from at least 10 applications. No statis-
tical difference between the nine placentas’ efficiency
was found in the progressive phase of wound healing.
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The 7-day average wound reduction in particular pla-
centas varied from 5.70 to 20.99% (median from 1.07
to 17.75) of the baseline. The mean percentage of
wound surface reduction of all analyzed defects one
week after the application of cryopreserved AM graft
was 12.17 ± 20.12% (average ± SD). No significant
difference in healing capacity was observed between
the nine placentas. The data suggest that if there are
intra- and inter-placental differences in AM sheets’
healing efficacy, they are overridden by the actual
health status of the subject or even the status of its
individual wounds.

Keywords Placenta · Amniotic membrane · Wound
healing efficiency

Introduction

For years, the human amniotic membrane (AM) has
become widely used as a bioactive dressing or the
basic substrate for producing broadly distributed
derivatives with beneficial healing properties (Fene-
lon et al. 2021; Nejad et al. 2021; Elkhenany et al.
2022). While AM transplantation was primarily
adopted in ophthalmology for the reconstruction of
the ocular surface (corneal ulcers, persistent epithelial
defects, limbal stem cell deficiency, ocular neopla-
sia, pterygium), and for ocular surface wound heal-
ing (e.g., for chemical and thermal injuries, dry eye
disease, recurrent corneal erosions or cicatrizing con-
junctivitis such are Steven’s Johnson syndrome, toxic
epidermal necrolysis, pemphigoid or graft versus host
disease) (Tsubota et al. 1996; Fuchsluger et al. 2005;
Meller et al. 2011; Tabatabaei et al. 2017; Walkden
2020). Later its application has been extended to the
problem of healing wounds other than that of the eye,
and its use has been developing strongly over the
last few decades (DiDomenico et al. 2016; Johnson
et al. 2021). The primary material for AM acquisi-
tion, the placenta, is readily available and relatively
abundant compared to other transplants (Jirsova and
Jones 2017). AM’s anti-inflammatory, anti-fibrotic,
anti-microbial, neurotrophic, analgesic, anti-, and
pro-angiogenic properties, along with the epitheliza-
tion promotion, make it an ideal material for treating
a wide variety of wounds (Wassmer and Berishvili
2020; Elkhenany et al. 2022). The rationale behind
most of the mentioned effects has been characterized

(Baradaran-Rafii et al. 2013), although the pres-
ence of substances, which can be responsible for the
direct analgesic effect of AM, has only recently been
suggested (Svobodova et al. 2023). The AM immu-
nogenicity is very low; thus, the risk of rejection or
incompatibility complication is practically non-exist-
ent (Adinolfi et al. 1982; Hori et al. 2006).

The efficiency of AM is assigned to the presence
of extracellular matrix proteins, a variety of growth
factors, and cytokines, the production of which can
direct adhesion, migration, proliferation, and differen-
tiation of epithelial and stromal cells, as well as the
stem and progenitor cells of epithelial and mesenchy-
mal origin (Koizumi et al. 2000a, b; Bomfim Pereira
et al. 2016; Wassmer and Berishvili 2020; Ruiz-Can-
ada et al. 2021).

However, this also suggests that the properties of
the AM prepared for transplantation will be depend-
ent on many factors that can influence the produc-
tion, concentration, and activity preservation of these
substances in the AM. AM quality can be influenced
by factors related to the donor/placenta-specific
variations (Hopkinson et al. 2006a, b; Krabcova
et al. 2014; Deihim et al. 2016) and by the handling
dependent/induced factors (Allen et al. 2013; Pao-
lin et al. 2016). The formers are responsible for both
donor-dependent (inter-placental) variations (Hopkin-
son et al. 2006a, b; Krabcova et al. 2014) and intra-
placental sub-region variations of AM composition
(Deihim et al. 2016; Litwiniuk et al. 2018; Moraes
et al. 2021). They can be influenced by the donor’s
overall physiological status, genetic predisposition,
the presence of pathology, or even by the week of
pregnancy at which the placenta was retrieved (Skin-
ner et al. 1981; Tossetta et al. 2014).

Studies evaluating the effect of intra- or inter-pla-
cental variations are relatively scarce. The evaluation
of the properties of placental subregions was docu-
mented in several studies, describing the sub-regional
differences from different aspects: the presence of
stem cell markers (Lemke et al.  2017; Centurione
et al. 2018; Garcia-Lopez et al. 2019), proliferation
and differentiation capacity (Germain et al. 1992;
Curtis et al. 1997; Farrugia et al. 2000; Han et al.
2008; Kim et al. 2011; Centurione et al. 2018), fac-
tors influencing wound healing and angiogenesis
(Han et al. 2008; Gicquel et al. 2009; Lee et al. 2010;
Banerjee et al. 2018; Litwiniuk et al. 2018) and other
factors.
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It was suggested that AM from placental and
reflected sub-regions might have different potentials
for tissue regeneration due to the different mito-
chondrial activity, which may be, in turn, crucial for
clinical applications (Banerjee et al. 2015). Similarly,
the study based on the evaluation of TGFβs (1,2,3)
presence discovered significant differences in their
concentration among individual donors proposing
a potential modification of the healing effect based
on the donor individuality (Hopkinson et al. 2006a,
b; Han et al. 2008). Another study evaluated the
placenta quality dependent on the pregnancy week
retrieval (Skinner et al. 1981). Contrary, no signifi-
cant difference in pluripotency markers concentration
was found between the placental and reflected amnion
(Garcia-Lopez et al. 2019), suggesting the homoge-
neous distribution of the pluripotency transcription
factors, making all regions of AM equal in the regen-
erative processes effect. For an excellent review ana-
lyzing the data concerning the AM sub-regional dif-
ferences, see Weidinger et al. (2020).

The studies evaluating the AM properties varia-
tions due to tissue processing are much more abun-
dant as these parameters can be much better con-
trolled. Tissue processing encapsulates the procedures
employed through the AM graft preparation chain,
from placenta retrieval, decontamination, AM prepa-
ration, and storage and treatment until the moment of
transplantation (Aykut et al. 2015; Jirsova and Jones
2017). As the influence of these factors can be rather
straightforwardly and rigorously evaluated, numerous
studies were devoted to elucidating the effect of AM
decontamination/sterilization procedure (Singh et al.
2006; Smeringaiova et al. 2017), graft structure and
cellular viability and content modification (intact, or
denuded AM) (Koizumi et al. 2000a, b; Hopkinson
et al. 2006a, b; Duan-Arnold et al. 2015), the type of
preparation and storage (freezing, air-drying, lyophi-
lization) (Dhall et al. 2018; Memmi et al. 2022).

Finally, the effect of these factors on the effective-
ness of the AM application is always additionally
modulated by the individuality of the treated sub-
ject, i.e., by its physiological/pathological conditions,
including its sensibility to the AM treatment at the
moment of the AM application.

The closure kinetics of chronic wounds usually
progresses in two phases; the first is characterized
by relatively rapid progress and lasts for the first 5 to
20 weeks of healing with a closure level of more than

50%. The following phase of healing is characterized
by a slower progression of wound closure with a less
steep curve (Herbin et al. 1993; Venault et al. 2019;
Becerra-Bayona et al. 2020). Herein, these two stadia
are described as progressive (p-phase) and terminal
(e-phase) (Svobodova et al. 2022).

In standard AM preparation for clinical use, sev-
eral tens of AM sheets are typically prepared from
one placenta without keeping exact track of the sub-
region origin, except when the targeted region is very
specific, e.g., the umbilical part (Cognard et al. 2022).
Thus, the intra-placental variations are mostly impos-
sible to survey in clinical applications. However, the
track of AMs obtained from individual placentas is
rigorous, as required by legislation, and therefore,
should the inter-placental differences in AM healing
features be prevailing the other factors, they could be
potentially detectable by evaluating its healing effect,
e.g., by assessing the wound closure rate (DiDomen-
ico et al. 2016; Valiente et al. 2018; Johnson et al.
2021).

In this study, we evaluated the effect of the cryo-
preserved AMs retrieved from different donors on the
efficiency of wound healing (wound closure), intend-
ing to understand whether the inter-placental varia-
tions could be dominant in wound healing progress or
if they are suppressed by the processing/application
chain and the individual patient status at the moment
of application.

Materials and methods

The study followed the Ethics Committee’s standards
of three participating institutions (1st Medical Faculty
of Charles University, General Teaching Hospital,
University Hospital Motol, and Na Homolce Hospi-
tal, all in Prague) and adhered to the tenets set out in
the Declaration of Helsinki.

AM grafts preparation

After obtaining informed consent from placenta
donors, the placenta and blood for serological exami-
nation were retrieved. All donors were negative
for hepatitis B and C, syphilis, and HIV, C-reactive
protein was < 20 mg/l). The serology was repeated
after 6 months. The AM grafts were prepared as
described earlier (Svobodova et al. 2022). Shortly,
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all placentas were obtained by elective cesarean
section between 38 to 39 (from 38 weeks+1 day to
39 weeks+4 days) gestational week in the Motol
University Hospital, Prague, from donors with no
serious systemic or genetic diseases. Before further
processing, placentas were visually inspected for
injuries and visible pathologies. Then the tissue (pla-
centa/AM) was decontaminated at room temperature
using BASE•128 (Alchimia, Ponte San Nicolò, Italy)
for 24 h (±2 h) at 37 °C. AM sheets were rinsed,
stretched on Sanatyl support (Tylex, Letovice, Czech
Republic), and cut into desired-sized patches (varying
from 2×2 cm up to 7×11 cm). Finally, AM pieces
were placed into Dulbecco’s Modified Eagle Medium
(Gibco™ DMEM 32,430,027, Thermo Fisher Sci-
entific) in 50% glycerol (Dr. Kulich Pharma, Czech
Republic) and stored at − 80 °C. After six months,
tissues with negative microbiology and serology test
results were released for grafting.

Patients

The presented study enrolled 16 patients suffer-
ing from chronic nonhealing wounds (lasting more
than 6 weeks before AM application, range 6 to
1408 weeks, average 139 weeks). Twelve wounds
were venous, one arterial, one diabetic origin, one
wound was linked to fasciotomy, and one to physi-
cal trauma. The inclusion and exclusion criteria have
been described previously (Svobodova et al. 2022),
shortly, the inclusion criteria were: age ≥ 18 years, the
presence of resistant NHW with a duration of more
than 6 weeks, and wound extending through the entire
thickness of the skin. Exclusion criteria were: tendon
or bone exposure in the wound, allergy to antibiotics
used for AM decontamination, transcutaneous oxime-
try value below 30 mmHg for patients with diabetes
mellitus, known history of AIDS or HIV, ankle-bra-
chial index (ABI)<0.5, for all patients except those
with diabetes mellitus, suspicious for cancer or his-
tory of radiation at the wound site, severe (uncon-
trolled) systemic disease, or planned surgical inter-
vention in the next six months.

The average age of the patients was 66.8 years
(33 to 82), with 4 females and 12 males. Altogether,
22 defects (D) were followed. Before starting the
treatment using AM, the wound size varied between
0.99 and 50.51 cm2, averaging 12.88 ± 14.54 cm2.
The wound resistance to treatments before the AM

application spanned from 6 to 1408 weeks, averag-
ing 12.88 weeks. The complete healing lasted from
5 to 105 weeks, averaging 31.14 weeks.

Input data selection and measurement

The efficiency of AM grafts obtained from 9 pla-
centas was analyzed. The mean age of placenta
donors was 34 years (26–38). AM sheets from each
placenta were distributed to at least three patients,
and at least ten AM sheets from individual pla-
centas had to be used to include the placenta in
the evaluation. All patients (16 in total) reached
complete healing. The data from the p-phase only
were evaluated (for the p-phase description, see
the introduction and discussion section), which in
most cases represents the first 10 to 20 weeks of
the treatment. The efficiency score was evaluated
as the relative wound closure; the wound size on
the day of AM application was used as the baseline
(100%), and the percentage of wound area change
7 days after the AM application was evaluated. The
size of the wound was assessed as described previ-
ously (Svobodova et al. 2022). Briefly, the wound
was photo-documented with a scale in the proxim-
ity of the wound. The wound size was determined
by manually tracing the wound border on calibrated
images with an automatic determination of the area
using NIS-Elements software (Laboratory Imaging,
The Czech Republic). The mean efficiency for each
placenta, expressed as an average of wound area
reduction (in %), was calculated from at least 10
applications.

Statistical analysis

First, the data sets for individual placentas were
checked for the normality by Saphiro-Wilk’s test.
The results showed that not all sets were of normal
distribution, so the Kruskal–Wallis test was applied
to check if a statistically significant difference could
be detected. Finally, Dunn’s test for performing
multiple pairwise-comparison between the means of
individual placentas was used. All the evaluations
were performed using the R and RStudio package
(RStudio 2020).
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Results

The results represent the analysis of AM efficiency
on non-healing wound treatment over 5 years
(2017–2022). The treatment of the “non-healing”
wounds using AMs included in the study led to a
complete wound closure at the end of the treatment.
For the evaluation of the AM efficiency, only the
p-phase of the healing progress was used (for details,
see the Discussion section). Our evaluation of the AM
efficiency shows that the 7-day average wound closure
(% of wound surface) in the p-phase of healing after
the application of cryopreserved AMs varied from 5.7
to 20.99% (medians from 1.07 to 17.75). The values
for individual placentas are summarized in Table 1,
and statistics are visualized in Fig. 1. These results
suggest that the average wound closure rate when
using cryopreserved AM for non-healing wounds is
12.17 ± 20.12% (average ± standard deviation) of the
wound surface 7 days after AM application.

The records for individual defects treated by each
placenta evaluated in this study are summarized in
Table 2. The negative values represent a temporary
worsening of the wound against the baseline. While
the spread of the values measured after AM appli-
cation was rather important for individual placentas
(e.g., for placenta 4 ranging from − 38.20 to 72.73%
of wound area closure one week after application, see
Table 2), resulting in high values of standard devia-
tions, the values of both mean and median were rela-
tively coherent, ranging from 5.70 to 20.99 and 1.07
to 17.75 respectively.

The results of Saphiro-Wilk’s test revealed dis-
persed values for the normality of individual sets.
Therefore, Levene’s test was performed to decide
whether parametric analysis (ANOVA) could be
used. The resulting p-value of 0.008 indicated the
data’s non-normal character; thus, the Kruskal–Wal-
lis test was applied. Its result showed no statistically
significant difference (p = 0.492) between individual
placentas. Therefore, it is legitimate to conclude that,
in general, there is no important difference in the effi-
cacy of AMs originating from different placentas on
wound healing.

Discussion

In this study, we aimed to determine whether some
significant differences in the healing efficiency of AM
applied to non-healing wounds can be traced between
AM sheets prepared from different placentas and to
establish mean wound closure. As mentioned in the
introduction, the existing studies are somewhat con-
troversial concerning the inter- and intra-placental
variation in the presence/concentration of wound
healing factors (Avila-Gonzalez et al. 2015; Centuri-
one et al. 2018). However, if such differences can be
detected in the AM clinical applications for wound
healing, it would help to orient more targeted stud-
ies on how to evaluate the placentas healing potential

Table 1 The average healing efficiency of the placentas is
expressed as wound area reduction in % seven days after AM
application

Average± SD Median Saphiro-Wilk
test p value

Placenta 1 13.67± 12.98 17.75 0.19
Placenta 2 5.70± 14.47 1.07 0.18
Placenta 3 10.13± 8.66 10.24 0.63
Placenta 4 6.83± 32.75 12.29 0.60
Placenta 5 12.13± 17.65 9.65 0.77
Placenta 6 7.26± 29.11 7.02 0.33
Placenta 7 13.46± 14.13 11.87 0.33
Placenta 8 18.06± 13.07 12.87 0.01
Placenta 9 20.99± 17.19 16.21 0.50

Fig. 1 A statistical representation of the efficiencies of AMs
originating from different placentas
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Table 2 Effects of applications of AMs from selected placentas on individual defects seven days after application time

P designates the subject number, D is the defect number of the given subject

Placenta 1 Placenta 2 Placenta 3

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

30.00 P1-D1 2017–10-05 − 1.32 P4-D1 2019–02-26 17.36 P6-D1 2018–07-31
14.01 P2-D1 2018–06-26 − 12.14 P4-D2 2019–02-26 11.38 P6-D1 2018–08-07
− 6.44 P3-D2 2018–07-10 − 6.25 P5-D1 2019–01-15 12.08 P2-D1 2018–07-10
30.00 P1-D1 2017–10-23 9.70 P6-D4 2019–01-02 29.23 P3-D2 2018–07-17
20.00 P1-D1 2017–10-28 − 1.25 P6-D4 2019–01-15 3.76 P3-D1 2018–07-17
20.00 P1-D1 2017–11-01 − 4.29 P5-D1 2019–01-02 11.80 P3-D1 2018–07-03
19.66 P3-D2 2018–07-24 39.66 P4-D2 2019–04-02 −4.72 P3-D2 2018–07-03
15.85 P3-D1 2018–08-07 21.71 P7-D1 2019–04-24 8.99 P5-D1 2018–09-11
2.24 P3-D2 2018–08-07 3.39 P8-D1 2019–04-24 9.09 P3-D2 2018–09-04
-8.60 P2-D1 2018–07-03 7.81 P8-D1 2019–04-17 2.30 P3-D1 2018–09-04

Placenta 4 Placenta 5 Placenta 6

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

− 34.62 P5-D2 2018-10-16 8.73 P6-D4 2018-11-27 − 18.52 P8-D1 2019-04-10
− 8.48 P5-D1 2018-10-16 18.47 P5-D1 2018-12-11 − 13.60 P9-D1 2019-07-02
− 29.47 P5-D2 2018-10-02 4.07 P6-D4 2018-11-06 3.29 P9-D1 2019-07-09
− 38.20 P3-D1 2018-10-02 −2.45 P4-D1 2019-02-12 − 44.52 P9-D1 2019-06-11
19.37 P5-D2 2018-09-18 10.57 P6-D4 2018-11-13 − 0.90 P9-D1 2019-04-09
5.22 P3-D1 2018-10-16 −15.56 P5-D1 2018-11-13 7.02 P9-D1 2019-04-30
38.57 P6-D1 2018-09-25 42.25 P3-D1 2018-11-20 15.52 P8-D1 2019-04-30
19.77 P4-D1 2019-03-05 −5.17 P6-D4 2018-11-20 26.28 P7-D1 2019-04-30
21.66 P4-D2 2019-03-05 39.07 P5-D2 2018-10-30 14.04 P8-D1 2019-05-02
− 21.27 P5-D1 2018-10-02 21.34 P5-D1 2018-10-30 77.55 P8-D1 2019-05-07
36.66 P6-D1 2018-10-09 13.71 P4-D1 2019-06-25
72.73 P6-D2 2018-10-09

Placenta 7 Placenta 8 Placenta 9

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

10.21 P10-D1 2021-03-01 5.51 P14-D1 2022-03-15 16.28 P16-D1 2022-02-22
21.88 P11-D1 2021-03-22 36.50 P15-D1 2019-09-10 32.64 P16-D2 2022-02-22
14.41 P12-D1 2020-08-04 16.47 P14-D1 2022-03-01 4.38 P13-D1 2021-12-21
4.35 P11-D1 2021-04-12 9.66 P14-D1 2022-01-25 −8.61 P13-D1 2022-01-10
50.55 P12-D1 2020-10-27 5.89 P9-D1 2019-08-13 40.25 P16-D2 2022-02-15
23.55 P12-D1 2020-08-11 5.87 P4-D1 2019-07-23 0.67 P13-D1 2022-02-14
− 10.34 P11-D1 2021-03-17 12.87 P15-D1 2019-07-24 14.08 P13-D2 2021-12-13
24.06 P10-D1 2021-03-17 20.93 P15-D1 2019-07-29 11.99 P14-D1 2022-05-31
4.90 P11-D1 2021-03-01 7.31 P15-D1 2019-08-27 38.93 P16-D1 2022-02-01
− 4.11 P11-D1 2021-02-12 38.17 P9-D1 2019-08-27 37.73 P16-D2 2022-02-08
13.54 P10-D1 2021-04-12 39.44 P15-D1 2019-09-25 47.42 P16-D2 2022-01-03
19.15 P10-D1 2021-02-08 16.14 P14-D1 2022-05-17
9.64 P10-D1 2021-04-19
6.67 P13-D1 2022-02-28
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(both in inter-placental and intra-placental respect)
and perhaps avoid the use of less efficient placentas
for their application, which could spare an important
amount of preparative time and shorten the healing
period.

Herein, we defined the placenta inclusion param-
eters at three different levels. First, the patient’s posi-
tive reactive response to the AM application heal-
ing procedure was critical. Therefore, only patients
with good healing progress and complete final heal-
ing were included. Second, only the first progressive
phase of healing was included in the evaluation. As
we reported previously, the healing progress of well-
reacting patients in our clinical study could be fitted
with asymptotic function (Svobodova et al. 2022).
This is characterized by rather rapid progress in the
initial phases, which is then progressively slowed
down in the final healing period when the last few
percent of the closure generally heal much slower
than at the healing onset (Becerra-Bayona et al.
2020).

Moreover, the inaccuracies in the wound size
determination increase with the smaller wound size
and with the absolute differences in the wound size
between the measurements. Therefore, our interest
was to utilize the period when the wound size and its
changes were the most important, typically in the first
10–20 weeks of healing. Furthermore, the patients
with multiple wounds were preferred as this would
allow us to, at least partly, evaluate the subject/defect
status factor.

The rate of wound healing (% of wound closure
per week) in the p-phase of our patients is consist-
ent with the regularly observed one (Bull et al. 2022).
Our results suggest that more than individual placen-
tas’ properties, patients’ physiological status predom-
inantly influences the wound closure progress. We
suppose that important variation of obtained values
found almost for each placenta (with one exception—
Pl8) reflects the patient’s or wound’s immediate phys-
iological/pathological condition. This is supported
by the observation that the average healing efficiency
of all 9 analyzed placentas did not statistically differ.
However, it is necessary to consider the limitations of
this study, such as the small number of placentas (9)
and the variability in patients’ parameters and their
wounds.

The results show that although the average values
of placenta efficiency may differ quite notably (more

than double the value between Pl1 and Pl6), the
analysis does not confirm the statistical significance.
We have also observed case-by-case differences in
reaction to the AM application. In some cases, we
recorded different responses of two wounds of the
same subject being treated by the AM from the same
placenta. E.g., when treated with AMs from placenta
1 (Pl1), the reaction of the defects P3-D1 and P3-D2,
which are the two defects of the same subject, was
quite different even though they were treated on the
same visit day (2018-08-07), closure 15.85 vs. 2.24%,
respectively. A similar situation could be observed
for the P5-D1 and P5-D2 (again two defects of the
same patient) wherein two weeks, the defect P5-D1
changed its reaction from positive 21.34% (2018-10-
30) to negative − 15.56% (2018-11-13) when treated
by AMs from placenta 5 (Pl5). At the same time, the
reaction of P5-D2 was twice as important as that of
P5-D1 on the same application date (2018-10-30,
39.07% vs. 21.34%, respectively). Another example
of reaction variation on the AM application can be
detected for the defect P9-D1, which had a very dif-
ferent response on the AMs from placenta 6 in two
months (2019-04-30 vs. 2019-06-11). All the data
suggest that if there are intra- and inter-placental dif-
ferences, they are overridden mainly by the actual
health status of the subject or even the status of its
individual wounds (due to the microbial, blood circu-
lation, or other possible conditions, which may affect
the healing process).
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Abstract
Numerous studies show that various genes in all kinds of organisms are transcribed discon-
tinuously, i.e. in short bursts or pulses with periods of inactivity between them. But it remains
unclear whether ribosomal DNA (rDNA), represented by multiple copies in every cell, is also
expressed in such manner. In this work, we synchronized the pol I activity in the populations
of tumour derived as well as normal human cells by cold block and release. Our experiments
with 5-fluorouridine (FU) and BrUTP confirmed that the nucleolar transcription can be effi-
ciently and reversibly arrested at +4˚C. Then using special software for analysis of the
microscopic images, we measured the intensity of transcription signal (incorporated FU) in
the nucleoli at different time points after the release. We found that the ribosomal genes in
the human cells are transcribed discontinuously with periods ranging from 45 min to 75 min.
Our data indicate that the dynamics of rDNA transcription follows the undulating pattern, in
which the bursts are alternated by periods of rare transcription events.

Introduction
Numerous studies show that genes in all kinds of organisms, from prokaryotes to mammals,
can be transcribed in short bursts or pulses alternated by periods of silence (reviewed in Smir-
nov et al. [1]) The probability of such mode of expression was suggested long ago;[2] now it
seems that the discontinuous transcription is a common feature of the gene expression, at least
in mammalian cells.[3–12] The periodical switches of the promoter between the active and
“refractory” states may be crucial in the efficient regulation of the gene expression.[13–17]
General considerations suggest even more significant role of the phenomenon in the dynamic
organization of the cell, since the pulsing mode of one process is likely to be a cause and a con-
sequence of pulsing in other processes. Thus, RNA processing, which is closely linked to the
RNA synthesis, seems to be discontinuous.[9] A spontaneous heterogeneity of gene expression
occasioned by transcriptional fluctuations may influence cell behaviour in changing environ-
mental conditions and in the course of differentiation.[18]
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The discontinuous character of transcription has been detected by various methods
(reviewed in Smirnov et al. [1]) The number of transcripts produced in a certain (sufficiently
short) period of time may be determined with high precision by single molecule RNA fluores-
cence in situ hybridisation (smFISH).[19–21] The results of such quantification alone provide
indirect, but valuable information for modelling the expression kinetics in a cell population or
tissue, when the studied gene is supposed to be transcriptionally active in all the cells. Methods
based on the allele-sensitive single-cell RNA sequencing also allow to reveal and characterize
the transcription bursting.[22] To monitor gene expression in real time, cells are transfected
with constructs providing a fluorescent signal that corresponds to the expression of a particu-
lar gene. In a gene trap strategy, a luciferase gene is inserted under the control of endogenous
regulatory sequences. Since both the luciferase protein and its mRNA are short-lived, the
method allows to calculate the key parameters of the transcriptional kinetics. Probably the
most popular invivomethod is based on the use of bacteriophages derived fluorescent coat
proteins, such as MS2 or PP7, fused with GFP, which allows to visualize a bunch of the nascent
RNA molecules accumulated around one gene.[4, 23, 24]

So far, the pulse-like transcription is well documented only in the genes transcribed by RNA
polymerase II. It is not clear yet whether ribosomal DNA (rDNA) is also expressed discontinu-
ously. In human cells, the clusters of multiple rDNA repeats, known as Nucleolus Organizer
Regions (NORs), are situated on the short arms of the acrocentric chromosomes. Each repeat
includes a gene coding for 18S, 5.8S and 28S RNAs of the ribosomal particles and an intergenic
spacer.[25–30] In the interphase nucleus the rDNA provides the basis for the formation of nucle-
oli. The transcription by pol I and the first steps of rRNA processing take place in the special
nucleolar units (FC/DFC) composed of fibrillar centers (FC) and dense fibrillar components
(DFC).[31–42] The units correspond in light microscopy to the “beads” forming nucleolar neck-
laces,[43–46] and each unit is believed to accommodate a single transcriptionally active gene.[33,
39, 47, 48] The intensity of the rDNA transcription is usually very high throughout the entire
interphase, especially at the S and G2 phases.[49] Now most of the methods used for the detection
of the transcription fluctuation are hardly applicable to the ribosomal genes, since one cell usually
contains hundreds of such genes. An alternative method was designed for direct measurements of
rDNA transcription in the live cells by using the label-free confocal Raman microspectrometry.
[50] This work revealed an undulatory character of the ribosomal RNA production in the whole
nucleoli. In our earlier study on tumour-derived cells expressing a GFP-RPA43 (a subunit of pol
I) fusion protein, we have observed specific fluctuations of the fluorescence signal in the individual
FC/DFC units.[51] We also found high correlation of pol I and incorporated FU signals within
the units. These data suggested that the ribosomal genes are transcribed in a pulse-like manner.

In the present work we used a different approach to the study of the discontinuous transcription
of ribosomal genes in human cells. In our experiments with 5-fluorouridine (FU) and BrUTP, we
found that the nucleolar transcription can be efficiently arrested at +4˚C and quickly restored at
normal conditions. Based on this finding, we synchronized the pol I activity in the cell population
by cold block and release. Then using specially designed software we measured the intensity of
transcription signal (incorporated FU) in the nucleoli and individual FC/DFC units at different
periods after the release. This enabled us to detect transcription fluctuations of ribosomal genes in
tumour derived as well as normal human cells and to reveal special properties of this fluctuation.

Methods
Ethics
The study followed the standards of the Ethics Committees of the General Teaching Hospital
and the First Faculty of Medicine of Charles University, Prague, Czech Republic (Ethics

PLOS ONE Discontinuous transcription of ribosomal DNA in human cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0223030 March 2, 2020 2 / 18

Regional Development Fund, project EF16_013/
0001674, by the Grant Agency of Czech Republic
(19-21715S) and by Charles University (Progres
Q25 and Q28). SKacknowledges the financial
support from the Czech Science Foundation Grant
No. 1825144Y. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.



Committee of General Univeristy Hospital, Prague approval no. 1570/11 S-IV (held on Octo-
ber 13, 2011, and updated January 18, 2018. The name of project: Pathogenesis of hereditary,
degenerative and systemic diseases with manifestations in the eye, transplantology. Study of
healthy and control tissue), and adhered to the principles set out in the Helsinki Declaration.
We obtained human cadaver corneoscleral rims from 10 donors, which were surplus from sur-
gery and stored in Eusol-C (Alchimia, Padova, Italy), from the Department of Ophthalmology,
General University Hospital in Prague, Czech Republic, for the study. On the use of the cor-
neoscleral rims, based on Czech legislation on specific health services (Law Act No. 372/2011
Coll.), informed consent is not required if the presented data are anonymous in the form."

Cell cultures
Human limbal epithelial cells (LECs) were obtained from XY cadaver corneoscleral rims after
cornea grafting at University Hospital Kralovske Vinohrady, Prague, Czech Republic. The
mean donor age ±standard deviation (SD) was 63.5 ±6.5 years. Tissue was stored in Eusol-C
(Alchimia, srl., Ponte San Nicolò, Italy) preservation medium at +4˚C. The mean storage
time ±SD (from tissue collection until explantation) was 7.2 ±3.6 days. The corneoscleral
rims were prepared as described before.[52, 53] Shortly, corneoscleral rims were cut into 12
pieces and placed in a 24-well plate (TPP Techno Plastic Products AG, Trasadingen, Switzer-
land) on Thermanox plastic coverslips (Nunc, Thermo Fisher Scientific, Rochester, NY, USA).
Explants were cultured in 1 ml of complete medium [1:1 DMEM/F12, 10% FBS, 1% AA, 10
ng/ml recombinant EGF, 0.5% insulin-transferrin-selenium (Thermo Fisher Scientific), 5 μg/
ml hydrocortisone, 10 μg/ml adenine hydrochloride and 10 ng/ml cholera toxin (Sigma-
Aldrich, Darmstadt, Germany)]. The culture media were changed every 2–3 days until the
cells were 90–100% confluent (after 2–4 weeks).

HeLa cells were cultivated at 37˚C in Dulbecco modified Eagle’s medium (DMEM, Sigma)
containing 10% fetal calf serum, 1% glutamine, 0.1% gentamicin, and 0.85g/l NaHCO3 in stan-
dard incubators. For the transcription synchronization, the cells were incubated in cold
medium (+4˚C) for 1 h, then transferred to the normal conditions and fixed at different time
points from 15 to 150 min with the interval of 15 min.

Plasmids and transfection
The GFP-RPA43 and GFP-Fibrillarin vectors were received from Laboratory of Receptor Biol-
ogy and Gene Expression Bethesda, MD.[54] The constructs were transfected into HeLa cells
using Fugene (Qiagen).

Labeling of the transcription sites
For visualization of the transcription sites, sub-confluent cells were incubated for 5 min prior
to fixation with 5-fluorouridine (FU) (Sigma). The cells were fixed in pure methanol at -20˚C
for 30 min and processed for FU immunocytochemistry. BrUTP (Sigma) was introduced into
cells by the scratch procedure.[55, 56] Here we followed the same procedure as for the labelling
of replication in the cited works. Briefly, the cells were grown on the coverslips; a drop of
medium containing 20μg/ml BrUTP was applied upon each coverslip; then the latter was
scratched by the tip of a syringe needle and incubated for 5 min at 37˚C. Thus permeabilized,
the cells were incubated for 10 min in the usual medium and then fixed and processed as after
the incorporation of FU.

Incorporated FU and BrUTP signal was visualized using a mouse monoclonal anti-BrdU
antibody (Sigma) and secondary goat Cy3-conjugated anti-mouse antibody (Abcam).
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Light microscopy
Confocal images were acquired by means of SP5 (Leica) confocal laser scanning microscope
equipped with a 63×/1.4NA oil immersion objective. For invivocell imaging we used a spin-
ning disk confocal system based on Olympus IX81 microscope equipped with Olympus
UPlanSApo 100×/1.4NA oil immersion objective, CSU-X spinning disk module (Yokogawa)
and Ixon Ultra EMCCD camera (Andor). The live cells were maintained in glass bottom Petri
dishes (MatTek) at 37˚C and 5% CO2 within a microscope incubator (Okolab).

Software and data analysis
For measurement and counting of the transcription and other signals corresponding to indi-
vidual FC/DFC units in 3D confocal images, we developed a MatLab based software.[51] The
program identifies each unit by creating a maximum intensity projection of the confocal stack
and blurring the projection with a Gaussian filter (σ= 8–10 pixels), defining the blurred image
with a value obtained by Otsu’s method for automatic threshold selection. After that, the opti-
cal section whereupon the unit had maximum intensity was identified. The final result con-
tains 3D coordinates of each unit, its size (full-width half-maximum), the value of χ2, and
integral intensities in the spheres with radii 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 pixels. The values
corresponding to 1.5 pixels seemed to be the most resistant to noise and were used for presen-
tation of the data. FC/DFC units were counted after deconvolution with Huygens software.

For measuring signals in the entire nucleoli we used a custom ImageJ plugin available at
https://github.com/vmodrosedem/segmentation-correlation.[45] Based on the confocal stacks,
the program identifies the regions occupied by the cell nuclei as well as nucleoli, measures
their areas (in pixels), and the intensities, both integral and average, of the signal within these
areas.

Results
1. Effects of low temperature on the nucleolar transcription
In the control the incorporated FU is accumulated predominantly in the nucleolar beads
which, according to our earlier study,[55] correspond to the FC/DFC units of the nucleoli (Fig
1). The transcription signal in the nucleoplasm appeared as multiple small foci of much lower
intensity. After 15 min of incubation at +4˚C (without additional supply of CO2), both HeLa
and LECs lost the ability to incorporate 5-fluorouridin (FU). When the cells were returned to
the normal conditions (37˚C, 5% CO2), transcription was partly restored in 15 min, and in 30
min the FU incorporation did not visibly differ from the control (Fig 1).

Since incorporation of FU is preceded by its penetration in the cell and phosphorylation,
we performed an additional experiment with another RNA predecessor, BrUTP, which was
introduced in the HeLa cells by the scratch procedure (Fig 1B).[55, 56] When cells were per-
meabilized by scratching in the presence of BrUTP for 5 min and then immediately fixed (Fig
1B, left) or washed and incubated for further 10 min at +4˚C (Fig 1B, middle), there was no
significant incorporation of the nucleotide. But when the permeabilization was followed by 10
min incubation in the normal conditions (Fig 1B, right), the cells situated along the scratch
track displayed the transcription signal in the nucleoli and nucleoplasm. This result confirmed
that the transcription was efficiently arrested in our experiments at +4˚C.

It is known that pol I and fibrillarin are particularly sensitive to stress, and their redistribu-
tion in the cell nuclei is a common symptom of nucleolar pathology. Therefore, to assess the
effect of cold on the FC/DFC units, which are the centers of rDNA transcription and early
rRNA processing, we transfected the cells with GFP-RPA43 or GFP-Fibrillarin. At the low
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temperature the GFP-Fibrillarin signal did not change significantly, but the intensity of the
RPA43 signal was decreased as average to about 60% of the control level (Fig 2).

Observation of the individual cells also showed that after transferring the cells from the
cold to the normal conditions, the intensity of GFP-RPA43 signal in all FC/DFC units
increased, although the number of the detectable units did not change (Fig 3).

These experiments show that low temperature causes a quick inhibition of the rDNA tran-
scription, as well as significant though not complete depletion of the pol I pools in the nucleoli.

On the other hand, we observe a quick recovery of the cells without any lasting symptoms
of pathology.

2. Synchronization of the nucleolar transcription in HeLa and human
limbal cells by cold treatment
The experiments described in the previous section indicate that at the low temperature the
ribosomal genes are brought to a silent state with a diminished RPA-GFP signal within the
FC/DFC units which implies a decreased number of pol I complexes bound to the genes. This
synchronization procedure was used for the study of the discontinuous expression of the
rDNA in HeLa and LEC cells. Namely, the cells were incubated in cold medium (+4˚C) for 1
h, then transferred to the normal conditions and fixed at different time points from 15 to 150
min with the interval of 15 min. FU was added to the cultivation medium 5 min prior to each
fixation. The transcription signal visualized by antibody was then measured in the nucleoli by
means of the ImageJ plugin software (see Methods). The results are presented in Fig 4.

In all such experiments the intensity of the transcription signal increased during the first 30
min, then began to decrease. Altogether two cycles of rise and fall have been observed within
the period of 150 min, the coefficient of variation (CV) was 0.26. The spectral analysis revealed
a significant peak corresponding to the period of 60 min. Since the interval between the mea-
surements was 15 min, the values of the period may be varying from 45 min to 75 min. An
additional lower peak at 15 min probably reflected a high frequency noise. In the control,
when the cells were kept at 37˚C and fixed at different time points as in the experiment, the
fluctuations of the transcription signal intensity were irregular. CV was only 0.07, and the peri-
odogram had two peaks of low amplitude (compare the left and right parts of the Fig 4). In two
experiments the period of observation was extended to 210 min, but between 150 and 210 min
the fluctuations of the transcription signal appeared irregular with the CV values 0.06, i.e. just
like in the control, which indicated that the synchrony in the cell population was lost. These
results showed that in HeLa cells the activity of pol I transcription machinery was synchro-
nized by the cold treatment for the period of 150 min, but not longer.

The same experimental procedure was applied to the LECs (Fig 5). In this case the first two
cycles were more pronounced and the difference between control and experiment was more
significant (compare Fig 5 and Fig 4). Otherwise, the dynamics of the transcription activity
after the cold treatment proved to be similar in the studied cell lines. In the LECs, the periodo-
gram had a more distinct peak at 60 min, but the synchronization also did not last longer than
150 min. CV was 0.29, i.e. slightly higher than in HeLa cells. It seems worth mentioning that

Fig 1. (A) Transcription in HeLa cells is quickly inhibited at +4˚C and restored at the normal conditions. The transcription signal
(FU incorporation) is accumulated in the nucleoli. The signal disappeared after 15 min of cold treatment (top right); when the cells were
transferred to the normal conditions, the signal was partly restored in 15 min and appeared like in the control in 30 min (bottom). (B)
Incorporation of BrUTP. No significant signal in the cells fixed after the permeabilization immediately (left) or following 10 min of
incubation at +4˚C (middle); when permeabilization was followed by 10 min incubation at +37˚C, specifically labelled cells could be
observed along the scratch track (right). Scale bar: 10μm.

https://doi.org/10.1371/journal.pone.0223030.g001
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our attempt to synchronize the transcription in human fibroblasts failed, for only a few of
these cells recovered quickly enough after the cold treatment.

Fig 2. Following GFP-RPA43 and GFP-Fibrillarin signals in the transfected HeLa cells invivo. The intensity of the GFP-RPA43 signal is reduced after 15min
incubation at +4˚C (left, top) and restored after subsequent 30 min incubation at normal conditions (top, right). The GFP-Fibrillarin signal was not significantly affected
by the cooling/warming procedure (bottom). Scale bar: 5μm.

https://doi.org/10.1371/journal.pone.0223030.g002
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Fig 3. Effects of cooling/warming (as in Fig 2, top) on the FC/DFC units invivoin the transfected HeLa cells. (A)
intensity of the GFP-RPA43 signal in the individual units after 15min incubation at +4˚C (black columns) and after
subsequent 30 min incubation at 37˚C (grey columns). Five cells were observed, and five selected units were followed
in each cell. The error bars show SEM. (B) the total number of the GFP-RPA43 positive units in five cells after 15min
incubation at +4˚C (black columns) and after subsequent 30 min incubation at 37˚C (grey columns). The experiment
indicates that at the low temperature pol I escapes from the FC/DFC units.

https://doi.org/10.1371/journal.pone.0223030.g003
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Thus, our experiments indicated that transcription of the ribosomal genes proceeds in a
wave-like manner, although the employed synchronization procedure is not equally efficient
in various cells.

3. Fluctuation of the pol I signal in the cells synchronized by chilling
To confirm our result by an independent set of data, we used chilling shock to synchronize
HeLa cells transfected with GFP-RPA-43 (see Fig 6). Measuring the intensity of the pol I signal
in the nucleoli of the individual cells, we observed fluctuations similar to those of the transcrip-
tion signal (Figs 4 and 5). The fluctuations had a relatively low amplitude, and the distinct
undulations persisted for no longer than two hours, apparently because only a minor portion
of the pol I molecules within FC/DFC units are engaged in the current transcription, as was
indicated, for instance, in our earlier work.[51] Nevertheless, the initial increase of the signal
intensity during the first 30 min after the cold treatment was followed by a noticeable decrease
during the next half hour, which could not be attributed to the effects of recovery. Together
with the other results of the present study (Figs 4 and 5) this indicates, that fluctuations of the
transcription intensity and pol I levels in the nucleoli are synchronous.

4. Synchronization of the transcription in the nucleoplasm by cold
treatment
When the LECs or HeLa cells were incubated at +4˚C, the transcription ceased completely in
their nucleoplasm as well as in the nucleoli. Measurement of the total FU signal after transfer-
ring the cells from the cold to the normal conditions showed symptoms of synchronization:
the signal in the nucleoplasm increased for 30 min and then began to decrease (Figs 4A, 4C,
5A and 5C). The average intensity of the transcription signal in the nucleoli and nucleoplasm
positively correlated, with the correlation coefficients 0.65 for the HeLa cells and 0.74 for the
LECs. But, as one could expect, the total expression of the nucleoplasmic genes was less syn-
chronized. After the initial recovery and subsequent decrease, the signal became rather noisy.
The CV was 0.17 and 0.19 in the HeLa and LECs respectively. The periodograms showed a not
very distinct peak at 75 min as well as a sharper peak corresponding to higher frequencies. The
second peak probably reflects a noisier character of the fluctuations in the nucleoplasm as
compared to the nucleoli.

5. The FC/DFC units in the course of the transcription fluctuation
Since the measurement of the transcription signal in the whole nucleoli is significantly affected
by the fluorescence between the FC/DFC units, we measured the signal also within the units.
According to the data presented in the sections 2 and 3 (Figs 4 and 5), the intensity of FU sig-
nal in the nucleoli at 15 min and 30 min after the cold treatment may be taken as representa-
tives of the two extreme states of the transcriptional fluctuation in the synchronized cells.
Measurement of the FU signal in the individual FC/DFC units of the LECs and HeLa cells
using the MatLab based software (see Methods) showed an approximately threefold increase

Fig 4. Fluctuation of the intensity of the transcription signal (incorporated FU) in the whole nucleoli and nucleoplasm of HeLa cells after release from
the cold block. (A) Data of the individual experiments and the box-plot chart. (B) Mean values of the transcription signal intensity in the nucleoli after
release from the cold block (left, top) and in the nucleoli of the control cells, i.e. without cold treatment (right, top) In the experiment the signal reaches
maximal values at 30 min, 90 min, and 150 min. The graph shows mean values obtained from 50 cells in one experiment. Such experiment was repeated 8
times. CV- coefficient of variation. The error bars show SEM. The bottom graphs show the respective periodograms for the experiment (left) and control
(right) calculated as amplitudes of the Fourier transforms. The x-axis represents the period (min). (C) Mean values of the transcription signal intensity in the
nucleoplasm after release from the cold block (top) and the respective periodogram (bottom).

https://doi.org/10.1371/journal.pone.0223030.g004
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Fig 5. Fluctuation of the intensity of the transcription signal (incorporated FU) in the whole nucleoli and nucleoplasm of the limbal cells. (A) Data of
the individual experiments and the box-plot chart as in Fig 4A. (B) Mean values of the transcription signal intensity in the nucleoli after release from the cold

PLOS ONE Discontinuous transcription of ribosomal DNA in human cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0223030 March 2, 2020 11 / 18



of the signal intensity between 15 min and 30 min (Fig 7). But the transcription signal never
disappeared from the cells completely, so that the average number of the FU-positive FC/DFC
units did not change significantly (Fig 7B, right chart).

Discussion
In our experiments, when the human derived cells were incubated at +4˚C, transcription in
their nuclei seemed to be arrested completely (Figs 1 and 7). At the same time the pol I signal
in the FC/DFC units of the nucleoli was significantly reduced (Figs 2 and 6), whereas the
amount of fibrillarin, which is an essential component of the early rRNA processing, did not
change significantly (Fig 2). On the other hand, previous studies, including our own, indicate
that the mobile fraction of pol I, apparently responsible for the actual transcription, constitutes
less than a half of the entire pool of the enzyme in the units.[51, 54] Therefore, in all probabil-
ity, the pol I complexes do not “freeze” on their matrices after the arrest of the transcription by
the chill shock, but rather detach themselves and escape from the units. After returning to nor-
mal conditions, the pools of the enzyme are swiftly restored, and the rRNA synthesis in the
cells is synchronized. This effect was used in our work for detection of the pulse-like
transcription.

In our previous work we studied the fluctuations of pol I signal, but could not speak about
the discontinuous transcription otherwise than hypothetically, since the dynamics of this sig-
nal does not necessarily reflect the transcription.[55] Therefore, only after developing the cold/
release method of cell synchronization, we obtained the data related to the transcription fluctu-
ations directly.

In thus synchronized HeLa and LEC cells, we observed a wave-like modification of the
nucleolar transcription signal with two successive peaks (Figs 4 and 5). It should be mentioned,
that the recovery process, which seemed to be limited to the first 30 min after the cold treat-
ment, could not account for the observed dynamics, especially the regularly observed decrease
of transcription intensity after the initial increase, as well as more or less distinct second peak.
In both kinds of cells, the predominant fluctuation period estimated by the spectral analysis
was about 60 min. A similar value of the period was obtained in our previous work for the fluc-
tuations of the GFP-RPA43 signal.[51]. After the two distinct cycles, the waves were damped;
probably because of their irregularity and variability in the individual cells. Nevertheless, our
data indicate that the ribosomal genes are expressed discontinuously, with intervals of 45–75
min between the bursts.

In our review on the discontinuous transcription, we indicated what seemed to be four
main patterns in which this phenomenon may be manifested: the typical busts; the undulating
pattern; the regular pulsing; and the rare transcription events.[1] As mentioned above, the
fluctuations observed in our study do not seem to belong to the regular type. Rare events also
must be excluded, since rDNA transcription is very intensive throughout the entire interphase.
The typical bursts are separated by the relatively long periods of silence. But we observed no
diminishing of the number of FU positive (Fig 7B) or pol I positive (Fig 3) FC/DFC units in
the course of the experiment, although the mean intensity of the incorporated FU signal in the
individual units was greatly reduced at the points of minimal transcription activity (Fig 7B).

block (left, top) and in the nucleoli of the control cells (right, top). The figure is analogous to the Fig 4. But in this case, the undulating pattern in the
experiment (top, right) is more pronounced, and the periodogram related to the experiment (bottom, left) has a more distinct peak at 60 min. The data are
obtained from 8 independent experiments, and in each of them 50 cells were measured. (C) Mean values of the transcription signal intensity in the
nucleoplasm after release from the cold block (top) and the respective periodogram (bottom).

https://doi.org/10.1371/journal.pone.0223030.g005
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Therefore, the observed fluctuation of rDNA transcription most likely belongs to the undulat-
ing pattern, in which the bursts are alternated by periods of relatively rare transcription events.

Additionally, our method of synchronization allowed us to obtain averaged data concern-
ing the fluctuations in the nucleoplasmic genes, since their expression was also inhibited by
the cold treatment. After this procedure, the total transcription signal in the nucleoplasm

Fig 6. Fluctuation of the intensity of GFP-RPA43 signal in the nucleoli of HeLa cells after the cold treatment. The eight successive images of the same transfected
cell photographed every 15 min after the release from the cold block. The intensity of the signal at 15 min as well as at 60 min after the release is visibly lower than at
other points. The graph at the bottom right shows records of the pol I signal intensity in five cells at different time points after the release. Each curve represents one cell.
All curves have two peaks at 30 min and at 90 min or close to it, as in the case of FU incorporation (Figs 4 and 5). Scale bar: 5μm.

https://doi.org/10.1371/journal.pone.0223030.g006

PLOS ONE Discontinuous transcription of ribosomal DNA in human cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0223030 March 2, 2020 13 / 18



showed symptoms of fluctuations with two discernible, though not very distinct, peaks (Figs
4A, 4C, 5A and 5C). Evaluating these results, we have to keep in mind that various nucleoplas-
mic genes in the same cell display a wide range of transcriptional kinetic behavior (reviewed in
Smirnov et al. [1]).[4, 10, 57, 58] Moreover, some of these genes are expressed in typical bursts
with long periods of silence, during which they cannot be detected by FU incorporation. We
should also mention that the status of the nucleoplasmic RNA polymerases at the low temperature

Fig 7. The transcription signal (incorporated FU) in the FC/DFC units of the limbal epithelial cells after the cold treatment. (A) no FU incorporation in the cells
incubated at +4˚C for 15 min (left); a weak FU signal in the cell incubated at 37˚C for 15 min after the chilling (middle); 30 min; completely recovered FU signal in the
cell incubated at 37˚C for 30 min after the chilling (right). Scale bar: 5 μm. (B) the average (from 50 cells) intensity of the FU signal in the individual FC/DFC units
measured in the cells incubated at 37˚C for 15 min and 30 min after the chilling. The increase is statistically significant (P < 0.0001, according to the Student’s t-test)
(left). The average (from 50 cells) number of the FU positive FC/DFC units in the cells incubated for 15 min and 30 min at +37˚C after the cold treatment; the
differences are statistically insignificant (right). The data show an initial quick recovery of the transcription in the units without changing their number (see Fig 5).

https://doi.org/10.1371/journal.pone.0223030.g007
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was not examined in our experiments, and thus we do not know how efficiently the transcription
was synchronized. Nevertheless, the presence of two significant peaks on the periodograms (Figs
4C and 5C) suggests that numerous genes in the nucleoplasm were transcribed in a pulse-like
manner with periods close to 15 min and 75 min.

Thus, our results indicate that ribosomal genes in human cells are expressed discontinu-
ously, and their transcription follows undulating pattern with predominant period of about 60
min.
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