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Abstract 
 

Lung diseases have become a more prominent problem worldwide due to smoking and 

pollution and they are increasingly responsible for elevated mortality and morbidity. Pro-

gressive fibrosis followed by a subsequent loss of functional lung tissue and gas-exchange 

units, are the main causes for chronic lung diseases. In addition, failure to maintain endo-

thelial and epithelial regeneration can also lead to the pathological fibrosis. More research 

is needed to find an alternative solution for the effective repair of lung tissue (Moodley et 

al., 2013). For patients with chronic lung disease, lung transplantation is the only option 

available at present. However, the limited availability of lung donors and possible immu-

nological and surgical complications constrain the wide application of transplantation. Alt-

hough implantation of ex-vivo-produced lung tissue could address the limitations of trans-

plantation, their development has been limited by the lack of models to study the necessary 

developmental roadmaps for ex-vivo production of the required tissues. In this thesis, these 

issues were addressed through a tissue engineering approach whereby human induced 

pluripotent stem cells (human IPSCs) were used to produce type-II pneumocyte. This ap-

proach offers the promise of cure and regeneration of injured and diseased lungs. Several 

researchers attempted differentiation of human IPSCs into type-II pneumocytes using 2-

Dimensional (2D) cell cultures. The novelty of this work resides in the use of 3-Dimensional 

(3D) cultures motivated by the ability to mimic the in-vivo microenvironment. We show 

that alginate beads provide a reduced oxygen environment, better cellular expansion, dif-

ferentiation and functional capacities ideal for the production of Type II pneumocytes. Dif-

ferentiation was induced by stimulating the signalling pathways involved in alveolar epi-

thelia development, forming human IPSC-derived SFTPC+ cells in 3D cultures without the 

need for mesenchymal support and xeno-free contamination (i.e. Matrigel™). These cells 

exhibit the capacity of trans-differentiation of alveolar epithelial type II to type I cells, and 

show additional functional features such as the lamellar bodies specific of type II pneumo-

cytes, and confirmed by immuno-histology using electron microscopy. Furthermore, the 

3D cultures herein developed were comparatively easy to scale up to bioreactors.  Overall, 
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our approach has proved able to promote IPSCs differentiation into Type II pneumocytes 

in a 3D environment using an engineered scaffold in a scalable manner. In the future, the 

strategy herein presented can be used for the generation of distal lung tissue for drug 

screening and disease modelling.  
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Chapter 1 

Introduction 
 

The main aim of tissue engineering is to replicate a material that closely matches and de-

livers the functionality of the original substance (Darling and Athanasiou, 2003). However, 

the selection of human cell sources that can provide sufficient cell numbers for tissue de-

velopment to repair the defects caused by injury or disease presents a huge challenge in 

tissue construction for clinical application. It is, therefore, important to maintain huge 

quantities of undifferentiated cells to supply an adequate starting material for indefinite 

quantities of progenitor and differentiated cells (Chai and Leong, 2007). To achieve this, it 

becomes necessary to combine fundamental engineering and biological knowledge by fab-

ricating a feasible bioreactor that provides a reproducible platform for the production of 

the required cell numbers to meet the clinical requirements. 

Lung epithelial cells that are derived from induced pluripotent stem cells (human IPSCs) 

can potentially be a robust patient-specific source of cells (Ghaedi and Williams, 2015). 

These can reduce the level of graft rejection while removing the need for administration of 

strong immunosuppressive drugs after transplantation (Ghaedi and Williams, 2015). How-

ever, significant improvements are required in terms of optimising the cell source as well 

as the scaffolds used to differentiate them before engineered lungs are translated into the 

clinical setting (Calle et al., 2014). These limitations have been preventing patient access to 

bioengineered lungs which is not anticipated in the near future. 

Although successfully performed before, generation of lung progenitors from human IPSCs 

has yet to be performed in a scalable way, which would fulfil the need to obtain large num-

bers of fully differentiated cells ( Ghaedi and Williams, 2015). In tissue engineering, the use 

of 3D culture systems such as scaffolds or bioreactors allows for the production of the re-

quired cell numbers, something that traditional 2D flask cultures fail to provide (Tomoshi 

2014).Provision of a suitable matrix is necessary to enable culture of anchorage-dependent 



 

     

  

 

23 
 

cells under 3D conditions (Dye et al., 2016). Among the different matrices used for this 

purpose, encapsulation in alginate beads has been proven to be a suitable material mainly 

due to its semi-permeability, allowing for the diffusion of oxygen and nutrients to the cells 

and the elimination of waste products (Miranda 2010). Furthermore, the HARV bioreactor, 

which mimics a state of microgravity without exposing cells to turbulence and high shear 

stress, improves cell-to-cell interaction while providing the required agitation to promote 

gases and nutrients diffusion (Hammond 2001). 

The lung is a complex three-dimensional structure that expresses major differences in the 

composition of the epithelium along the proximodistal axis. The proper organisation and 

proliferation along proximodistal axis is crucial for lung development. The most distal re-

gion of the lung is organized into a complex system of alveoli that are lined by two primary 

epithelial cells types: type I and type II pneumocytes. Type I cells contribute to the majority 

of the alveoli tissue in the lung (covering up to 95% of the alveolar surface area) and are 

primarily responsible for gas-exchange, while type II pneumocytes secrete alveolar surfac-

tants (such has protein C) and organise in a cube-like shape (Rawlins 2006).  

Lung epithelia remains one of the least studied lineages derived from embryonic stem cells 

in-vitro (Siti-Ismail 2012) and to the best of our knowledge, to date, no study has been per-

formed for the direct differentiation of human IPSCs towards lung epithelium using algi-

nate encapsulation and a HARV bioreactor. This technique promises to differentiate and 

expand high numbers of mature lung progenitors as a future autologous therapy for dis-

eases incurring damage to the lung alveolar epithelium. 

In this thesis, a literature review addressing the issues and the clinical need for an alterna-

tive treatment for terminal lung illnesses is provided Chapter 2 with an emphasis on the 

restrictions and disadvantages of the existing platforms, the state-of-art in lung epithelium 

generation, studies using 3D cultures and bioreactor platforms. Chapter 3 will outline the 

necessities of human IPSCs differentiation towards type II pneumocytes lung epithelium 

cells in 3D dynamic cultures and set the overall aim and objectives of this thesis. Chapter 4 

describes the materials and methods used for human IPSCs maintenance culture, the dif-

ferentiation protocols applied, 3D culture preparation and the bioreactor used. Chapter 5 
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shows the maintenance of human IPSCs in culture and the approaches employed to char-

acterize the pluripotency. To this goal, a study on the effect of several culture conditions on 

viability and proliferation of single cells will be considered. The optimization of human IP-

SCs proliferation and self-renewal in both 3D static and dynamic cultures is described in 

chapter 6. Chapter 7 shows differentiation of human IPSCs into Type II pneumocytes in 3D 

cultures and how this method compares to two previously established protocols in 2D 

(Green, 2011; Naujok 2014). The platform presented in chapter 7 has been optimised Chap-

ter 8. Conclusion and critical discussion of the findings of this work are summarized in 

Chapter 9 where future plans will also be outlined. 

Table 1.1 List of the Critical Analytical Procedures used for the Assessments the self-renewal 

and differentiated in 2D and 3D of the Human IPSCs. 

 

THE ASSESSMENTS   

 

ANALYTICAL PROCEDURES 

• MORPHOLOGY 1. Light microscope 
2. TEM 

 

• CELLULAR MARKERS Flow cytometry 

• PROTEIN ANALYSIS 1. Immunostaining 
2. western blot 

• GENE EXPRESSION qRT-PCR 

• CELLS PROLIFERATION 1. CellTiter-Glo 
2. MTS 

• FUNCTIONAL ASSAY TEM 

• VIABILITY LIVE/DEAD Staining 
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Chapter 2 

Literature Review 
 

In this chapter we present the most relevant contributions and the state-of-the-art of lung 

tissue engineering with an emphasis on type II pneumocyte differentiation, cell sources and 

3D cultures. First, the basics of lung development in-vivo are described, followed by an 

overview of the early attempts to derive lung epithelial lineages from pluripotent stem 

cells. Second, we focus on the latest strategies for epithelial differentiation. Third, the cell 

lines used in this study and the corresponding maintenance strategies are reviewed. Fi-

nally, the scaffolds used for 3D cultures and bioreactors are discussed.  

2.1 The Lung Epithelium  

2.1.1 Lung Development 

The human lung’s development entails five stages, namely: embryonic, pseudoglandular, 

canalicular, saccular and alveolar, as depicted in shown in (Figure 2.1.) (Schittny, 2017). 

2.1.1.1 The Embryonic Stage (0-4 embryonic weeks) 

An embryo begins as a single layer that subsequently transforms into a trilaminar structure 

called the gastrula (Cardoso 2001).  The gastrula’s three layers are termed mesoderm, ec-

toderm and endoderm. The outermost ectodermal layer leads to the development of the 

skin and the nervous system; the mesodermal layer leads to the formation of the muscular 

and cardiac systems; and the endodermal layer results in the formation of gastro-intestinal 

(GIT) and respiratory tracts ( Schwarz et al. 2000). This endodermal layer is further sub-

categorised into two segments: the anterior foregut endoderm (AFE) and the posterior for-

got endoderm (PFE). The AFE creates the respiratory system whereas PFE differentiates 

into the GIT and the liver. Previous studies have elucidated the essential genes and tran-

scription factors in lung development. The most primitive genes which initiate endoderm 

development include Nodal/Activin A and Wnt-β-catenin (Cardoso and Williams 2001). 
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These genes interact with each other to induce Sox17, FoxA2 and GATA6 transcription fac-

tors in order to produce downstream signalling that establishes the foundation of the en-

dodermal layer. 

2.1.1.2 The Pseudoglandular Stage (4-16 embryonic weeks) 

The lung produced from AFE is situated in close proximity to the cardiac mesoderm. More 

significantly, the cardiac mesoderm unleashes fibroblast growth factors (FGFs) that play a 

key role in regulating the formation of lung as well as the GIT. High FGF2 levels result in 

lung development, whereas a lower level of FGF2 results in GIT formation (Schwarz et al. 

2000). Sonic hedgehog (Shh) is another major contributory in the lung development sig-

nalling pathway. Shh encodes for a vertebrate homolog belonging to the Hedgehog (Hh) 

family (van Tuyl and Post 2000). Shh is additionally significant in developing the trache-

oesophageal as well as lung-bud septation (Mukasa et al. 1996; Grindley et al. 1997; Lei et 

al. 1998). Moreover, the retinoic acid (RA) and the RA transcriptional factor receptors in-

duce the formation of lung bud and laryngo-tracheal groove. 

During lung morphogenesis, NK2 home box 1 (NKX2.1/TTF-1) gets induced by HNF-3β as 

well as GATA-6 proteins (Price et al. 1990; Bruno et al. 1999; Jones et al. 2011). The NKX2.1 

expression however, is also traced in epithelial cells sourced from the thyroid, lungs, pitu-

itary and foetal brain arising out of AFE (Price et al. 1990) and is therefore, insufficient to 

indicate differentiation into respiratory tract cells conclusively.  

In addition, the interaction of branching lung with the mesenchyme offers additional sig-

nals for the pulmonary developmental branching. One such interaction takes place during 

lung bud development. FGF10 attracts the epithelium into the mesenchyme resulting in 

early bud formation. Shh, along with transforming growth factor-β (TGF- β) prevents the 

production of FGF-10 during the bud’s shaping. This not only inhibits bud proliferation 

(Cardoso 2001), but also leads to cleft formation, which are basically sites that constitute 

the lung’s sub-lobar and lobular branches (Cardoso 2001). Branching morphogenesis is a 

key facet of lung development and is tightly controlled by numerous genes and cell signal-
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ling pathways including the epidermal growth factor (EGF), the TGF, the FGF and the insu-

lin-like growth factors (ILGFs) families. Together, they assume significance in the migra-

tion, proliferation and segregation of cells (Mendelsohn et al. 2000).  

2.1.1.3 The Canalicular Stage (16–25 embryonic weeks) 

In this stage, the respiratory tract begins to grow in length as well as diameter through the 

expansion of capillaries, blood vessels and lymphatic ducts. The vascularisation process 

gets controlled by multiple signalling pathways such as vascular endothelial growth factor 

(VEGF), which also promotes endothelial cell survival and differentiation, while EGF) reg-

ulates ATII cell proliferation and platelet-derived growth factors (PDGFs) are important for 

epithelial and vascular development (Nexo et al. 1992).  

 

2.1.1.4 The Terminal Saccular stage (26-36 embryonic weeks) 

In the saccular stage, the mesenchymal cells begin initiating apoptosis and differentiation, 

leading to thinning of the interstitium (Nakano et al. 2002). The alveolar epithelial cells 

differentiate into squamous type-I pneumocytes (ATI cells) and rounded secretory type II 

pneumocytes (ATII cells) that contain lamellar bodies. In addition, the capillaries develop 

within the surrounding saccules and create a complex network that represents the nascent 

stages of the gas-exchange interface. The lymphatic network develops a parallel network 

to the capillaries (Warburton et al., 2010). 

2.1.1.5 The Alveolar Stage (36 embryonic weeks to childhood) 

Alveolarisation denotes the last stage in the process of lung development with a major pro-

portion of the gaseous exchange surface developing in the final few weeks of a pregnancy. 

After the formation of new saccules, the first alveoli are formed. Between the saccules lies 

the parenchyma, which comprises of a two-fold layer of capillaries that create the primary 

septa. Tiny protrusions begin to form along the primary septa, which subdivide the sac-

cules into smaller-sized subunits, the alveoli. Each alveolus gets nestled by elastic fi-

bres that constitute the interstitial septa between the two capillary nets. This alveolarisa-

tion process continues until the first year and a half (Schittny, 2017). 
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The alveolar duct has a close proximity to the pulmonary capillaries, containing the surfac-

tant that is produced by ATII cells. They also contain pores (known as the pores of Kohn) 

that link them to the adjacent alveoli. The broad organisation of these different components 

allows the interstitial capillaries exposure to two alveoli at the same time. The air/blood 

interface, made out of ATI cells, comprises of an extremely thin basement membrane and 

pulmonary capillary endothelium. 

 

 

Figure2.1 Representation of the five phases involved in lung development.  

Firstly, the embryonic period where lung buds are formed with differentiation into trachea and 

bronchi. Afterwards, the foetal period begins from embryonic week 7 until 36. In this interval the 

formation of lung periphery, appropriate vascularisation, type 1 pneumocyte maturation, and the 

air-blood interface are achieved. The process of lung maturation progresses from week 36 until 3 

years of age where maturation of alveoli, proliferation and expansion are completed. Adapted from 

(Volckaert and Langhe, 2015). 
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2.1.2 Creating lung epithelial cells from human ESCs and human IPSCs 

2.1.2.1 Early Efforts of Using Stem Cells to Generate Type II Cells  

In studies conducted over approximately the last seven years, many laboratories have 

demonstrated that human and mouse IPSCs and human ESCs are capable of differentiating 

towards ATII cells and proximal airway cells. Owing to the significant physiological func-

tion of AT2 cells in vivo coupled with the feasibility of quantifying this function by measur-

ing the secretion and expression of surfactant, many investigators have decided to focus on 

generating AT2 cells from human IPSCs (Ali et al., 2002; Wang et al., 2007; Van Haute et al., 

2009; Banerjee et al., 2012b; Longmire et al., 2012). The generation of additional proximal 

airway epithelial cells like Clara, basal and ciliated cells from human IPSCs or ESCs has 

proven to be a bigger challenge. Therefore, fewer studies have demonstrated differentia-

tion into airway epithelial cells, in spite of the fact that diseases affecting the upper airways 

are more common than those affecting distal and alveolar cells. The generation of cells us-

ing airway epithelial cell phenotypic markers follows the culture of the ESCs  in air–liquid 

interface conditions (Mou et al., 2012; Longmire et al., 2012; Wong et al., 2012; Firth et al., 

2014). 

Initially, lung lineage differentiation protocols were geared to culturing human ESCs in con-

ditions commonly used for the growth of freshly isolated airway and alveolar human cells 

(Banerjee et al., 2012a). The pulmonary orientated media was expected to promote differ-

entiation and survival towards ATI and ATII cells. The protocols detected the expression of 

surfactant protein, which suggested the presence of AT2 cells. However, the cells were typ-

ically present at low levels. In order to circumvent the reduced efficiency as well as heter-

ogeneity, human ESCs were transduced using selection markers like the surfactant protein 

C (SPC) promoter, providing the ability to choose the derived epithelial population, and 

yield a purer population of cells. With a novel approach, Wang et al. correlated the SPC 

promoter to the neomycin resistance gene while using the puromycin selection for the pur-

pose of yielding a >99% pure population of SPC-expressing and ESC-derived  cells (Ali et 

al., 2002; Wang et al., 2007). Van Haute et al. expanded on these results by developing a 20 

day air-liquid interface culture for the purpose of sourcing cells expressing SPC, CC10 and 
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surfactant protein A (SPA) (Van Haute et al., 2009). Although the early attempts marked a 

key advancement in the field, protocols that were guided by surrendering AT2-like cells 

from ESCs have given more specific and consistent results since then. The stepwise differ-

entiation protocols source cells from pluripotent stem cells to anterior foregut endoderm 

and definitive endoderm into a lung-progenitor cell and subsequently via pathways to form 

cells expressing markers of AT2 cells or other forms of epithelium (Figure 2.2). By making 

use of these differentiation approaches, many research groups have highlighted the differ-

entiation of human IPSCs and ESCs towards a range of pulmonary epithelium, including 

AT2 and an additional airway epithelium (Ghaedi et al., 2014; Huang et al., 2013; Longmire 

et al., 2012). 
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Figure 2.2 Stepwise differentiation strategy relating to pulmonary epithelial cell der-

ivation from pluripotent stem cells. 

Depicted vertically is the series of developmental progenitor fates that human pluripotent stem 

cells must pass through to differentiate into respiratory epithelium. The left-hand side of the figure 

demonstrates the critical signalling pathways required for the conversion between developmental 

progenitors. Parentheses indicate a compound that is used only in some differentiation schemes. 

The right-hand side gives alternative lineages that could arise from a given patterning step. Adapted 

from (Green, Huang, and Snoeck, 2013). 
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2.1.2.2 A revised strategy for Epithelial Differentiation 

As noted previously, the embryonic lung is formed by definitive endoderm, which means 

that the appearance of markers linked with this germ layer is a key indicator of pulmonary 

determination. However, in initial stages of ESC research, it became fairly apparent that it 

is significantly more difficult to obtain endodermal lineages compared to mesodermal and 

ectodermal ones. Thus, the focus turned towards developing the means through which en-

dodermal differentiation could be enhanced (Kubo et al., 2004; D’Amour et al., 2005; 

Grapin-Botton, 2008) . 

2.1.2.2.1 Endodermal Induction in human ESCs and human IPSCs. 

Endodermal and mesodermal fates are influenced by the expression levels of the nodal sig-

nalling pathway (Thisse, Wright and Thisse, 2000). Mouse studies indicated that endoderm 

specification is determined by TGF-β family signalling, particularly the secretory protein 

Nodal. Studies on zebra fish demonstrated that nodal signalling specifies endoderm and 

mesoderm in a concentration-dependent manner (Hagos and Dougan, 2007). Among the 

signals that activate the nodal pathway is Wnt signalling. Mouse embryos that lacked nodal 

or beta-catenin (β-catenin) could not form the primitive streak (Funa et al., 2015). This 

indicates that the nodal as well the Wnt signalling pathways work in a synergistic manner 

for endoderm formation (Huelsken et al., 2000; Ben-Haim et al., 2006). 

Many research groups have used the knowledge of these pathways to promote endoderm 

differentiation from stem cells in-vitro. However, owing to the restricted availability as well 

as high price of the nodal protein, most groups presently utilise Activin A instead. Activin 

A is a signalling protein involved downstream in the nodal signalling cascade responsible 

for inducing a definitive endoderm phenotype in ESCs. As per initial experiments con-

ducted with murine ESCs (Kubo et al., 2004a; Yasunaga et al., 2005) and in human ESCs ( 

D’Amour et al., 2005). Differentiated endoderm can be produced from ESCs with high levels 

of Activin A under low-serum conditions. The low-serum environment has been suggested 

to restrict phosphatidylinositol-3-kinase (PI3k) activity, a requirement for definitive endo-

derm formation (McLean et al., 2007). By leveraging this specific model, numerous labora-

tories have been able to generate protocols pertaining to endoderm induction (Kubo et al., 



 

     

  

 

33 
 

2004; Amour et al., 2005) . Efficacies however, have been shown to be highly variable and 

dependent on the cell lines that were used. The analysis of a number of transcription fac-

tors that are expressed downstream of Nodal/Wnt signalling has been used to gauge the 

success of endoderm specification in the above protocols. Forkhead transcription factors 

that belong to the FoxA family as well as GATA factors are the key factors of the endodermal 

network. Many family members of these transcription factors are expressed in mesoderm 

or endoderm across a number of species. GATA factors are expressed in mesendoderm (is 

a state that precedes DE further specification) and are required for endodermal differenti-

ation. In vertebrates, other important players of the Nodal network downstream include 

MIX, SOX17, and many allied genes such as C-KIT, CXCR4, GATA4, GATA6, and EpCAM. 

These are expressed in endoderm and can be used as markers to assess appropriate differ-

entiation ( Green et al., 2011; Longmire et al., 2012; Ghaedi et al., 2013). 

2.1.2.2.2 Anterior Foregut Endoderm Induction in human ESCs and human IPSCs  

Following the formation of definitive endoderm within the embryo, the endoderm gets 

folded into a primitive gut tube from which many organs eventually bud following ante-

rior-posterior patterning (Green et al., 2011) . Studies that examine in vitro germ layers 

characterise the signals entailed in developmental specification, and have demonstrated 

that endodermal differentiation into varying organs is triggered by signals arising from the 

adjacent ectoderm and mesoderm (Teo et al., 2011). The primary step in the context of lung 

formation happens to be the appearance of basic lung buds from the ventral-lateral com-

ponent of the foregut. The lung buds express NKX2.1 (a transcription factor containing 

homeodomain) at high levels. This is earliest known marker linked with pulmonary lineage 

commitment (Cardoso and Lü, 2006). However, NKX2.1 is also linked with the commitment 

to thyroid lineage and does is not expressed in lung until the lung progenitor differentiation 

stage (Constam and Robertson, 2000; Green et al., 2011). 

As per the report from Green on human ESCs or human IPSCs (Green et al., 2011), as well 

as that of Longmire relating to mouse ESCs (Longmire et al., 2012), the inhibition of TGF-

β/BMP signalling resulted in increased formation of AFE. In their studies they used high 

levels of Noggin to inhibit bone morphogenetic protein (BMP) signalling and SB141524 to 
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inhibit TGF-β. This AFE may subsequently be differentiated into the cells that express 

markers of lung, thymus and thyroid (Mou et al., 2012; Ghaedi et al., 2013; Longmire et al., 

2012) . 

2.1.2.2 Generation of Lung Progenitor Cells by leveraging (AFE) 

Numerous signalling pathways are entailed in differentiating AFE into lung progenitor cells 

during the process of their development. Signalling molecules as well as pathways that in-

clude Nodal, TGF-β, FGF, BMP, Notch, RA and Wnt play important roles in differentiating 

the AFE into the lung (Kaza et al., 2002; Goss et al., 2009). Expression gradients in signalling 

molecules result in dose-dependent responses on the foregut’s anterior-posterior axis 

(Ghaedi, Niklason and Williams, 2015). The role of these signalling pathways and molecules 

is described in further details in (Figure 2.2).  

2.1.2.2.1 BMP 

BMPs refer to a family of molecules.  Their signalling remains active within the foregut en-

doderm’s ventral region in vivo, resulting in a rise in NKX2.1 during the process of anteri-

orisation by suppressing SOX2. During the course of lung development, BMP4 is expressed 

distally whereas BMP7 is expressed in closer proximity to the airway. BMP7 promote the 

formation of respiratory structures, such as the trachea and proximal epithelium (Mou et 

al., 2012;l Morrisey & Hogan, 2010; Mou et al., 2012; Ninomiya et al., 2013). 

2.1.2.2.2 Wnt Signalling 

According to a number of studies, Wnt signalling plays a key role in patterning anterior 

endoderm and is important to induce NKX2.1 expression in vivo (Shu et al., 2005; Goss et 

al., 2009).  The Wnt pathway is effective in promoting endoderm specification within mam-

mals by stimulating the Nodal pathway during the course of embryogenesis. Both Wnt and 

BMP unite to regulate the endodermal formation and lung specification. A sequential posi-

tive feedback loop develops between Wnt signalling and BMP, with each being capable of 

activating the other. Both Wnt signalling and BMP are activated by Nodal (Huelsken et al., 

2000; Grapin-Botton, 2008). 
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2.1.2.2.3 FGF 

Different FGF family members (like FGF-2, FGF-10 and FGF-7) influence the lung’s pattern-

ing in addition to the proximal-distal axis from their locations within the mesenchyme 

(Kaza et al., 2002). FGF signalling, in addition to BMP4 and Wnt signalling, is needed for 

specifying lung endoderm from the anterior foregut. FGF signalling is concentrated at the 

distal branching tips. FGF-10 signalling is crucial for growth induction in the lung bud, 

while FGF-7 is important in the context of proximal airway formation (Ameri et al., 2009; 

Mou et al., 2012). 

2.1.2.2.4 RA  

This metabolite assumes significance for adequate lung morphogenesis as well as the seg-

regation of lung epithelium. RA signalling plays an important role in early lung bud for-

mation as well as subsequent branching (Malpel, Mendelsohn and Cardoso, 2000; Desai et 

al., 2006). 

During the process of lung development, the timing and concentration of all factors will 

undergo changes at numerous stages. Distal FGF-2 and FGF-10 get substituted by proximal 

keratinocyte growth factors (KGF or FGF-7), during the course of proximal-distal specifica-

tion whereas Wnt signalling gets inhibited within the proximal stalk progenitors and not 

in the distal tip (Huelsken et al., 2000; Shu et al., 2005). RA is another important factor for 

the development of lung bud, with RA concentration being comparatively higher in the 

proximal stalk region when compared to the distal tip region (Ameri et al., 2009). High RA 

signalling stymies the development of distal lung and promotes proximal airway develop-

ment (Morrisey and Hogan, 2010) 

Finally, by applying all above mentioned signalling pathways that are known to play a role 

in in-vivo lung development, researchers are now attempting to implement the same sig-

nalling pathways in-vitro to differentiate pluripotent stem cells into lung epithelium, with 

a reasonable degree of conformity (Mauck et al., 2000; Green et al., 2011; Mou et al., 2012; 

Longmire et al., 2012; Ghaedi et al., 2013). A method to pattern anterior foregut endoderm-

like cells that were derived from human ESCs or  human IPSCs to AT2 cells has been devel-

oped by combining Wnt3a, BMP4, EGF, FGF-10 and RA in human PSCs culture (Michael D 
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Green et al., 2011). A method for generating lung progenitor cells expressing NKX2.1 

through the combined activation of BMP, FGF and the Wnt signalling pathways in mouse 

IPSCs has been described and optimised (Longmire et al., 2012). By making use of the 

growth factors cocktail that contain FGF10, Wnt, KGF, EGF and RA, could be generated a 

comparatively homogeneous population of ATII-like cells derived from human IPSC 

(Ghaedi et al., 2013, 2014; Huang et al., 2013). In addition, the exposure of ATII-like cells to 

IWR-1, which is a small molecule inhibitor of Wnt/β-catenin/ Creb-binding protein (CPB) 

transcription altered the ATII-like phenotype into a primarily ATI-like phenotype (Ghaedi 

et al., 2013, 2014). 

While a large part of research has focused on differentiating human IPSCs as well as human 

ESCs into distal epithelium, a few protocols to differentiate human IPSCs and human ESCs 

into airway epithelial cells have also been applied. FGF-2, BMP4 and Wnt were shown to be 

important for the maturation of NKX2.1+ lung progenitors matured into NKX2.1+SOX2+ 

proximal progenitor cells as well as NKX2.1+P63+basal-like cells in vitro. This was induced 

by a cocktail of growth factors containing BMP7, KGF and high concentrations of RA (Mou 

et al., 2012). It has also been demonstrated that human pluripotent stem cells are capable 

of differentiating into CFTR-functional conducting airway epithelium through the combi-

nation of FGF, Wnt, and BMP signalling pathways (Wong et al., 2012) (Table 2.1). 
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Cell line Before 
definitive 
endoderm 
induction 

Definitive 
endoderm 
induction 

Anterior 
foregut 
endoderm 
induction 

Lung 
progenitor 
induction 

Further 
Maturation 

Airway 
Specification 

Type II 
specification 

Method of 
verification 

Reference 

W4/129S6 
with a 
knock-in 
GFP re-
porter 
gene for 
NKx2.1 

-- Suspension of EBs. With 
50 ng/ml Activin in 
75% IMDM/ 25% 
Ham’s Modified F12 
medium. 5 Days 

Adherent culture 
on gelatin-coated 
plate with 100 
ng/ml Noggin 
(R&D) and 10 µM 
SB431542 in 
cSFDM. 1 Day 

100 ng/ml mWnt3a, 10 
ng/ml mKGF, 10 ng/ml 
hFGF10, 10 ng/ml 
mBMP4, 20 ng/ml 
hEGF, 500 ng/ml 
mFGF2 and 100 ng/ml 
Heparin in cSFDM. Days 
7–15. mFGF2 (500 
ng/ml), hFGF10 (100 
ng/ml), and 100 ng/ml 
Heparin. 6 days 

15 mM HEPES (pH 7.4) 
+0.8 mM CaCl2 +0.25 % 
BSA + 5 µg/ml insulin + 
5 µg/ml transferrin + 5 
ng/ml Na selenite + 50 
nM Dexamethas one + 
0.1 mM 8-Br-cAMP + 0.1 
mM IBMX + 10 ng/ml 
KGF in Ham's F12 me-
dia. 3 days. 

-- -- SPC, CC10, Ctfr, 
Foxj1 

Longmire, et al., 2012 

CA1, CA2, 
H9 

PSCs were har-
vested, gently 
triturated into 
single-cell sus-
pensions and 
seeded onto 
transwells 

100 ng/ml activin A in 
DMEM/F12 + 20% 
KoOR for 5 Days. Serum 
concentrations varied, 
0.5% most effective. 
Adapted from D’Amour, 
K.A. et al. 

500 ng/ml FGF2 
and 50 ng/ml SHH 
in Endoderm Dif-
ferentiation me-
dium. 5 Days. 

50 ng/ml FGF10, 50 
ng/ml KGF (FGF7) and 
5 ng/ml BMP4. 5 Days 

10 ng/ml FGF10, 10 
ng/ml FGF7 and 10 
ng/ml FGF18. 5 Days 

FGF18 (10 
ng/ml) in 
BEGM. 10 Days. 
 
Cells air-lifted 
and bronchial 
air -liquid inter-
face media 
added to bottom 
of transwells. 
≥15 Days 

-- Functional 
CTFR expres-
sion 

Wong, et al., 2012 

C1, C2 -- 100 ng/ml activin A in 
RPMI medium for 2 
Days. 100 ng/ml activin 
A, 1×B27 supplement, 
0.5 mM sodium butyr-
ate, and 0.1% FBS in 
RPMI. 4 Days 

200 ng/ml NOG-
GIN, and 10 mM 
SB-431542 in 
IMDM +5% FBS for 
2 days. 

-- -- -- -- -- Ghaedi, et al., 2013a. 

RUES2, 
Sendai Vi-
rus and 
modified 
mRNA 

Cells tryp-
sinized to form 
EBs on low-at-
tachment 
plates. 

Y-27632, 10 µM, BMP4, 
0.5 ng/ml, bFGF, 2.5 
ng/ml, Activin A, in 

EBs dissociated to 
single cells. 1.5 µM 
Dorsomorp hin di-
hydrochl oride, 10 
µM SB431542. 2 

CHIR99021, 3 µM 
FGF10, 10 ng/ml, FGF7, 
10 ng/ml, BMP4, 10 
ng/ml, +/− EGF, 20 

*CHIR99021, 3 µM, 
FGF10, 10 ng/ml, FGF7, 
10 ng/ml, BMP4, 10 
ng/ml, and ATRA, 50 nM 
or CHIR99021, 3 µM, 

*Same as previ-
ous +/− 50 nM 
dexamethasone, 
0.1 mM 8-
bromo-cAMP 

-- MUC1, MUC2, 
EPCAM, p63, 
ABCA3, CC10, 
MUC5B, SPB, 
HOPX, proSPC, 

Huang, et al., 2014 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R51
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generated 
human 
dermal fi-
broblasts 
iPSC lines 

Y-27632, 
BMP4 (3 
ng/ml) added. 
24 h. 

DMEM/F12− B27. 3–5 
Days 

Days or 1 Day 
and.10 µM 
SB431542 and 1 
µM IWP2. 1 Day 

ng/ml, ATRA 0–1 µM in 
SFD for 8–10 days 

human FGF10, 10 
ng/ml, human FGF7, 10 
ng/ml Days 15–25 

and 0.1 mM 
IBMX 

PDN, FOXJ1, 
AQP5 

C1, C2 -- 100 ng/ml activin A in 
RPMI medium for 2 
Days. 100 ng/ml activin 
A, 1×B27 supplement, 
0.5 mM sodium butyr-
ate, and 0.1% FBS in 
RPMI. 4 Days 

100 ng/ml NOG-
GIN, and 10 mM 
SB-431542 in 
IMDM +5% FBS for 
2 days. 

Retinoic acid (0.5 µM), 
FGF-10 (10 ng/ml), EGF 
(10 ng/ml), 
 
Wnt3a (100 ng/ml), 
and KGF (10 ng/ml) in 
IMDM +10% FBSfor 10–
14 days 

Maintained and differ-
entiated to Type II cells 
in Celprogen’s complete 
Human type II media 
until use. 

-- (Type II to Type I) 
 
Cells cultured in 
rotating bioreac-
tor simulating an 
air-liquid inter-
face in DMEM-
10% FBS. 7 Days. 
Or IWR-1 
(100mM) or ICG-
001 (5mM) in 
DMEM + 10% 
FBS. 7 Days. 

qRT-PCR for 
SPC, SPB and 
SPA 
 
Flow cytometry 
or ICC for 
Nkx2.1, 
proSPB, 
proSPC, SPA, 
SPC, T1α, AQ5, 
caveolin-1, 
CD54-PE 

Ghaedi, et al., 2013b.  

Patient fi-
broblasts 
reprogram 
med with 
lentivirus 
and CRE 
excision 

EBs generated 
in ultra-low at-
tachment 
flasks in IMDM 
+ 15% FBS. 6–
10 Days. 

Single cell suspension 
of iPSCs in coated 
transwell insert with 
ROCK inhibitor for 24 
hours. Activin A 
(100ng/mL) and Wnt3a 
(25ng/mL) in RPMI me-
dium. Day 1. Activin A 
(100ng/mL) in RPMI 
+1% FBS. Days 2–3. 

SB431542 
(500nM) and Nog-
gin (20ng/ml) in 
Ultra MEM-ITES 
+2% FBS. Day 4. 
SB431542 
(500nM) and 
BMP4 (5ng/ml) in 
Ultra MEM-ITES 
+2% FBS. Days 5–
9. 

BMP4 (5ng/ml), FGF2 
(10ng/ml), FGF10 
(10ng/ml), and KGF 
(10ng/ml), in Ultra 
MEM-ITES +2% FBS. 
Days 9–17. 

-- Epinephourine 
(1.5 µM), RA 
(10nM), trans-
ferrin (2.5 
µg/ml) and hy-
drocortisone 
(20nM) in 
DMEM-F12. Day 
17+. 

-- Patch-clamp 
electrophysiol-
ogy for CTFR. 
qPCR, IHC, ICC 
for CTFR, CC10, 
ZO-1, NKx2.1, 
MUC5A/C, SPD, 
ECAD 

Firth, et al, 2014 

mESC, 
human 
CF in-
duced-
pluripo-
tent 
cell lines 

EB formation Advanced DMEM 
medium, 2% B-27mi-
nus vitamin A, 0.05% 
Albumax II Gluta-
max, 10 M Y-27632 
for 5 days 

Advanced 
DMEM, 0.5–
10µM A8301 for 
2 days 

Advanced DMEM, 
50ng/ml BMP4, 
100ng/ml FGF2, 50–
10 nM GSK3iXV for 
2–3 days 

Advanced DMEM, RA 
supplemented B27, 
50ng/ml BMP7, 
50ng/ml FGF7, 
100nM IWR-1, 1–2 µ 

-- -- NK2.1+, 
SOX2+ 

Mou, et al 2012 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R50
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4452199/#R19
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Table 2.1. Summary of published step-wise differentiation protocols for lung epithelial cells from iPSC.  

Adapted from (Ghaedi, Niklason and Williams, 2015).

and em-
bryonic 
cell lines 
(HUES-3 
and 
HUES-9)  

M  PD98059 for 2 
days PD98059 for  
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2. 2 Cell sources 

2.2.1 Human pluripotent stem cells (human PSCs) 

Stem cell research is not new. In 1963, Ernest McCulloch and James Till, “with Andy 

Becker and Lou Siminovitch, reported on the presence of self-renewing cells within the 

bone marrow of mice and postulated that these cells were regenerative stem cells 

(BECKER, McCULLOCH and TILL, 1963). Based on this work, stem cell research grew and 

by the end of the decade patients suffering from severe immunodeficiency “were treated 

using bone marrow transplants” (BECKER, McCULLOCH and TILL, 1963). In 1974, Evans 

and co-workers showed that embryonic carcinoma cells could differentiate into cells 

from each of the three embryonic germ layers; ectoderm, mesoderm and endoderm. In 

1981, these researchers generated pluripotent murine ES cells from normal tissues which 

when combined with the development of human ES cells by Thomson in 1998 (Thomson 

et al., 1998) represented major advances in tissue engineering. ES cells became a new 

source of cells for tissue engineering leading to the development of several ES cell differ-

entiation approaches. Previous research had already suggested that individual transcrip-

tion factors, when deleted or overexpressed, could induce cell fate alterations in somatic 

cells. For instance, an overexpression of the transcription factor MyoD (protein that plays 

a major role in regulating muscle differentiation) has been shown to facilitate the conver-

sion of fibroblasts to myogenic cells (Davis, Weintraub and Lassar, 1987). It was also 

demonstrated that mouse B-cells were reprogrammed into progenitors, resulting in a 

hematopoietic lineage following the removal of Pax5 (Busslinger et al., 1999). In the case 

of ESCs, transcription factors can lead to segregation into a certain lineage. Takahashi et 

al. were able to produce human IPSCs directly from human dermal fibroblasts (HDFs) in 

2007 (Takahashi et al., 2007). These HDFs were then transduced with retroviruses that 

contained human SOX2, OCT4, KLF4 as well as c-MYC. However Yu et al. was keen to 

evade the usage of oncogene c-Myc, they attempted to trace other factors for the purposes 

of reprogramming human cells (Yu et al., 2007). At day 30, human ES-like colonies be-

came disaggregated and expanded onto SNL feeder cells, causing the establishment of flat 

colonies of cells that had a morphology similar to that of human ESCs. Many similarities 

have been found between human ESCs and human IPSCs, such as ESC-specific promoter 

activity, surface marker expression, in vitro differentiation, telomerase activity and pro-
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liferation, as along with teratoma formation. However, DNA microarray analyses have in-

dicated that while gene expression profiles are similar, they are not exactly the same for 

human ESCs and IPSCs (Takahashi, Tanabe et al. 2007).  

Based on the prmise that human ESCs are capable of reprogramming myeloid precursors 

via cell fusion (Yu et al., 2006), a list of genes was prepared that constituted a component 

of pluripotency, enriching expression in human ESCs as opposed to the expression ob-

served in myeloid precursors. Four genes - SOX2,  OCT4, NANOG 18 and LIN28 - from the 

original set of 14 genes were identified as candidates to reprogram human somatic cells 

into human IPSCs (Yu et al., 2007). The removal of either SOX2 or OCT4 from this set did 

not lead to the emergence of any ES-like colonies, while the elimination of LIN28 or 

NANOG was not seen to be important in the formation of ES-like colonies, although it did 

manage to improve the efficacy of the entire reprogramming process. These human IPSCs 

created by the transduction of foetal and new-born foreskin fibroblasts through this par-

ticular set of transcription factors featured telomerase activity, normal karyotypes, ex-

pression of ESC surface markers, as well as genes characterising ESCs, exhibiting a com-

parable methylation pattern to human ESCs and formation of all three germ layers in ter-

atomas (Guenther et al., 2010).  

Due to their importance as a great source of cell properties, human pluripotent stem cells 

(PSCs) are very promising for cell-based therapies, drug discovery, disease modelling, 

and pharmaceutical applications (Daley, 2012; Engle and Puppala, 2013) (Figure 2.3). 
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Figure 2.3 Isolation/differentiation of stem cells for the purpose of tissue engineer-

ing and regenerative medicine.  

It is possible to derive multipotent stem cells directly from numerous human tissues, including, 

blood, bone marrow, muscle as well as adipose tissue. Meanwhile pluripotent stem cells can also 

be obtained from the blastocyst’s inner cell mass or reprogramming cells that were previously 

segregated to a pluripotent state by utilising specific factors (such as induced pluripotent stem 

cells). Multipotent stem cells can be differentiated into many different types of cells and only a 

few are displayed here (source :Bean & Tuan, 2013). 

 

There have been many attempts to develop new methods for cultivating human PSC cul-

tures to meet the growing demands in regenerative medicine and drug discovery, since 

maintaining a high-quality of human PSCs is critical for their subsequent applications.  

However, in spite of the rapid progress made in developing new human PSC culture meth-

ods, there are still many challenges which need to be addressed in future application pro-

cesses. These challenges include: (1) a lack of standardized protocols for specific applica-

tions; (2) an absence of efficient assays to monitor cellular stress induced by suboptimal 
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growth conditions and excessive apoptotic and spontaneous differentiation signals dur-

ing cell processing; and (3) the impurity or heterogeneity of propagated cells (Serra et al., 

2012; Stewart et al., 2006). 

 

2.2.2. Maintain (human PSCs) in vitro 

Research has already shown that unlike mouse embryonic stem cells (mouse ESCs), 

which rely on BMP-4 and Stat3 in the presence of leukemia inhibitory factor (LIF) for 

self-renewal (Ying et al., 2003), both human ESCs and IPSCs depend on cooperation be-

tween different signalling pathways that are related to basic fibroblast growth factor 

(FGF-2), Noggin, Activin/Nodal, and TGF-β pathways (James et al., 2005; Vallier et al., 

2005; Wang et al., 2005; Xiao et al., 2006; Xu et al., 2005). Thus, the pluripotent state of 

mouse ESCs and human PSCs are quite different, with mouse ESCs and human PSCs being 

described as representing naive and primed pluripotent states, respectively (Nichols and 

Smith, 2009; Ying et al., 2008). Generally, mouse ESCs can passage and grow as single 

cells, whereas human PSCs when detached as single cells experience a drastic loss of via-

bility (Claassen, Desler and Rizzino, 2009). Thus, human PSCs are normally cultured as 

clusters and grow as colonies and aggregates. Therefore, different culture methods are 

required to support the growth of murine ESCs and human PSCs in-vitro (Schnerch, 

Cerdan and Bhatia, 2010).  

2.2.2.1 Growth Medium for (human PSCs) Culture 

The culture medium formulation is one of the most critical components of human PSC 

cultures, and it has undergone significant evolution since the first used of those cells 

(Thomson et al., 1998). The goal for the therapeutic use of human PSC is to develop a 

serum-free, xeno-free, and chemically defined medium, suitable for growing almost all 

types of human PSC lines. The first attempts to culture human ESC relied on media for-

mulations containing fetal bovine serum (FBS) and undefined/conditioned secretory 

components from mouse embryonic fibroblasts (MEFs). Since then, scientists have estab-

lished more standardized and better-defined formulations to replace xenogeneic ele-

ments (Genbacev et al., 2005; Li et al., 2005). A chemically defined medium with Activin 

A, Nodal, and FGF-2 was used to propagate human ESCs (Vallier et al., 2005). The Knock-

out Serum Replacement (KSR) medium supplemented with FGF-2 is also widely used 



 

     

  

 

44 
 

with to support feeder-based human PSC culture, and the TeSR1 defined culture medium 

containing FGF-2, lithium chloride (LiCl), γ-aminobutyric acid (GABA), TGF-β, pipeolic 

acid, serum albumin and β-mercaptoethanol was developed by Thomson and colleagues 

for use in feeder-free conditions (Levenstein, et al., 2006). More recently, Thomson and 

co-workers developed the chemically defined E8 medium, a derivative of TeSR1 contain-

ing eight components apart from serum albumin and β-mercaptoethanol. The uses of  E8 

medium has improved the culturing of human IPSC and human ESC lines, leading to  

greater improvement in episomal vector-based reprogramming  effectiveness  and ex-

perimental consistency in human IPSCs (Xu et al., 2002; Chen et al., 2010). 

2.2.2.2 Extracellular Matrix (ECM) 

Various extracellular matrix (ECM) proteins regulate and support human PSC self-re-

newal or lineage commitment (Bram et al., 2008c; Rodin et al., 2010; Xu et al., 2001). Vit-

ronectin; an ECM protein, has been identified as an important substrate to sustain the 

self-renewal of human ESCs via adhesion of αVβ5 integrin (Braam et al., 2008c). Substan-

tial evidence exists in support of the impact of specific laminin isoforms on sustaining 

long-term human PSCs growth. Through plating human PSCs cell clumps on coated hu-

man recombinant laminin-511 cell culture dishes, researchers found that single laminin 

isoform maintains self-renewal of human PSCs for more than 20 passages. This protocol 

uses a single undefined component and is free from animal products and feeder cells. This 

protocol can also produce unified human PSCs that potentially suit future therapeutic use 

(Domogatskaya, Rodin and Tryggvason, 2012). However, the use of laminin for human 

PSCs maintenance and expansion is, unfortunately, limited at the current state due to the 

high cost of obtaining it at a high purity. New methods are in development to stimulate 

the impact of ECM proteins on the growth of human PSCs. 

 

2.2.2.3 Environmental Indications 

There are a number of environmental factors that promote human PSCs growth, such as 

temperature, humidity, rigidity of growth surfaces, cell density, oxygen tension, and 

modes of multicellular associations (Chen et al., 2014).  
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For instance, the development of human embryos occurs in a hypoxic environment 

(Sharp and McKay, 2013a). Therefore, mimicking these conditions is a promising ap-

proach in culturing human ESCs. It has been shown that low O2 tension (∼2%–3% O2) 

plays a crucial role in maintaining cells self-renewal and differentiation states (Catherine 

E Forristal et al., 2010a) . However, conventional human ESCs culture has traditionally 

been done under normoxia (i.e., 21% O2). 

2.2.2.3.1 Hypoxia 

Molecular oxygen serves as a metabolic substrate as well as a signalling molecule for cells 

both in-vitro and in-vivo. Tissues and cells respond to low O2 concentrations, known as 

hypoxia, through the hypoxic response (Raval et al., 2005). Its impact on stem cell differ-

entiation, self-renewal, and ultimately function in-vitro is not entirely understood, how-

ever, primarily because of the fact that this signal differential effects are cell type and 

oxygen concentrations-dependent. 

In the case of mammals, this hypoxic response signalling pathway is activated by hy-

poxia-inducible factors (HIFs), which catalyse a series of transcriptional events that re-

sult in increased protein levels, as seen for VEGF and erythropoietin (Semenza and Wang, 

1992; Levy et al., 1995). Hypoxia-responsive gene products improve survival rates in low 

O2 conditions by stimulating O2 diffusion into the cell and modifying the pathways of in-

tracellular metabolism. The regulation of the hypoxic response happens to be a heavily 

regulated process. The HIFs include HIF-α (HIF-1α, HIF-2 α or HIF-3 α) and HIF- β (ARNT 

[HIF-1β], ARNT2 [HIF-2β], or ARNT3 [HIF-3 β]) subunits. Though HIF-1α is believed to 

feature mainly in the adaptation of cells to hypoxia during the initial stages of hypoxia, 

both HIF-2α and HIF-3α are known to be linked to stabilise longer responses (Forristal 

et al., 2010a). Under normal physiological conditions, these HIF subunits are degraded in 

an O2-dependent process (Foxler et al., 2012). Furthermore, under hypoxic conditions, 

HIF-  becomes stabilised and is capable of translocating into the nucleus where it acti-

vates downstream targets that contain singular or multiple hypoxic response element 

(HRE) within their promoter regions of HIF1 target. HIF-1  is ubiquitously expressed and 

is regarded as the most frequent signal transducer of acute hypoxic responses (Raval et 

al., 2005). Both HIF-2α and HIF-3α are expressed in a tissue-specific manner whereby 

they outcompete HIF-1α in binding to HIF-1α, either by activating alternative down-

stream targets (HIF-2α) (Raval et al., 2005) or splaying the role of splice variants with 
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dominant-negative characteristics (HIF-3 α) (Heikkilä et al., 2011). While mammalian cell 

culture O2 levels are approximately 21%, physiological O2 concentrations are tissue-spe-

cific and lie within the range of 3 to 5% (Csete, 2005). Over the past decade, low oxygen 

levels (typically < 5%) have been found to correlate with stem cell niches in embryos and 

adult organs. A reduction in oxygen concentration causes slow cycling and self-renewal 

of cells while preventing long-term DNA damage induced by reactive oxygen species 

(ROS). Another evidence of the adaptation of stem cells to hypoxic environments is their 

less abundant and less active mitochondria compared to differentiated cells (Romero-

Moya et al., 2013). 

2.2.2.3.1.1 Hypoxia role in pluripotency: 

Research on the role of hypoxia in the context of embryogenesis has pronounced impli-

cations for the manner in which pluripotent stem cells are maintained undifferentiated 

in vitro (Forristal et al., 2010b). Pluripotent stem cells include human ESCs and the re-

cently derived human IPSCs. Based on culture conditions, these cells will either maintain 

pluripotency or be segregated into various cell types from all the three germ layers men-

tioned before (Thomson et al., 1998). Thus, pluripotent stem cells hold the promise of 

being utilised in cell-based therapeutic strategies.  

There is also increasing evidence that environmental O2 concentrations are suboptimal 

in the context of human ESC cultures. Human ESCs have been observed to expand at a 

faster rate when they are cultured in low O2 conditions – thus mimicking in utero  condi-

tions (5% O2) – as opposed normoxic conditions (Forristal et al., 2010a). Additionally, 

significant hikes in expression of OCT4, SOX-2, and NANOG have been found at the mRNA 

as well as protein levels as O2 concentrations are lowered. Mechanistically, both HIF-2α 

and HIF-3α, but not HIF-1α, were demonstrated to upregulate the expression of the above 

genes (Forristal et al., 2010b) (Figure 2.4). HIF-2 α has been additionally observed to im-

pact the cellular morphology, with a loss of HIF-2 α resulting in huge areas of differentia-

tion within ESCs colonies (C. E Forristal et al., 2010a). Analogously, Ezashi et al. showed 

that differentiation introduced by knockout of OCT-4 and SSEA-4, was reduced under O2 

concentrations of 5% (or lower) versus 21% (Ezashi, Das and Roberts, 2005). 

The positive effect of hypoxia on pluripotency, as seen in numerous studies, is best ex-

plained by showing that SOX-2, OCT-4 and NANOG regulation by HIF-2  (Ji et al., 2009; 
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Moreno-Manzano et al., 2010; Forristal et al., 2013). HIF-2α binds the promoter of OCT-4 

directly via chromatin immunoprecipitation, induced its expression at lower than 1.5% 

O2 in renal clear cell carcinoma cells as well as 293T human embryonic kidney cells 

(Covello et al., 2006). In a similar manner, Moreno-Manzano et al. identified a HIF-2  

binding site within the Sox-2 promoter, demonstrating that the element of binding rises 

after being exposed to 1% O2 ( Moreno-Manzano et al., 2010). Additionally, the expres-

sion of NANOG was demonstrated to be much lower after HIF-2α inhibition (Forristal et 

al., 2013), thereby demonstrating that hypoxia does support pluripotency through nu-

merous mechanisms (Figure 2.4). 

Mouse ESCs on the other hand, have been observed to lose pluripotency after being ex-

posed to 1% O2 (Jeong et al., 2007), apart from experiencing reduced proliferation and 

cell viability upon exposure to 2% O2 (Fernandes et al., 2010). This disparity could be 

interpreted through the involvement of different signalling pathways for maintaining 

pluripotency between these two species. This hypothesis is corroborated by HIF-1α -in-

duced LIF receptor downregulation (Jeong et al., 2007). Human ESCs are not thought to 

be impacted by this as LIF signalling has been found to be non-essential for human ESC 

pluripotency. 

Despite the many advances with IPSCs reprogramming technology over the past few 

years, the rates of derivation continue to be not efficient. Thus, certain research groups 

are exploring the role of hypoxia in enhancing the reprogramming process. Within this 

area, initial findings have merited much promise.  For instance, four days of hypoxic treat-

ment led to a fourfold increase in the number of NANOG–GFP-positive cells and hy-

poxia-treated human IPSCs met all of the pluripotent cell criteria while possessing a nor-

mal karyotype (Yoshida et al., 2009a). Hypoxia exposure has also expedited the repro-

gramming of stem cells derived from adipose tissue thereby obtaining stable pluripotent 

iPSC lines (Shimada et al., 2012). Not much is known about the mechanisms through 

which hypoxia improves iPSC reprogramming efficiency (Yoshida et al., 2009b). That be-

ing said, similar mechanisms are expected to explain pluripotency support in human ESCs 

(Yoshida et al., 2009b). The transition from somatic mitochondrial oxidative metabolism 

into anaerobic glycolysis is needed for successfully reprogramming as it is known that 

pluripotent stem cells utilise anaerobic glycolysis as an alternative to oxidative phosphor-

ylation (Folmes et al., 2011; Folmes et al., 2012; Prigione et al., 2010). 



 

     

  

 

48 
 

 

Figure 2.4. The role of HIF-2α in pluripotency.  

(A) Under low O2 conditions, HIF-2α translocates into the nucleus and heterodimerises with 

HIF-1α thus upregulating pluripotency-associated gene expression. (B) Under ambient O2 condi-

tions, HIF-2α undergoes proteosomal degradation, therefore preventing it from upregulating plu-

ripotency-associated factors (adapted from Alvarez-Tejado et al., 2001). 

2. 2.2.3.1.2 Stem cell differentiation under hypoxic conditions 

Hypoxia plays an additional important role in cell-fate specification. Embryoid bodies are 

three-dimensional aggregates of pluripotent stem cells developed in vitro. Interestingly, 

a higher number of these structures could be generated under low O2 conditions. The 

embryoid bodies formed in these conditions showed a heightened  potential for  out-

growth and attachment (Ezashi, Das and Roberts, 2005). In addition, low O2 tensions have 

been demonstrated to promulgate differentiation into specific cell lineages, thereby indi-

cating that O2 levels could be manipulated to induce differentiation in cell-orientated 

therapeutic strategies. Meanwhile low O2 tensions (<5%) have promoted mouse ESC dif-

ferentiation into the vascular (Lee et al., 2012) and endothelial (Ramírez-Bergeron et al., 

2004) lineages, as well as human ESC differentiation into cardiomyocytes (Niebruegge et 

al., 2009),  endothelial cells (Prado-Lopez et al., 2010), retinal progenitor cells (Yoshida 

et al., 2009a) and chondrocytes (Koay and Athanasiou, 2008). Similar phenomena are ex-

pected to take place in vivo. For instance, the formation of the cardiovascular system oc-

curs under hypoxic conditions (Simon et al., 2008). The exposure to 10% O2 (or lower) 

has been demonstrated to promote the expansion of neural stem cells (Zhao et al., 2008; 

Rodrigues et al., 2010) as well as neural differentiation in mouse (Fernandes et al., 2010) 

and human (Francis and Wei, 2010b) ESCs. Additionally, many studies have shown that 
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culture under 3% oxygen leads to a rise in the number of dopaminergic neurons derived 

from neural progenitor cells (Studer et al., 2000; Kim et al., 2008). A more recent study 

has shown that using human ESCs and IPSCs cultured under 5% oxygen concentration 

lead to better formation of embryoid bodies and enhance the capacity to differentiate into 

mature lung epithelial cells as human IPSCs are more affected by oxygen variations 

(Francis and Wei, 2010a). It has been recently confirmed that oxygen plays a positive role 

in promoting stem cell differentiation towards lung phenotypes (Studer et al., 2000), 

these results highlight the importance of considering the effect of factors such as O2 con-

centrations on cell fate. Although hypoxia showed a positive  impact on the differentiation 

into some lineages, for others it was shown to have a negative impact: for example, adi-

pocyte differentiation has been hindered by reduced O2 concentrations (0.1–2%) in the 

case of 3T3 L1 preadipocytes (Yun et al., 2002). 

2.2.2.4 Addition of anti-apoptotic agents to enhance survival 

Human PSCs are subject to apoptosis upon cellular subculture and dissociation (K 

Watanabe et al., 2007). Complete dissociation of human PSCs leads to significant cell 

death and poor cloning efficiency (Zhang et al., 2011). Thus, it is infeasible to use human 

PSCs in differentiation induction and scalable suspension culture. 

A strong inhibitor of ROCK1 and ROCK2 (Y27632, known as ROCKi) was used to enhance 

survival of dissociated human PSCs into single cells (Watanabe et al., 2007). ROCK signal-

ling was initially discovered as a downstream target of the small GTP-binding protein 

Rho  (Watanabe et al., 2007; Yoshida et al., 2009a) which is involved in the regulation of  

cellular growth, adhesion, migration, metabolism, and apoptosis through control of the 

actin cytoskeletal assembly and cell contraction (Watanabe et al., 2007; Yoshida et al., 

2009a). ROCK mediates membrane blebbing, develops actin–myosin contraction and 

triggers caspase signalling cascades and, hence, cellular apoptosis. (Shi and Wei, 2007) 

ROCKi is utilised in many survival pathways in vitro as well as in-vivo. In addition, ROCKi 

reported to preserve the integrity of both unfrozen and frozen human ESCs (Emre et al., 

2010). It has also been demonstrated that ROCKi promotes the recovery of frozen-thawed 

human ESCs as well as human IPSCs. Another recent study also highlighted the influence 
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of this inhibitor on increasing cell numbers while promulgating cell survival after disso-

ciation into single cells, and also playing a key role in  maintaining the pluripotency of 

human ESCs (Watanabe et al., 2007). 

2.3 3D Matrices 

Challenges pertaining to the cellular facets of an engineered tissue include cell sourcing, 

expansion and differentiation, production and regulatory issues, such as safety, sterility, 

shipping, storage, quality control and scale-up (Naughton, 2001). Other challenges are 

related to the biomaterial used for scaffolds used to produce these cells and support both 

differentiation and tissue growth. These biomaterials are required to fulfil numerous cri-

teria in order to maximise the possibility of a successful repair, including biocompatibility 

and biodegradability, promotion of tissue growth and appropriate biomechanical prop-

erties (Freed and Vunjak-Novakovic, 1995).   

2.3.1 ALGINATE HYDROGEL 

Numerous researchers have tested the alginate and agarose hydrogels as scaffolds for 

chondrocytes for the purpose of regenerating cartilage tissue (Buschmann et al., 1995; 

Paige et al., 1996; Fragonas et al., 2000; Mauck et al., 2000; Chang et al., 2001). Within the 

hydrogel biomaterials, alginate and agarose are usually considered to be inert as they 

experience a dearth of native ligands that may allow for the engagement with mammalian 

cells (Chang et al., 2001). 

Hydrogels have been increasingly studied as matrices for the purpose of tissue engineer-

ing (Lee and Mooney, 2012). Hydrogels are typically designed to feature pores that are 

big enough to house living cells or releasing growth factors. A key advantage of hydrogels 

in the context of tissue engineering matrices is their ability of establishing covalent or 

hydrophobic bonds to cell membrane peptide ligands so as to stimulate adhesion and cell 

growth in the hydrogel matrix. Their drawback is the lack of low mechanical strength, 

which leads to handling difficulties (Lee and Mooney, 2001). Alginate refers to a collective 

term denoting a family of polysaccharides that are produced by brown algae  as well as 

bacteria (Govan, Fyfe and Jarman, 1981). They denote (linear) co-polymers of 4-linked L-

guluronic acid (G) and β-D-mannuronic acid (M) – arranged in a specific block-wise pat-

tern in addition to a chain of homopolymeric regions of G (G blocks) and M (M blocks) 

and residues which are interspersed within the areas of alternating structure (MG blocks) 
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(Figure 2.5). Along its biosynthetic pathway, alginate gets produced through a post-

polymerization reaction that involves a C-5 inversion on the mannuronan M residues. The 

reaction gets facilitated by mannuronan C-5 epimerases. As all natural alginates get pro-

duced from homopolymeric mannuronate through the basic C-5 inversion from G, the 

variability in composition and sequence traced in the polysaccharide is primarily due to 

the diverse catalytic properties of the numerous epimerases (Høidal et al., 1999; Strand 

et al., 2003). Arguably, the most pertinent deployment of alginate in the field of biotech-

nology field is linked with its ability to generate stable gels upon contact with divalent 

cations like calcium. Alginate’s ionotropic gelation has been illustrated on the basis of X-

ray fibre-diffraction data that is sourced from dehydrated specimens (Atkins,1973a; At-

kins, 1973b) by leveraging the “egg-box” model (Figure 2.5) (Grant et al., 1973; Morris et 

al., 1978). This model states that chain-chain associations get induced through the pres-

ence of calcium, leading to the formation of junction zones between the 2/1 helical chains 

of G sequences which present cavities suitable enough for the purpose of accommodating 

divalent cations. 

 

 

Figure 2.5. Alginate is a polysaccharide co-polymer comprised of guluronic as well 

as mannuronic acid groups.  

The calcium is ionically substituted at the carboxylic site in the presence of divalent calcium ions. 

A second alginate strand is also capable of connecting the calcium ion, generating a link whereby 

the calcium ion attaches to two alginate strands. The result is in the form of a chain of calcium-

linked alginate strands forming a solid gel (egg-box model) (Modife Bienaimé, Barbotin, and 

Nava-Saucedo, 2003). 
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2.3.2 Cell encapsulation  

Encapsulation of animal cells in alginate hydrogels has been attempted for a range of cell 

types (Tyler, 1990; Sun, 1997; Chang et al., 2001). The immobilization of ES cell into these 

gels coupled with their proliferation should lead to the formation of a number of isolated 

ES cell aggregates and subsequently, embryoid bodies (EBs) which can then potentially 

differentiate into the cells of all the three germ layers. The number of EBs that can be 

generated via this technology cannot be attained using any other existing method. These 

encapsulated ES cells are capable of growing as small colonies in the beads and pave the 

way for morula- and blastula-like structures. The ability of generating huge numbers of 

EBs by means of encapsulation makes EBs a potential in-vitro source of organs in the con-

text of tissue engineering approaches. The differentiated EBs can get  released easily from 

the beads under Ca2+ depletion (Magyar et al., 2001). Murine ESC colonies can be differ-

entiated into cystic EBs using cardiomyocytes upon release from 1.6% alginate mi-

crobeads (Magyar et al. 2001). Production human EBs in dynamic culture by leveraging 

a rotating cell-culture system has also been achieved using alginate hydrogels Gerecht-

Nir et al., (2004a). The STLV (slow turning lateral vessel) of a specific bioreactor boosts 

the formation as well as differentiation of human EBs significantly, as against traditional 

Petri dishes. The studies demonstrated that controlling cell aggregation through the  ma-

nipulation of human EBs turned out to be a more efficacious and  higher-yield strategy 

for expanding human EBs with improved differentiation capabilities (Gerecht-Nir et al., 

2004). The authors subsequently demonstrated the setting up of human EBs in 3D porous 

alginate scaffolds Gerecht-Nir et al., 2004b. The restricted environments of alginate scaf-

fold pores allowed for an effective formation of EBs using a comparatively high degree of 

cell proliferation as well as differentiation and induced vasculogenesis in the EBs to a 

more significant extent than rotating or static cultures capabilities (Gerecht-Nir et al., 

2004) . Alginate scaffolds feature macromolecular structures that resemble the extracel-

lular matrix. Their hydrogel nature allows for efficient cell seeding as well as tissue engi-

neering (Shapiro and Cohen, 1997; Leor et al., 2000; Zmora, Glicklis and Cohen, 2002). 

The alginate scaffolds’ porosity can then be controlled during the course of fabrication, 

resulting in sponge-like material at > 90% porosity. This connected the pore structures 

as well as  sizes ranging between 50 and 200 μm in diameter (Zmora, Glicklis and Cohen, 

2002). Encapsulation of high numbers of human as well as mouse ESCs is a pragmatic 
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method to control cell-aggregation in vitro (Dang et al., 2004). The authors suggested that 

the encapsulation of ES cells was important for efficacious cell proliferation, EB formation 

as well as segregation in the case of stirred-suspension bioreactors. The ability of accu-

rately measuring and controlling culture conditions in stirred-suspension bioreactors 

will prove to be a valuable tool in optimizing the delivery profiles of exogenous factors 

impacting ESC differentiation (Dang et al., 2004). Although alginate encapsulation has 

been described over 20 years ago (Lim and Sun, 1980), the existing study accounts for 

the initial application of this technology to human ES cells as well as the derivation of 

distal epithelial lung cells through a bioreactor for the purpose of less labour-augmenting.  

 

 

Figure 2.6 HARV bioreactor.  

A scheme showing the co-ordinated system of the HARV. A 50ml vessel rotated at its horizontal Z 

axis at w rpm. The HARV is a vessel of diameter dH ~ 10cm and height HH ~ 0.64 cm and w filled 

with 50ml solution (Source: Gao, Ayyaswamy, Ducheyne, and Radin, 2001). 
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2.4 Bioreactors for the purpose of tissue engineering 

Culturing cells in static conditions has some limitations, one of which is mass transfer 

which is limited to passive diffusion of the soluble factors throughout the culture media 

(Placzek et al., 2009). An examination of the oxygen levels in the gas and liquid phases of 

murine hybridoma cultures showed that due to microscale mixing, the O2 transfer 

through the liquid under standard laboratory conditions had exceed what was predicted 

by passive diffusion. However, they also found that the level of O2 at the bottom of the 

flasks had reached zero (Randers-Eichhorn et al., 1996), suggesting that the use of static 

vessels in culturing PSCs was no longer suitable, especially in a 3D cultured system due 

to the fast rate of cell growth. Additionally, the development of heterogeneous cultures 

may lead to cell differentiation or gain of an anomalous karyotype as a result of low mass 

transport of nutrient and oxygen in static culture (Azarin and Palecek, 2010). Conse-

quently, to reduce these limitations, while simultaneously scale-up cell cultures, there is 

a need to create a dynamic environment that can overcome the limitations of traditional 

culture. 

To improve mass transport and gas exchange, many bioreactor designs have been devel-

oped for industrial human PSC cultures.  For example, the stirred suspension and rotating 

wall vessel (RWV) bioreactor configurations are the most widely used. There have been 

some successes in the use of RWV bioreactors vessels to culture embryoid bodies; and in 

the use of hydrogels or aggregates to culture Human PSCs cells in 3D environment. Stirred 

suspension bioreactors normally operate at 30-60 rpm, resulting in high levels of shear 

stress in suspended PSCs cultures (Rodrigues et al., 2011; Placzek et al., 2009). In contrast 

to RWV, bioreactors which have higher aspect ratios (HARV) or slow turning lateral ves-

sel (STLV) geometries reduce the level of shear stress in PSC suspension cultures (Placzek 

et al., 2009; Hwang et al., 2009). 

The potential effects of different hydrodynamic and other bioreactor conditions on stem 

cell cultures were analysed and it has been found that bioreactor hydrodynamics nega-

tively impacts the scaling up of human PSC cultures due to changes in the size, yield, ki-

netics and homogeneity of spheroids (Kinney et al., 2011). Consequently, PSCs cultures 

have shown variable rates of expansion, viability, and metabolic activity (Kinney et al., 

2011). Additionally, at greater speeds, there appears to be some differentiation in human 
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ESC IMR 90 phenotype lines when rotated at 100-120 rpm due mainly to the effects of 

shear stress. Although, sheer stress was reduced, this did not affect spontaneous differ-

entiation as it was later found that the forceful movement of the culture vessel affected 

the distribution of soluble factors (Leung et al., 2011). 

Furthermore, it has been suggested that mouse ESC differentiates along the hematopoi-

etic lineage while being cultured on polymeric scaffolds (Roy et al., 2011). In comparison 

with a 3D static system, ECM production, cellular adhesion and elevation in gene tran-

scription increased in dynamic cultures (Roy et al., 2011). The above findings are further 

supported by the occurrence of BMP-4 expression only in the case of dynamic cultures 

(Roy et al., 2011). The aforementioned results are in support of the dynamic simulation 

of a microenvironment that induces hematopoietic lineage by hydrodynamics of spinner 

flask cultures (Liu et al., 2006). Further investigations of mouse ESC in bioreactors with 

distinctive hydrodynamic properties suggest Sca-1+ cells increase. Hence, this suggests 

presence of stem and progenitor cell types while the production of c-Kit+ endothelial cells 

in rotator flask cultures. This is consistent with the literature suggesting that hydrody-

namics of a cell culture has the ability of manipulating the fate of PSCs (Fridley et al., 

2010). 

 

2.5 Tissue engineering of the lung 

Most of the studies regarding tissue regulation and cell biology are tested in 2D cell-cul-

ture models. Though 2D-cell culture models are valuable in providing inputs that address 

certain scientific questions, they are not suitable for the replication of in-vivo cellular mi-

croenvironments. Hence, 3D cell cultures became more appropriate for depicting realistic 

organ-specific micro-architecture. 3D cell-culture models proved to be useful in drug 

screening and treating patient-specific diseases (Xu et al., 2013). 

Strategies for tissue engineering require the use of specific scaffolds with suitable cell 

sources, cell signals and culture systems that promote the integration of proper tissues 

and vascularization in order to create functional transplantable organs. Lung tissue engi-

neering comes with the aim of generating constructs that are able to provide gas ex-
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change for restoring and at times replacing dysfunctional lungs. In this context, many at-

tempts have been made for reconstructing structures that resemble the alveolus, known 

as the lung’s unit of function as well as complete lung replacement (Petersen et al., 2010). 

2.5.1 Tissue engineering of functional unit of the lung  

In-vitro reconstruction has been applied to alveolar like cystic structures when a mixture 

of fetal lung cells (FLCs) were cultivated with 3D matrixes such as gelatin gel, collagen 

gel, Gelfoam and Matrigel™.  3D cultures of rat FLCs on gelatin sponge discs with the cor-

rect supplementation of growth factors has been proved to drive re-aggregation of pre-

viously disaggregated cells and form alveolar-like cystic structures with in vitro extended 

maintenance of epithelial cell differentiation (Douglas, Moorman and Teel, 1976). Fur-

thermore, porous collagen type I chondroitin-6-sulfate scaffolds were proved to support 

the formation of alveolar-like structures by rat FLCs in-vitro (Chen et al., 2005). Mon-

drinos et al. (2006) suggested that the formation of lumen containing cystic epithelial 

structures by mouse FLCs were supported by Matrigel™  in combination with serum-free 

medium with no need of any exogenous factors (Mondrinos et al., 2006). Furthermore, 

the formation of alveolar-like cystic structures has been demonstrated by 3D culture of 

rat FLCs in Gelfoam, a gelatin based porous sponge (Andrade et al., 2006; Mondrinos et 

al., 2006). 

The engraftment of the alveolar-like structures in lung parenchyma of adult rate has been 

observed. Low levels of local inflammatory response have been reported alongside the 

presence of graft derived epithelial and endothelial cells, in addition to neovasculariza-

tion within Gelfoam. However, no causality has established between the effect of 3D cul-

tures of adult lung cells and the formation of alveolar-like cystic structures. Alveolar-like 

constructs have the potential for regeneration in-vivo which is relevant since adult lung 

cells are insufficient for tissue re-engineering (Andrade et al. 2006). The formation of ter-

minal airways cystic structures has been demonstrated by these studies (Andrade et al., 

2006; Mondrinos et al., 2006). However, no branching morphogenesis, which is an essen-

tial key developmental stage during lung development, had occurred. The reconstruction 

of branching epithelial structures resembling early saccular stage has been documented 

in lung development when seeded 3D hydrogel scaffold FLCs were stimulated with FGFs 

10, 7 and 2. Stimulation of branching morphogenesis occurred through Matrigel™  sup-

plemented with FDFs 10, 7 and 2 in serum-free media (Mondrinos et al., 2006). This is 
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indicative of the budding and sacculation of epithelial structures by FLCs of mice. Conse-

quently, simple collagen type 1 hydrogels in conjunction with the exact combination of 

FDFs supports extensive epithelial budding, sacculation and the formation of robust en-

dothelial network (Mondrinos et al., 2006). Another observation from their studies 

shows interfacing between epithelial alveolar forming units with capillary-like tubes and 

continuous lumens. 

In addition, with the use of the Matrigel™ model, in-vivo generation of vascularized lung 

tissues has been demonstrated (Mondrinos et al., 2008). Graft-derived endothelial cells 

were found to contribute to the formation of perfused vessels had anastomosed with the 

host vasculature in vivo when FLCs seeded on Matrigel™ were grafted subcutaneously 

(Mondrinos et al., 2008). Here, we can note that only a mixture of fetal lung cells is feasible 

for the engineering and regeneration of lung tissue. Nonetheless, FLCs utilization is con-

sidered as a significant limitation of this strategy. Hence, a more sophisticated approach 

taking lung epithelial cells instead of fetal cells is required. A 3D co-culture model where 

basal-like airway epithelial cell line (VA10) and endothelial cells in Matrigel™ were co-

cultured for conceptual proof has been tested providing cells with a phenotype similar to 

airway epithelial-basal cells where self-renewal and generation of daughter cells is pos-

sible (Franzdóttir et al., 2010). Hence, these are suggested as candidate stem cells of air-

way epithelium (Franzdóttir et al., 2010). In elegance, the authors reported the complex 

formation of epithelial branching structures reminiscent of those of an early saccular 

stage of lung development. Nevertheless, these studies do not demonstrate functionality 

of ventilation and gas exchange in engineered lung constructs. In order to address this 

issue, a complete replication of the lung is needed. 

2.5.2    Tissue engineering of whole lung 

A novel paradigm in lung tissue engineering emerged with use of a decellularized lung 

produced using methods which effectively remove the native cell population while pre-

serving the 3D complex geometric structure and extracellular matrix composition of the 

lung tissue. In the first study conducted using these techniques, decellularized rat lungs 

were repopulated with neonatal rat lung cells and microvascular endothelial cells of the 

lung. Upon implantation, the recellularized lungs displayed gas exchange and vascular 

perfusion but only for short periods of time (<120 minutes) (Petersen et al., 2010). Im-
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provements of the in-vivo function of tissue-engineered lungs were obtained when decel-

lularized rat lungs were later recellularized with rat FLCs and human endothelial cells 

(Song et al., 2011). Constructs were cultured under dynamic conditions in biomimetic 

bioreactors for a period of 7 days prior to implantation ( Song et al., 2011). Gas exchange 

could be observed in the engineered lungs for up to 2 weeks post-implantation. Many 

studies utilize neonatal or fetal lung cells in recellularization. However, this approach is 

not suitable for clinical use due to incompatibility or immunological complication. Hence, 

recellularization of decellularized lungs has been attempted with PSCs. The pre-differen-

tiation of murine ESCs with surfactant protein C, produced AEII like cells that were 

seeded into decellularized mouse lungs (Jensen et al., 2012). Differentiated AEII cells 

maintained proSPC expressing phenotype as well as vascularization has been observed 

when the constructs were engrafted subcutaneously (Jensen et al., 2012). 

A similar experiment has been conducted where decellularized mouse lungs were seeded 

with lung progenitor cells derived from several-stage differentiation of mouse ESCs  

(Longmire et al., 2012). First, the authors differentiated mouse ESCs into the definitive 

endodermal lineage and later into TTF1 expressing lung progenitor cells. During decellu-

larized lung scaffolds seeding, lung progenitor cells repopulated alveolar regions of the 

lung and adopted morphologies and protein expressions that indicate type I and type II 

alveolar epithelial cell differentiation. Such studies illustrate a proof of concept for the 

potential use of PSCs for recellularization of decellularized lungs. Until now, the repre-

sentation of ‘state of the art’ lung tissue engineering is evident by the approach combining 

decellularized lung scaffolds with ES derived lung epithelial cells. Various protocols were 

established in order to derive long epithelial lineages from ES cells (Longmire et al., 

2012). 

Nonetheless, such protocols showed no success in differentiating lung epithelial cells in 

an efficient manner. Hence, differentiated cells can be contaminated with pluripotent 

cells. For the feasibility of lung tissue engineering, a sufficient number of lung lineage 

specific cells has to be obtained in-vitro in order to regenerate and reconstruct tissues. 

The aim of this thesis is to address this need by identifying alternative regulatory factors 

that are able of improving ES cell differentiation into definitive endoderm and lung epi-

thelial lineages. 
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Chapter 3 

Aim and Objectives 

3.1 Overview of experiments 

The aim of this study is to apply a multidisciplinary approach, integrating cell biology and 

engineering to address the need to lung tissue engineering advances. Human IPSCs were 

chosen based on their pluripotency, differentiation potential, and generation directly 

from adult cells. Using alginate hydrogels as a substrate to encapsulate these cells, and 

grow them in three dimensional cultures, a commercially available HARV bioreactor was 

used to improve and scale-up IPSCs differentiation into lung epithelial cells, namely type 

II pneumocytes. Cell proliferation was quantified by ATP measurements using the 

CellTiter Glo® assay. Cell viability was quantified using fluroscence-based live/dead as-

say. The quality of the cells produced was evaluated by morphology and cell ultrastruc-

ture analysis by fluroscence microscopy and transmission electron microscopy (TEM). 

The latter was also used to analyse features of the functional structure of the cells. Protein 

and gene expressions were measured using immunocytochemistry and quantitative 

real-time polymerase chain reaction (qRT-PCR), respectively.  

 

3.2 Aim 

The general aim of this thesis is to achieve efficient and reproducible differentiation of 

human IPSCs into type II cells of the airway epithelium, by developing appropriate bio-

processing technology. Specifically, to develop and establish a novel culture method al-

lowing for maintaining human IPSCs pluripotency in 3D cultures and to enhance their 

differentiation into endoderm and, subsequently, into type II pneumocytes. Additionally, 

this work aims to create a basis for the automation of the process using a bioreactor as a 

means to scale-up the differentiation and expansion of 3D alveolar type 2 epithelial cells 

in-vitro, resulting in large scale production of alveolar type 2 epithelial cells for tissue 

engineering and other applications (Figure 3. 1).  
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Figure 3. 1. Diagrammatic representation of the integrated bioprocessing approach 

to differentiating stem cells to pulmonary epithelium adopted in this study. Lineage 

tracing experimental design is as indicated, (ED) Endoderm, (AFE)Anterior Foregut Endoderm, 

(LP) Lung Progenitor, (MAT) Maturation and (RI) Rock Inhibitor y-27632 (Modify Teo, Mantalaris 

and Lim, 2014). 

 

3.3 Objectives 

1: Maintenance of pluripotency of human IPSCs in feeder free system and improve the 

viability of human IPSCs single cell-inoculated to move to 3D culture by inhibiting the 

ROCK signalling and using hypoxia.  

2: Optimization of cell self-renewal and proliferation capabilities of human IPSCs single 

cells inoculated in 3D alginate beads by increasing mass transport within HARV bioreac-

tor and adding Rock inhibitor (RI) throughout the culture.  

3: Optimization of differentiation protocols to produce type II lung epithelium cells in 3D 

cultures and characterise the produced cells using molecular and functional assays. 
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3.4 Hypotheses  

Several reports have demonstrated that directed differentiation of human PSCs, which 

includes human ESCs and IPSCs, is one of the most efficient approaches to achieve differ-

entiation of a cell or tissue of interest (Lewandowski and Kurpisz, 2016). Based on this 

knowledge, the differentiation of human PSCs into lung lineages on monolayer cultures 

has been achieved using different methodologies with varying degrees of success. It is 

also known that differentiation would be stimulated under hypoxic three-dimensional 

environments which would better mimic the physiologic environment where these pro-

cesses take place. It is hypothesized, therefore, that it is possible to develop strategies to 

culture human IPSCs in three-dimensional dynamic cultures in porous scaffolds. This 

technique has been shown to provide sufficient nutrient and oxygen transport and re-

moval of waste products from the cells at the core of the scaffold. Consequently, increased 

proliferation and differentiation are expected as is a homogeneous distribution of cells in 

the center of the scaffold. 

 

Specifically, the hypotheses examined in this study were: 

1. The combination of hypoxia and ROCK inhibitor (RI) has a positive effect on the 

proliferation of human IPS single cells. 

2. Encapsulation of human IPSCs in alginate hydrogel beads and subsequent use of 

HARV bioreactors to enhance mass transfer maintains their undifferentiated state 

and pluripotency in prolonged culture. 

3. The addition of ROCK inhibitor (RI) to mTeSR™1 and differentiation medium for 

3D culture will provide a significant improvement of cell proliferation in both 

states (undifferentiated and differentiated towards type II cells lung epithelium). 

4. Induced human IPSCs differentiation towards DE in 3D culture using CHIR99021 

then Wnta3. 

5. Encapsulation and differentiation of human IPSCs under dynamic motion can be a 

scalable and efficient strategy produce high numbers of type 2 cells. 
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Chapter 4 

Materials and Methods 
 

This chapter describes the experimental methods used to achieve the objectives of the 

present work, as introduced in Chapter 3. The methodology described in this chapter was 

used to conduct two- and three-dimensional cell cultures and to characterize and analyse 

the cells obtained in terms of for self-renewal, maintenance and generation of the desired 

type II pneumocytes.  

4.1 Cell culture  

In this work, an embryonic stem cell line (H9) and an induced pluripotent stem cell line 

(IMR90-1) were used. The latter was produced by lentiviral transfection of isolated fetal 

human lung fibroblasts with four genes OCT4, SOX2, Nanong and lin28. Both cell lines 

were obtained from the WiCell Research Institute Inc., Madison, WI, United States of 

America.  

 

4.1.1 Two-dimensional cell cultures 

Both cell-lines were cultured in Matrigel™-coated 6-well plates with 2 mL of complete 

mTeSR™1 medium (see below for preparation) per well incubated at 37°C, 5% CO2 in a 

humidified incubator (Nuaire 5500E). Cultures were examined under the microscope and 

the culture medium was replaced by fresh medium every day for 4 to 5 five days depend-

ing on colony size. After this time, colonies were dissociated with 1 U/mL dispase (a pro-

tease suitable for cell dissociation) in (DMEM/F-12 Stem Cell Technology, Canada) and 

transferred onto newly coated culture plates with fresh medium.  

 

 4.1.2 Culture medium preparation 

The final culture medium formulation was composed of 400mL mTeSR™1 medium and 

100mL mTeSR™1 5X supplement (both from Stem Cell Technology, Canada). The supple-

ment was thawed overnight at 2 - 8°C and added the basal medium for a total volume of 
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500mL. The complete mTeSR™ medium was aliquoted and stored at -20°C for up to 6 

months prior to use. Thawed aliquots were stored at 4°C and used within two weeks. 

 

4.1.3 Preparation of Matrigel™-coated culture plates  

The Matrigel™ matrix (BD) was thawed overnight at 4°C on ice. Once thawed, the contents 

of the vial were mixed by vortexing to ensure a homogeneous mixture. Working aliquots 

(160µL) were prepared and stored at -80°C for up to 6 months prior to use. The Matrigel™ 

was kept on ice at all times while handling, aliquoted as quickly as possible using pre-

cooled tips and refrozen immediately to prevent gelification. Multi freeze-thaw was 

avoided. According to the dilution factor provided on the certificate of analysis, each ali-

quot can be used to coat two 6-well plates.  

 

At the time of use, one Matrigel™ aliquot was thawed on ice and mixed with 13mL of 

DMEM/F-12 (Sigma-Aldrich) at 4°C and coating was performed immediately using 1mL/ 

well. The plates were incubated at room temperature for at least 1 hour before use or 

sealed with parafilm to prevent evaporation of the Matrigel™ solution and stored at 4°C 

for up to 7 days prior to use. Stored coated plates were kept at room temperature for 30 

minutes before use. Just before plating human IPSCs, the Matrigel™ solution was carefully 

removed using a pipette without scratching the coated surface and 2mL of complete 

mTeSR™1 medium were immediately added.  

4.1.4 3D cultures 

Two configurations of 3D cultures were attempted in this work, namely T-flasks and a 

high aspect ratio vessel (HARV) bioreactor, both using alginate hydrogels.  

4.1.4.1 Encapsulation technique 

The alginate hydrogels used in this work were prepared from a phosphate buffer saline 

(PBS) solution of low viscosity alginic acid (1.1% w/v) and bovine gelatine (0.1% v/v), 

both from Sigma-Aldrich, at pH 7.4.  

Monolayer cells were cultured in 6 well plates were incubated in 10 µM of Y-27632 

(Tocris BioScience) for two hours. The cells were subsequently rinsed carefully with 
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PBS and incubated in Accutase (Innovative Cell Technologies) for 10 minutes at 37°C. 

Single-cell counts were performed using the trypan blue exclusion method (reagent pur-

chased from Sigma-Aldrich). An appropriate volume of suspension was taken based on a 

requirement of 20,000 cells per alginate bead. This volume was centrifuged at 1000 rpm 

for 5 min, the supernatant was removed and cell pellets were then re-suspended together 

in the alginate solution. To get a uniform bead size, a peristaltic pump (model P-1; Amer-

sham Biosciences) was used. The cell-gel solution was pumped at 20 rpm and a drop 

height of 3 cm using a 25-gauge needle (Becton Dickinson). The tubing was autoclaved 

and then further sterilized with 1M NaOH for 30 minutes and washed three times with 

sterile PBS. Beads were dropped into a sterile 100mM calcium chloride (CaCl2) and 10 

mM HEPES solution at pH 7.4 prepared in distilled water at room temperature (all chem-

icals from Sigma-Aldrich). The cell-gel solution discharged from the pump gelled imme-

diately in contact with the CaCl2 solution, forming spherical beads (2.3-2.5 mm in diam-

eter after swelling). The beads were kept in gently stirred CaCl2 solution for 6-8 minutes 

at room temperature. The beads were cultured in T72 flasks (3D static cultures) and in a 

HARV bioreactor (dynamic 3D cultures, see below). 

4.1.4.2 High Aspect Ratio Vessel (HARV) bioreactor  

The High Aspect Ratio Vessel (HARV) (Synthecon Ltd.), also known as a rotating wall bi-

oreactor, was specially developed to study tissue and cellular engineering in a low-shear, 

non-turbulent environments. It has a large radius-to-depth ratio (40 mm x 10 mm) 

providing a substantial surface area on the rear face for gas exchange thorough a gas-

permeable membrane. The average bioreactor volume is 50 mL. The culture vessel is a 

disposable, sterile, clear plastic cylinder with two sampling/injection Luer lock ports and 

a half-inch drain/fill port. Feeding of media/beads was performed thorough the fill port 

and air bubble were removed thorough the Luer valves daily. The HARV units were at-

tached to a rotator base and incubated under the same conditions described above for 

two-dimensional cultures. 

4.1.4.3 Alginate bead dissolution 

A sterile solution of 50mM tri-sodium citrate di-hydrate (Fluka), 77 mM sodium chloride 

(BDH Laboratory supplies) and 10 mM HEPES (Sigma-Aldrich) prepared in PBS was used 

for Ca2+ depletion and depolymerization. The beads with medium were washed twice be-

fore adding the dissolving solution. Later, the beads were incubated at 37°C for about 5 
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minutes while stirring gently. The solution that contained dissolved beads was centri-

fuged at 1250 rpm for 5 minutes and the pellet washed once with PBS and centrifuged 

again, at 1000 for 3 minutes. 

4.1.5 Directing the differentiation of human ESCs and IPSCs into alveolar 

type II pneumocytes 

4.1.5.1 Induction of endoderm 

ESCs cultures (both 2D and two 3D configurations) were incubated at 37°C overnight 

with mTeSR™1 medium supplemented with 10 µM of Y-27632. Human PSCs were incu-

bated in 10 µM of Y-27632 for two hours when 70% confluence was reached. In all cases, 

cells were subsequently rinsed carefully with PBS and incubated in Accutase (Innovative 

Cell Technologies) for 10 minutes at 37°C.  

Endoderm induction was performed during 3-4 days in low serum differentiation media 

DMEM/F12D (Life Technologies) supplemented with N2 (Life Technologies), B27 

(Gibco), ascorbic acid (50 μg/ml, Sigma), Glutamax (2 mM, Life Technologies), monothi-

oglycerol (0.4 μM, Sigma), 2 % fetal bovine serum (FBS,) (Life Technologies), 1% penicil-

lin-streptomycin (Thermo Fisher Scientific). For the formation of the primitive streak, 

10µM of Y-27632, and 3ng/mL of human BMP4 were added to the medium for 24 hours. 

In the case of 3D cultures, alginate beads were then resuspended in endoderm induction 

media containing 10µM Y-27632, 100ng/mL, human activin A, (Tocris Bioscience) and 3 

µM of CHIR99021 (Tocris Bioscience)Tocris for 96 hours. Cells were fed every 48 hours 

(depending on the density) by replacing half of the exhaust medium by fresh medium. 

4.1.5.2 Induction of anterior foregut endoderm 

From day 4 to 6, the medium was changed to basal medium, supplemented with 100 

ng/ml of human recombinant Noggin and 10 µM of SB-431542 (both from Tocris BioSci-

ence) which are known to induce anterior foregut endoderm (AFE) formation (Huang et 

al., 2013) 

4.1.5.3 Induction of lung progenitors 

From day 8 to day 17, lung progenitor induction was conducted.  AFE cells obtained were 

treated with a ‘ventralization’ cocktail containing 3µM CHIR99021 (WNT signalling ago-

nist), 10 ng/mL human FGF10, 10ng/mL human FGF7, 10 ng/mL human BMP4, 20 ng/mL 
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murine EGF (optional) and 1µM all-trans retinoic acid (ATRA) in SFD medium. All sup-

plements were purchased from Tocris Bioscience except ATRA, obtained from Sigma-Al-

drich.  

4.1.5.4 Induction of lung/airway epithelial maturation 

From day 18/19 to day 25, lung field progenitor cells were exposed to basal medium con-

taining a combination of three factors (3µM CHIR99021, 10ng/mL human FGF10, 10 

ng/ml, human FGF7,). With the addition of maturation components, namely 50 nM dexa-

methasone (Sigma) , 0.1 mM 8-Bromo-cAMP (Sigma), and 0.1 mM IBMX (3,7-Dihydro-1-

methyl-3-(2-methylpro(pyl)-1H-purine-2,6-dione) (Sigma). 

4.2 Imaging  

4.2.1 Phase Contrast and Fluorescence microscopy 

Phase contrast and fluorescence microscopy images were acquired on one of two micro-

scopes: a IX70 inverted microscope (Olympus) equipped with a colour Cool Pix 950 digi-

tal camera (Nikon) and a black and white, high resolution charge coupled device (CCD)-

Camera (Soft Imaging Systems) and results analysis performed in analySISB and analy-

SISD softwares; or a BX60 upright microscope (Olympus) equipped with an Axiocam dig-

ital camera (ImageJ) and results analysis performed using the KS-300 software. For fluo-

rescence imaging, the excitation wavelengths were 490nm for FITC (fluorescein isothio-

cyanate) and GFP (green fluorescent protein), 570nm for TRITC (tetramethyl rhodamine 

iso- thiocyanate) and Texas Red and finally 360nm for nuclear counterstain, DAPI (4'-6- 

Diamidino-2-phenylindole). 

 

4.2.3 Transmission electron microscopy  

Transmission electron microscopy (TEM) samples, in the form of cell suspension of 

beads, were washed in buffer containing 0.1M phosphate and 0.1M sucrose, rinsed in PBS 

twice and then fixed in 3% (v/v) glutaraldehyde in 0.1M cacodylate buffer (pH 7.2) for 30 

min. Cells were then post-fixed in 1% (v/v) osmium tetroxide in 0.1M cacodylate buffer, 

transferred to 50% (v/v) ethanol aqueous solution, centrifuged 500 rpm/5 minutes and 

the resultant cell pellets were encased in molten agar. The agar blocks were dehydrated 

and infiltrated with Araldite epoxy resin (Taab Laboratories Ltd,) and embedded in 
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moulds. The resin was polymerized at 60°C for 24 hours and semi-thin (1µm) and ultra-

thin (60-80nm) sections were cut using a Reichert-Jung Ultracut E ultramicrotome (Leica 

Microsystems) .The semi-thin sections, for selection of areas of interest on light micros-

copy, were stained using a solution of 0.8% (v/v) toluidine blue (Agar Scientific) in 0.8% 

(w/v) borax and 0.16% (w/v) pyronin Y. The ultra-thin sections were stained in a satu-

rated solution of uranyl acetate in 50% (v/v) ethanol, followed by Reynold's lead citrate. 

Ultrathin sections were observed in a Philips CM10 transmission electron microscope 

(Amsterdam). 

 

4.3 Histology  

Beads for histology analysis were fixed in 4% (w/v) paraformaldehyde (PFA) for 30 

minutes at room temperature and then placed in PBS for 15 minutes prior to dehydration.  

4.3.1 Paraffin embedding  

Fixed beads were taken thorough a series of increasing ethanol concentrations (50%, 

70%, 95% and 100% (v/v)) for 30 minutes and three changes for each concentration to 

remove all the water. The ethanol was then completely replaced with neat xylene which 

was then replaced with paraffin-saturated xylene, at room temperature, overnight. The 

beads in paraffin-saturated xylene were placed in an oven (60°C) for 20 minutes and the 

xylene completely replaced by liquid paraffin. The samples were then embedded, sec-

tioned (5 µm) and left at room temperature, overnight, to adhere to glass slides coated 

with Vectabond™ (Vector Laboratories).  

 

4.3.2 Haematoxylin and eosin stain  

For haematoxylin and eosin staining (H&E), the paraffin was removed from the sections 

by immersion in xylene, decreasing ethanol concentrations and then water. Sections were 

then dipped in haematoxylin (Harris’ solution; VWR) for 30 seconds, washed in running 

tap water for 2-3 minutes and examined for sufficient staining. Excess stain was removed 

by decolouring in 0.5-1% (v/v) HCl (Sigma Aldrich) in 70% (v/v) ethanol (Thermo Fisher 

Scientific) for a few seconds and then washed in tap water for 5 minutes. Sections were 

finally dipped in 1% (v/v) eosin (VWR) for 2 minutes and washed briefly in tap water to 

remove excess stain. The tissue was dehydrated by submersion in 70% [v/v] Ethanol, 
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once, 100% [v/v] wice), cleared in xylene (VWR) and mounted in DPX mounting solution 

(VWR). 

 

4.3.3 Alkaline phosphatase staining 

Alkaline phosphatase (AP) activity in the human IPSCs was analysed after five days in 

culture. Cells were fixed in 4% Paraformaldehyde in PBS for 1-2 minutes maximum as 

fixing for longer periods leads to alkaline phosphatase inactivation. Fixed colonies were 

washed with 1 X wash Buffer (20mM Tris-HCL, pH 7.4, 0.15 NaCl, 0.05% Tween-20) (Life-

Tecnhnology). The colonies were then treated with Fast Red Violet, Naphtol AS-BI phos-

phate solution (sigma) and distilled water in a 2:1:1 ratio and incubated in the dark at 

room temperature for 15 minutes, after which the staining solution was removed and the 

colonies were washed again with 1 X wash buffer. The cells were covered with 1 X PBS to 

prevent drying and observed under light microscope for AP expression. AP is a hydrolase 

enzyme responsible for dephosphorylating molecules such as nucleotides, proteins, and 

alkaloids under alkaline conditions. Undifferentiated cells appear blue, whereas differen-

tiated cells appear colorless. 

4.3.4 Immunocytochemistry and immunohistochemistry 

For immunocytochemistry of paraffin-embedded samples, de-waxed sections were auto-

claved in a tri-sodium citrate, dihydrate buffer (10 mM, pH6.0) (all from Sigma Aldrich) 

and allowed to cool and dry in order to increase immunogenicity.  

Immunocytochemistry was performed throughout cells culture in slide chamber accord-

ing to the following protocol. Live samples were cultured in 4 or 8 well chamber slides 

(VWR), washed once with phosphate-buffered saline (PBS) (Invitrogen) and then fixed 

with 4% (v/v) paraformaldehyde (Sigma-Aldrich) for 30 minutes. Fixed samples and par-

affin embedded sections were washed three times with PBS (Invitrogen, UK), followed by 

permeabilisation with 0.1% (v/v) Triton X-100 (Sigma-Aldrich). After washing twice in 

PBS, non-specific binding was blocked by incubation with 10% (v/v) rabbit, goat or 

mouse serum (Vector Laboratories, USA) according to the origin of the primary antibod-

ies. The primary antibodies were diluted according to the manufacturer’s protocol with 

0.1% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) and 0.01% (w/v) sodium azide 

(Sigma-Aldrich) in PBS. Sections were incubated with primary antibodies overnight at 
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4°C. On the following day, sections were washed three times with PBS and secondary an-

tibodies conjugated with fluorescent dyes and incubated in 0.1% bovine serum albumin 

(BSA) in PBS, for 1 hour at room temperature. If an enzyme-linked secondary antibody is 

used, a further incubation in substrate will be required. The host organism of the second-

ary antibodies were selected according to the origin of primary antibodies used. Lastly, 

the samples were counterstained with 4,6-diamidino-2-phenylindole (DAPI) or propid-

ium iodide (PI) (Vector Laboratories, USA) to stain cell nuclei. 

Table 4.1. List of Primary and Secondary Antibodies for Immunocytochemistry 

Staining.  

Secondary antibodies were*Goat-anti-mouse (Alexa Fluor 594), **Goat-anti-rabbit (Alexa Fluor 

594), (Human ESCs/IPSCs Characterization kit (Applied StemCell, Inc)). 

 

ANTIGEN PRIMARY ANTIBODY COMPANY DILUTION 

C(PROSP-C) Polyclonal antibody Rabbit AB3786-Millpore 1:1000-1:2000 

B(PROSP-B) Polyclonal antibody Rabbit AB3430-Millpore 1:4000-1:8000 

GBDH goat polyclonal IgG sc-9890 Santa Cruz 1:50-1:500 

HNF-3Î goat polyclonal IgG sc-6554 Santa Cruz 1:50-1:500 

ANTI-TTF Rabbit monoclonal IgG AB76013-Abcam  1:100-1:1000 

OCT4 Anti-Oct4** Applied StemCell, Inc As described in com-

pany protocol 

SOX2 Anti- Sox2** Applied StemCell, Inc As described in com-

pany protocol 

NANOG Anti- Nanog** Applied StemCell, Inc As described in com-

pany protocol 

SSEA-4 Anti- SSEA-4* Applied StemCell, Inc As described in com-

pany protocol 

TRA-1-81 Anti- TRA-1-81* Applied StemCell, Inc As described in com-

pany protocol 

TRA-1-60 Anti- TRA-1-60* Applied StemCell, Inc As described in com-

pany protocol 
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4.4 Gene Expression Analysis  

4.4.1 Ribonucleic acid (RNA) extraction  

RNA was extracted from the sample or cell culture using the total RNA isolation kit (Qi-

agen) according to the manufacturer’s protocol. Briefly, attached cells were trypsinized 

and spun down to get a cell pellet which was re-suspended in RNA protect reagent (Qi-

agen). The pellet was then dissolved in 350 to 600 µL lysis buffer (depending on cell num-

bers) which contained 10 µL/mL -mercaptoethanol. The lysis buffer that contains the 

cell lysate can be stored at -80°C for long-term storage before proceeding with the RNA 

extraction protocol. Cell lysates were re-suspended gently a few times until there was no 

visible sign of cell clumps and transferred to the QIAshredder spin-columns (Qiagen) to 

homogenize the cell lysates. The columns were centrifuged at 13300g for 2 minutes. To 

purify the RNA, 70% (v/v) ethanol was added to the samples at the same volume of lysis 

buffer used. The samples were gently mixed and then transferred to RNeasy mini 

spin-columns (Qiagen). Following centrifugation, at 15000 rpm for 15 seconds, the flow-

through was discarded (the RNAs were attached to the spin-column membrane). The 

membrane was washed with 700µl of kit washing buffer and centrifuged at 13300g for 

15 seconds discarding the flow-through. The spin-columns were transferred to new 2ml 

collection tubes and elution was prepared with and 500 µL RPE buffer and the columns 

were centrifuged at 13300g for 2 min. Lastly, the column was transferred to a new tube 

and 30 µL of RNAse-free water were added at the centre of the membrane for elution. The 

columns were centrifuged at 13300g for 1 min. The RNA concentrations were measured 

using aNanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies). The ma-

chine was set-up and calibrated according to the manufacturer’s instructions. The ratio 

of sample absorbance at 230nm, 260nm and 280nm was used to measure the purity of 

RNA. The purified RNA should be free of DNA, proteins, or other contaminants for which 

a ratio of ~2.0 for the 260/280 ratio and 1.8-2.2 for the 260/230 ratio should be expected. 

Samples were stored at -80°C for long-term storage until further use.  

 

4.4.2 Reverse Transcriptase and cDNA synthesis  

To prepare the purified RNA for the production of cDNA, 1 - 2 µg of total RNA from each 

sample was diluted in Diethyl pyrocarbonate (DEPC) (Thermo Fisher) treated water to a 

final volume of 12.7µL and incubated for five minutes at 65°C to remove the secondary 
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structure. The reaction mixture containing: 4µL 5X Moloney Murine Leukaemia Virus Re-

verse Transcriptase (M-MLV RT) buffer (Promega), 2µL 4mM dNTPs (Promega), 1µL of 

50µM Oligo dT16 primers (Applied Biosystems) and 0.3µl M-MLV RT enzyme (Promega) 

was added to the RNA and incubated for 1 hour at 37°C. Reverse transcription was ter-

minated by incubating at 95°C for 5 min. Resultant cDNA was either used immediately or 

stored at −20°C.  

The sense and anti-sense primers were designed using primer express 2 software (Ap-

plied Biosystems). The oligonucleotides were purchased from Invitrogen and are listed 

in Table 4.2 

 

Table 4.2. The lists of qRT-PCR primer sequences. 

 

Genes Forward primer (5′−3′) Reverse primer (5′−3′) 

GAPDH GACAACAGCCTCAAGATCATCAG ATGGCATGGACTGTGGTCATGAG 

NKX2.1 TCGCTCCAGCTCGTACACC GGACGTGAGCAAGAACATG 

OCT3/4 CCTCACTTCACTGCACTGTA 

 

 

CAGGTTTTCTTTCCCTAGCT 

CXCR4 CACCGCATCTGGAGAACCA GCCCATTTCCTCGGTGTAGTT 

FOXA2  GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA 

AQ5a ACTGGGTTTTCTGGGTAGGG ATGGTCTTCTTCCGCTCTTC 

Beta ac-

tin 

CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 

CFTTR CTATGACCCGGATAACAAGGAGG  CAAAAATGGCTGGGTGTAGGA 

NANOG TTTGGAAGCTGCTGGGGAAG GATGGGAGGAGGGGAGAGGA 

HIFA2  GGACTTACACAGGTGGAGCTA TCTCACGAATCTCCTCATGGT 

SFTPC CACCTGAAACGCCTTCTTATCG TGGCTCATGTGGAGACCCAT 

HIFA1  CCAGCAGACTCAAATACAAGAACC TGTATGTGGGTAGGAGATGGAGAT 

LAMA5 CCTCGTCCTCCAATGACAC GCGCTGCAGTCACAATTC 

FN1 AGGAAGCCGAGGTTTTAACTG AGGACGCTCATAAGTGTCACC 

PAX6 TGTCCAACGGATGTGTGAT TTTCCCAAGCAAAGATGGAC 
 
 
  

4.4.3 Polymerase chain reaction (PCR)  

Amplification quantitative PCR (qPCR) analysis of cDNA was performed in a StepOne 

Real-Time PCR System (Applied Biosystems) by using the SYBR green detection system 

(SensiFAST™ SYBR® Hi-ROX Kit,Thermo Fisher ) Reactions were performed in an optical 

96-well plate containing 9μL of reaction mixture + 1µL of cDNA in each well. The reaction 
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plate was sealed with a transparent adhesive cover and centrifuged briefly at 1000rcf for 

1 minute to spin down the contents and eliminate any air bubbles from the solutions. The 

samples undergone the following PCR temperature stages: 95°C for 2 minutes, 40 cycles 

of 95°C for 5 seconds and 60°C for 30 seconds. The reaction was finished with a dissocia-

tion step which consisted of 15 seconds at 95°C, 15 seconds at 60°C and 15 seconds at 

95°C. A single peak in the resultant dissociation plot represented a single specific product. 

Each sample was analysed in triplicates, and negative control reactions without cDNA 

were included in each experiment. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and -actin were used as a housekeeping gene to normalise expression. Data 

were analysed using ABI 7900 HT SDS 2.3 software (Applied Biosystems).  

 

4.5 Viability assays  

4.5.1 Live/Dead assay 

In situ live and dead cells can be visualized using the LIVE/DEAD® Viability/Cytotoxicity 

Assay Kit (Invitrogen) that provides a two-colour fluorescence cell viability assay based 

on the simultaneous determination of live and dead cells with two probes that measure 

two recognized parameters of cell viability, intracellular esterase activity and plasma 

membrane integrity. Live cells are distinguished by the presence of ubiquitous intracel-

lular esterase activity, determined by the enzymatic conversion of the virtually non-fluo-

rescent, cell-permeant calcein AM to the intensely fluorescent calcein. The polyanionic 

dye calcein is well retained within live cells, producing an intense uniform green fluores-

cence (EX/EM ~495 nm/~515 nm).  Ethdium homodimer-1 (EthD-1) enters cells with 

damaged membranes and undergoes a 40-fold enhancement of fluorescence upon bind-

ing to nucleic acids, thereby producing a bright red fluorescence in dead cells (EX/EM 

~495 nm/~635 nm). EthD-1 is excluded by the intact plasma membrane of live cells. The 

determination of cell viability depends on these physical and biochemical properties of 

cells. A 4 mM EthD-1 and 2 mM calcein AM solution (Invitrogen) diluted in 10 ml PBS 

(Life Technology) was added to live cells or alginate beads and incubated at room tem-

perature for 30 minutes, in the dark. After incubation, the solution was aspirated and a 

small amount of PBS was added to the cells to prevent dehydration. The cells and beads 
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were then photographed within 30 minutes using an IX70 inverted fluorescent micro-

scope (Olympus) to assess the ammounts of live and dead cells. 

 

4.5.2 CellTiter-Glo Luminescent Cell Viability Assay Kit  

The CellTiter-Glo Luminescent Cell Viability Assay (Promega), is a method to determine 

the number of viable cells in culture based on quantification of the ATP present, which 

signals the presence of metabolically active cells. The assay procedure involves adding a 

single reagent directly to cells which results in cell lysis and generation of a luminescent 

signal proportional to the amount of ATP present. The amount of ATP is considered to be 

directly proportional to the number of viable cells present in culture. 

 

4.5.3 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay 

The MTS substrate is prepared in a cell culture medium, added to cells in culture, usually 

at a final concentration of 0.2 - 0.5mg/mL in culture medium, and incubated for 1 to 4 

hours. The quantity of formazan (directly proportional to the number of viable cells) is 

measured by recording changes in absorbance at 570 nm using a plate spectrophotome-

ter. Viable cells with active metabolism convert MTS into a purple coloured formazan 

product with an absorbance maximum near 570 nm. When cells die, they lose the ability 

to convert MTS into formazan, and thus colour formation serves as a useful and conven-

ient marker of only the viable cells. The exact cellular mechanism of MTS reduction into 

formazan is not well understood, but it likely involves reaction with NADH or similar re-

ducing molecules that transfer electrons to MTS. 

 

4.6 Flow cytometry  

Flow cytometry was used to quantify cells expressing a pluripotency marker of human 

ESCs and IPSCs. Flow cytometry was performed using the human embryonic stem cell kit 

(BD), which was applied as per manufacturers’s instructions.  In short, cells were washed 

twice in PBS and harvested with a cell scraper (Corning), vortexed to obtain single cells 

and re-suspended in 0.5 mL of fixation/permeabilization buffer and incubated at 2-8°C 
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for 30 minutes. The cells were centrifuged and re-suspended in 100 μL of a permeabili-

zation/wash buffer (saponin-mediated cell permeabilization) (BD, Bioscince). The cells 

were incubated for 30-45 minutes at room temperature after adding 10 μL of the conju-

gated antibodies Nanog PE (Phycoerytrin)(Clone 245610; mouse IgG2A), SSEA-4 APC (Al-

lophycocyanin)(Clone 240408; rat IgG2B) and Oct-3/4 PerCP (Peridinin-chlorophyll-

protein complex)(Clone MC-480; mouse IgM) .Simultaneously, the corresponding isotype 

controls were used. Next, cells were washed with 2 mL of permeabilization/wash buffer 

and re-suspended in 200-400 μL of stain buffer for flow cytometric analysis. Analysis was 

conducted in a BD LSR Fortessa (4 laser) cytometer featuring blue (488nm), yel-

low/green (561nm), violet (405) and red (640nm) lasers.  

Before running any samples, routine alignment and calibration is essential. For the cali-

bration procedure, Calibrite™3 beads (Becton Dickinson, UK) were used prior to analysis 

and are suitable for PE, PerCP and APC calibration. The beads were used to adjust instru-

ment settings, set the fluorescence compensation and check the instrument sensitivity 

before analysis. Unstained cells and cells stained with isotype were used as controls to 

ensure no background fluorescence/nonspecific binding was accounted for in these anal-

yses. 

4.6.2 Flow cytometry data analysis 

Data were further processed using Flowjo. A single parameter histogram shows the num-

ber of events (cell counts) on the y-axis over the measurement parameter (relative fluo-

rescence intensity) on the x-axis. Finally, data from the samples were analyzed over the 

negative control to determine the percentage of the total population formed by the posi-

tive phenotype. 

4.7 Immunoprecipitation and western blotting 

Cells were washed two times with PBS on ice and scraped in 1 mL of RIPA extraction 

buffer (1% NP-40 lysis buffer, 150 mM NaCl,50 mM Tris pH 7.5,1% Nonidet P-40,2 mM 

EDTA,50 μg/mL leupeptin,10μg/mL aprotinin,200μM sodium orthovanadate,4mg/mL p-

nitrophenyl phosphate) (Thermo Fisher).The scraped cells were briefly vortexed and 

then incubated on ice for 10 min. The extracts were then centrifuged at 14000 rpm in a 

4°C cold microcentrifuge for 15 minutes and the cell extract supernatants were collected. 
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Protein contents were determined using the Bradford microassay. The samples were pre-

pared to be at 10 μg (5-15µg range) per tube in LDS sample buffer (4X solution, ref 0007, 

Invitrogen) and reducing agent (mercaptoethanol 10%) all samples had the same final 

volume (adjusted with distilled water). The tubes were warmed for 5 minutes at 90°C to 

denature the proteins. Samples were loaded on to BioRad Precast gels Bio-Rad – Criterion 

XT Precast Gels 10% Bis-Tris-12+2 well comb –ref 345-0111 –45μL max per well. 1L of 

running buffer diluted to 1X in water was added to the tank containing the gels (MOPS 

SDS Running Buffer 20X, ref NP0001, Invitrogen). 5μL of a protein ladder was also loaded 

(Precision plus Protein Standards – Dual Color, ref 161-0374, Bio-Rad) and the samples 

were run for approximately 90 minutes at 110 V (constant voltage). When the ladder run 

was complete, the current was stopped. The proteins were transferred to a PVDF mem-

brane which was the size of gel. The membrane was blocked with PBS + 0.1% Tween-20 

+ 5% milk (Dried Skimmed Milk, less than 1% fat) with gentle agitation. Primary antibody 

(AF) was added and diluted 1:1000 in blocking buffer for 1 hour at room temperature. 

The membrane was then washed with for 3 x 5 min with PBS + 0.1% Tween 20 with gentle 

agitation. After 1h incubation with secondary antibody from Tocris Bioscience -polyclo-

nal goat anti-rabbit Ig/HOURP – working dilution 1/1000 – HAF109. The membrane was 

washed 3 x 5 min with PBS + 0.1% Tween 20 with gentle agitation and was incubated 

with chemiluminescent substrate (e.g. ELC 2 from Pierce) according to the manufac-

turer’s instructions. Densitometric analysis of the films was performed using the Quantity 

One 1-D Analysis Software, 2003 version (BioRad,).  

 

 

 

 

Table 4.3. List of Primary Antibodies for Immunoprecipitation and western blot-

ting 

 
 
 

 

 

 

ANTIGEN PRIMARY ANTIBODY COMPANY DILUTION 

C(PROSP-C) Polyclonal antibody Rabbit AB3786-Millpore 1:1000-1:2000 
B(PROSP-B) Polyclonal antibody Rabbit AB3430-Millpore 1:4000-1:8000 

GBDH goat polyclonal IgG sc-9890 Santa Cruz 1:50-1:500 
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4.8 Statistics  

Data are presented as means ± standard error of the mean (SEM). Comparison of two 

treatment groups was performed using the unpaired two-tailed Student’s T-test. Com-

parisons between several groups were analyzed by one way analysis of variance 

(ANOVA). The statistical analyses were done using GraphPad software to determine sig-

nificant differences. P-values lower than 0.05 were considered to show statistical signifi-

cance. For all experiments, a minimum of 3 independent experimental runs was per-

formed. 
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Chapter 5 

Maintain human IPSCs pluripotency in feeder-free cul-

ture and enhance the proliferation of single cells by 

combining ROCK inhibition and hypoxia 

5.1 Introduction 

Although human ESCs/IPSCs culture methods have been undergoing many advance-

ments, certain issues require resolution prior to applying such methods clinically. These 

issues include: the lack of standardization in maintenance and differentiation protocols 

in the context of serum-free and xeno-free conditions; inadequacy of analysis in monitor-

ing cellular stress and signaling, poor growth conditions, spontaneous differentiation, 

and apoptosis while undergoing cell processing; and the issue of heterogeneous cell pop-

ulations (Chen et al., 2014).  

Pluripotency and differentiation capabilities of human IPSCs within the body has at-

tracted the attention of researchers in the regenerative medicine field. To reduce hetero-

geneity and differentiation efficiencies, human IPSCs require maintenance of high plurip-

otency states initially (Chen et al., 2014). To maintain human ESCs cells culturing ex-vivo 

focused on uses of mouse or human feeder cell layers however, MEFs are undefined xeno-

derived resources. 

Despite the progress made in feeder-free products that support long-term culture of hu-

man ESCs/IPSCs such as Matrigel™ and serum-free medium such as, mTeSR™1 which in-

clude some animal proteins, alternative animal-free formulations exist and do support 

human ESCs/IPSCs cultures as well. They have the potential to support future therapeutic 

use (Braam et al., 2008). An example of this is recombinant vitronectin (Braam et al., 

2008) and Laminin-511 (Braam et al., 2008) yet such formulations are known to be costly 

and therefore, their use is minimal  (Chen et al., 2014). Emphasis has been put on certain 

technical issues which constrain the utilization of human ESCs in research and clinical 

applications. Paradoxically, human IPSCs are ideally maintained in colonies, however, for 
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differentiation protocols to be efficient and robust, they require processing through sin-

gle cell cultures (Ludwig et al., 2006; Levenstein, et al., 2006; Watanabe et al., 2007). 

In spite of being conducted under conditions leading to stem cell maintenance,  single 

cells in suspension cultures of human PSCs, face apoptosis (Amit et al., 2000; Hasegawa 

et al., 2006). A possibility of turning this issue, is the inhibition of ROCK (Rho-associated 

protein kinase), a serine-threonine kinase that phosphorylates and activates the myosin 

II pathway (Baharvand, Salekdeh and Mollamohammadi, 2010; Chambers et al., 2009; Ol-

son, 2008; Watanabe et al., 2007; Wataya et al., 2008). This results in the maintenance of 

the differentiation potential for up to 72 hours, through the inhibition of an E-cadherin-

dependent apoptotic pathway (The Y-2763221, ROCK  inhibitor) (Chen et al., 2010; Emre 

et al., 2010; Ohgushi et al., 2010; Walker et al., 2010). This inhibitor is the most effective 

inhibitor. Treatment of human ESCs and Human IPSCs is done with 10 μM of Y-27632 

before disassociating the colonies into single cells (Mollamohammadi et al., 2009; 

Miyazaki et al., 2012; Sahara et al., 2014). 

Oxygen is an effective signalling molecule due to its impact on fundamental characteris-

tics of different stem cell types (CSETE, 2005). Earlier results suggest that low-oxygen 

tension (2%) in culture is crucial for robustness of human embryonic stem cell (ESC) self-

renewal(Forsyth et al., 2006). Furthermore, under those conditions’ cells are capable of 

reducing the chromosome mutations. For instance, when cultured under 5-7% oxygen, 

human PSCs showed increased blastocyst development, rates cell numbers and were able 

to improve quality of human IPSCs cultured in serum-free and xeno-free conditions 

(Yoshida et al., 2009b; Forristal et al., 2010a).  

5.2 Aim and Objectives 

This chapter presents the initial work carried out towards the encapsulation of human 

IPSCs in alginate beads. Here, a strategy to overcome the main problem with obtaining a 

successful 3D culture system for Human IPSCs is presented as a means to avoid the apop-

tosis and pluripotency losses during culture previously mentioned in literature 

(Watanabe et al., 2007). Initially, a study of the effect of combining a feeder- and serum-

free culture on the human IPSC cell line IMR90-1 on the maintenance of cellular pluripo-

tency between passages has been conducted. In the course of this study, pluripotency 
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markers have been measured by immunocytochemistry and flow cytometry. Further-

more, hypoxic environments (5% oxygen) combined with 10 µM of Y-27632 ROCK inhib-

itor has been attempted as a strategy to maintain viable, highly pluripotent single cell 

suspensions of human IPSCs.  

5.3 Methodology  

The human IPSCs cell line IMR-90 was cultured in feeder- and serum-free conditions fol-

lowing manufacturer’s instructions. The cells were cultured on Matrigel™-coated 6-well 

plates in mTeSR™1 culture medium supplemented with TGF-β and FGF-2. In order to 

maintain the pluripotency and viability of the cells, media exchanges were performed 

daily. Cells were passaged after reaching 70% confluence with the use of a cell-scrapper, 

in order to produce small slumps instead of single cells at this point. 

To confirm the maintenance of pluripotency for over 5 passages (34-39), cells were as-

sayed for the presence of the pluripotency-associated proteins Oct3/4, Sox2, Nanog, TRA-

1-60, TRA-1-80 and SSEA4 by immunofluorescence microscopy; for the presence of alka-

line phosphatase activity by light microscopy and for the expression of intracellular pro-

tein Nanog and surface protein SSEA4 by flow cytometry, as these are widely used mark-

ers of pluripotency (Abujarour et al., 2013).  

As encapsulation requires the cells to be in a single-cell suspension, the first step of this 

project was to optimise the dissociation method, as this commonly leads to dissocia-

tion-induced apoptosis (Watanabe et al., 2007) . For this reason, several conditions were 

tested to overcome this problem. Watanabe shows that for human ESCs, 10 µM of Y-

27632 ROCK inhibitor should be added to the culture media two hours before the use of 

Accutase (contains proteolytic and collagenolytic enzymes) to dissociate cells into a sin-

gle cell suspension. Cells can then be recovered from the suspension by centrifugation, 

washed with PBS, gently homogenised with a pipette and passed through a 40 micron cell 

strainer. The dissociated cells should be seeded onto Matrigel™ ® coated flat-bottomed 

96-well plates at low density (50000 cells/ well, 0.32 cm2; three wells for one condition).  

In addition to the effect of ROCK-inhibitor in culture, its effects were studied along with 

the influence of the oxygen concentration in culture, as the cells were cultured at 37°C 

and in a humidified atmosphere of 5% CO2 and 5% or 21% O2, since it has been proven 

that hypoxia plays an important role in stem cells by maintaining their pluripotent state, 
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enhancing proliferation and reprogramming somatic cells into pluripotent cells (Yoshida 

et al., 2009b; Forristal et al., 2010a). For this, 4 study groups were created: no inhibi-

tor/normoxia, inhibitor/normoxia, no inhibitor/hypoxia and inhibitor/hypoxia. To study 

the effect of each condition on the viability and proliferation of the cells, the MTS Cell 

Proliferation assay was used at 4 time points - 12h, 48h, 72h, and 96h. A calibration curve 

was generated for the MTS assay, where the data shows a linear correlation between the 

absorbance signal and the cell number within the range where the assay was applied, 

allowing for the use of the equation that defines this relationship to calculate the number 

of viable cells in culture (Appendix I). 

5.4 Results and Discussion 

5.4.1 Morphology of undifferentiated human IPSCs Cultured on Corning® 

Matrigel™ Matrix in mTeSR™1 Medium and the expression of Alkaline 

Phosphatase AP+  

Human IPSCs grown in mTeSR™1 Medium and on Matrigel™ matrix substrate were ob-

served under light microscopy (Figure 5.1). At day 5, the images showed the typical mor-

phology of the round pluripotent colonies, consisting of dense, flat and smooth colonies 

with a clear border detected under light microscopy (Figure 5.1 A and B). Undifferenti-

ated human IPSCs usually expand as healthy condensed and round multicellular colonies 

with distinct edges (Courtot et al., 2014). Upon further inspection, the human IPSCs 

showed larger sized nuclei in comparison to the cytoplasm and prominent nucleoli, in-

dicative of exponential proliferation (Figure 5.1 C). It is also possible to observe the cells 

closely packed inside the colonies, which indicates, in pair with the previously described 

morphology, the meeting of criteria that confirms the capability of the in-vitro culture to 

sustain self-renewal. The observed characteristics differ notably from other cells, such as 

parental human dermal and mouse embryonic fibroblasts. Similar morphology has been 

described for other IPSCs in several studies (Thomson et al., 1998; Takahashi et al., 2007). 

Spontaneous differentiation within the colonies that are beginning to differentiate was 

characterized by a compact central core, loss of defined edges and areas of irregular cel-

lular morphology as shown in Figure 5.1 D) indicated by the arrows. Mechanical passag-

ing was used to save this colony by scrapping out the differentiated cells at the edges. 
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Research has focused greatly on improving the reproducibility of human IPSCs culture in 

simple, defined feeder-free methods from all aspects of the culture system, such as media, 

coating matrix, and passaging method (Totonchi et al., 2010). However, some studies re-

ported an elevated expression of lineage-specific genes in human ESCs/IPSCs cultured 

under feeder-free conditions, which may affect any consequent attempt to differentiate 

these cells towards different lineages (Badger et al., 2012). Additionally, changes in the 

karyotype of human ESCSs/IPSCs cultured under feeder-free conditions have also been 

reported (Badger et al., 2012). Another concern when adapting human ESCs/IPSCs to 

feeder-free culture methods is the decrease in the proliferation rate as cells are exposed 

to fewer growth factors that would originally be released from MEFs in-vivo. The ability 

of different human ESCs/IPSCs  lines to attach to feeder-free matrix varies, as a result of 

their different integrin content as these are important cell attachment proteins (Badger 

et al., 2012). However, the use of feeder-free conditions eliminates the undefined biolog-

ical variability component of the feeder layer from the culture system (Nakagawa et al., 

2014). For this reason, Matrigel™ has been used as a matrix to culture human IPSCs, par-

ticularly as it is reproducible and easy to use (Lam and Longaker, 2012). 

Additionally, a complete elimination of serum and animal-derived materials is essential 

for clinical applications. Thus, it is significant to move towards a feeder-free and se-

rum-free culture system for the medically relevant maintenance, expansion and differen-

tiation of human IPSCs. Hence, ensuring the quality of pluripotent cells is important for 

their differentiation efficiency. Recent publications showed the feasibility of using a de-

fined serum-free and feeder-free media such as mTeSR™1 for a high quality maintenance 

of human ESCs and IPS Cs (Bergendahl, et al., 2006; Lannon et al., 2008). 

It has been demonstrated that human ESCs and IPSCs show alkaline phosphatase (AP) 

activity when in their undifferentiated state, so a colorimetric assay was used as func-

tional confirmation of maintenance of pluripotency. This is a widely used, simple, sensi-

tive, rapid, and quantitative functional assay for pluripotent cells (Hoffman and 

Carpenter, 2005). AP expression was also analysed using enzymatic immunohistochem-

istry and it has been correlated with other self-renewal assays (Shamblott et al., 1998; 

Takahashi et al., 2007; Thomson et al., 1995). Therefore, at day 5 of culture, AP activity 

staining was made on confluent cultured human IPSCs at passage 39. All cells within the 

colony indicated extraordinary AP activity, as shown in (Figure 5.1) F. Accordingly, it has 
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been previously shown that the loss of AP occurs before the loss of OCT4 or SSEA3 ex-

pression, proving this to be a more sensitive indicator of the undifferentiated stem cell 

state of human ESCs than any of the previously shown markers (O’Connor et al., 2008). 

The cell morphology however, does not indicate underlying molecular changes, which 

should be concluded based on a transcriptional profile and protein expressions.  

 

 

Figure 5.1: Morphology of Human IPS Cell Line IMR-90 Cultured on Corning® Mat-

rigel™ Matrix in mTeSR™1 Medium.  

A) Image of Day 5 from the maintenance culture showing Human IPSCs colonies covering a large 

area of the well. B) The morphology of Human IPSCs colony is dense, flat, and presents smooth 

edges). C) Human IPSCs are more condensed with a high nucleus/ cytoplasm ratio and prominent 

nucleoli, as indicated by the arrows. D) Image showed an undifferentiated human IPSCs colony 

that has begun to spontaneously differentiate around the edges, as indicated by the arrows. E) 

Human IPSCs stained positive for Alkaline Phosphatase activity. (A, B, and D Scales for each im-

age: 200μm) (E Scales for each image: 10μm) (C Scales for each image: 20μm). 
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5.4.2 The characterisation of Human IPSCs self-renewal potential over 

passages  

Several assay should be conducted on ES and IPS cells to confirm and characterise their 

self-renewal capacity (Peppo and Marolt, 2012). These assays characterise cell pheno-

types in terms of morphology by measuring cell surface and intracellular markers. Fur-

thermore, pluripotency of cells can also be assessed by their ability to differentiate into 

cells of all three germ layers. These very features of stem cells make them valuable tools 

for the study of physiological and pathological development (Evans and Kaufman, 1981; 

Thomson et al., 1998). However, in vitro culture conditions for stem cell growth demand 

a balance between a number of variables to create the optimal environment which would 

enable cell survival, growth and maintenance of pluripotency. For example, culture tem-

perature, oxygen tension, appropriate growth media and adhesion matrix can drastically 

affect cell quality. 

To confirm the pluripotency of human IPSCs, immunoreactivity with pluripotency mark-

ers was detected at passage 39 at the fifth day of culture in mTeSR™1 medium and Mat-

rigel™ coating (Figure 5.2). Cells showed high expression of the common pluripotency 

proteins: (A) nuclear markers, Octamer-binding transcription factor 4 (Oct4), SRY (sex 

determining region Y)-box 2 (Sox2), and Nanog (Figure 5.2), in addition to (B) surface 

markers, SSEA4, TRA-1-81, and TRA-1-60 (Figure 5.2). Negative controls were created at 

the same time from the same batch of cells by incubating them only with the secondary 

antibody, to detect and account for non-specific fluorescence. Oct4, Sox2, and Nanog are 

transcription factors associated with stemness and known to be highly expressed in un-

differentiated human ESCs and IPSCs cells, as well as directly correlated with cellular self-

renewal potential (Loh et al, 2006). Stage-specific embryonic antigen 4 (SSEA-4), Tumour 

Rejection Antigen TRA-1-60, and TRA-1-81 are antigens present on the surface of human 

ESC (Aoki et al, 2010). The majority of human IPSCs colonies showed highly positive ex-

pression of Oct4, Sox2 and Nanog. This result is extremely important because Oct4 is 

highly associated with cells from the ICM (inner cell mass) and it has been shown that 

knocking out this gene induces trophoblast development (Nichols et al., 1998; Rosner et 

al., 1990; Scholer et al., 1990a; Scholer et al., 1989; Scholer et al., 1990b). Both Sox2 and 

Oct4 are transcription factors which belong to the SRY family. In spite of Sox2 expression 

in ICM, it can be expressed in later development stage such as germ cells and epiblast. 
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Additionally, Sox2 plays a central role in ectoderm and nervous system development 

(Avilion et al., 2003; Gubbay et al., 1990). 

At this point, it is important to realise that the expression of Oct4, Sox2 and Nanog does 

not necessarily indicate early cell differentiation. Nanog is a homebox protein and a pro-

tein of early development where Nanog down-regulation is associated with loss of self-

renewal potential. Furthermore, both Nanog and Otc4 are considered responsible for the 

central regulation of stem cell transcription associated genes (Rizzino, 2009). In addition, 

it has been shown that in spite of Oct4, Sox2 and Nanog being positively expressed, self-

renewal can be associated with several other factors (Avilion et al., 2003; Chambers et al., 

2003; Lee et al., 2004; Nichols et al., 1998; Scholer et al., 1990b). Such factors include 

surface marker glycoproteins such as Tra1-60, Tra-1-81, SSEA3 and SSEA4 which are 

highly associated with self-renewal and therefore their down-regulation is associated 

with differentiation (Andrews et al., 1982; Damjanov et al., 1982; Reubinoff et al., 2000, 

Shevinsky et al., 1982; Thomson et al., 1998).  

Following the high expression of the pluripotency proteins showed by the immunocyto-

chemical analysis, flow cytometry analysis was used to quantify the expression of the plu-

ripotency associated markers, as opposed to the previous technique, which is merely a 

qualitative analysis. After passaging cells over 5 times, flow cytometry results show 86% 

Nanog+SSEA4+, a solid result for the co-expression of an intracellular and a surface 

marker, as a very high percentage of cells was positive for both markers at the same time 

(Figure 5.4 A). Typically, the specification test to pass and meet the certificate of analysis 

for any human IPSCs cell line the cells population should be more than 80% pluripotent 

(Maherali and Hochedlinger, 2008). At this point, human IPSC culture in mTeSR™1 accu-

mulated undifferentiated cells over passages by showing no difference in the percentage 

of pluripotency cells co-expressing these two markers between passages 34 and 39 (Fig-

ure 5. 4 B). Unstained human IPSCs cells and the manufacturer recommended isotype 

controls were used as controls to set the exclusion gates that generated these results 

please review the plot at (Appendix II). 
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Figure 5.2: Immunofluorescence staining of pluripotency-associated nuclear and 

surface proteins in human IPSCs.  

Expression of pluripotency associated nuclear markers at day 5: (A) Oct4 (Alexa Fluor® 488-

FITC-green), (B) Sox2 (Alexa Fluor® 488-FITC-green), and (C) Nanog (Alexa Fluor® 488-FITC-

green); Expression of pluripotency surface markers (D) TRA-1-81 (Alexa Fluor® 488-FITC-

green), (F) SSEA4 (Alexa Fluor® 488-FITC-green), and (E) TRA-1-60 (Alexa Fluor® 488-FITC-

green). The first column shows the bright field images; the second column shows the expression 

of the nuclear or surface markers in green; the third column shows nuclear counter staining with 

DAPI and finally the sixth column shows the composite images. Images were captured at 10x mag-

nification. Scale for images, 100 μm and 40x. Scale for images, 200μm magnification, as indicated 

in the figures, under the appropriate fluorescent filters. 
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Figure 5.3: Negative Controls for non-specific immunocytochemistry staining of   

pluripotency-specific primary antibodies for human IPSCs.  

A) Human IPSCs stained only with the secondary antibody Alexa Fluor® 488 goat anti-rabbit 

(FITC-green); (B) Goat-anti-rabbit (Alexa Fluor® 488-FITC-green) and Goat-anti-mouse (Alexa 

Fluor® 488-FITC-green). The first column shows the bright field images. The second column 

shows any non-specific binding either in green. The third column shows the nuclear staining with 

DAPI, as indicated in the figure. The forth column shows the composite images. Images were cap-

tured at 40x. Scale for images, 260μm.  
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Goat-anti-mouse 
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Figure 5.4: Flow cytometric analysis of pluripotency markers over passages.  

The plot shows the percentage of double positive cells stained with internal protein Nanog-PE 

and cell surface protein SSEA4-APC at passages 34 and 39.   

 

5.4.3 Optimised proliferation of human IPSCs when passaged as single-

cells and evaluation of pluripotency maintenance under different condi-

tions  

In the previous sections, the successful production of human IPSCs in a naïve undifferen-

tiated state has been described. Colonies were producing following feeder-free protocol 

previously reported (Lannon et al., 2008; Ludwig et al., 2006). Consequently, it was clear 

that the method employed to passage the cells needed to be optimized before moving on 

to 3D culture, as encapsulation requires the cells to be suspended as single cells, which 

often leads to dissociation-induced apoptosis (Watanabe 2007) (Figure 5.5 ). Based on 

the literature, 10 µM of the Y-27632 inhibitor were added to the culture media 2 hours 

before passaging the cells and then for 4 days after passaging. Moreover, in this section, 

the stimulus of the oxygen tension was also evaluated, because it has been confirmed that 

hypoxia has a role in maintaining cells in a pluripotent state (Yoshida 2009; Forristal 

2010). Thus, four study groups were created: no inhibitor/normoxia, inhibi-

tor/normoxia, no inhibitor/hypoxia and inhibitor/hypoxia.  
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Figure 5.5 Comparing the passaging of human IPSCs as clusters vs single cells.  

A) Human IPSCs after dissociation, as large aggregates or clumps. B) Human IPSCs after dissoci-

ation as singe cells in the presence of 10 µM of Y-27632 ROCK inhibitor. (Scale for both images: 

20μm). 

 

Single cell suspensions of human IPSCs proliferation were assayed by quantification of 

metabolically active cells using the MTS assay at 4 time points 12, 48, 72, and 96 hours 

and the four groups mentioned above. Interestingly, the inhibitor/hypoxia group showed 

a significantly higher number of cells in culture for all time points (Figure 5.6 A, B, C and 

D). After 12 hours, around 4x104 cells out of the 5x104 initially seeded survived in the 

condition inhibitor/hypoxia, a significant difference in comparison with the other condi-

tions (Figure 5.6 A). At 48 hours, cells had doubled in number to 1x105 in the inhibi-

tor/hypoxia group whereas in inhibitor/normoxia they had reached less than 7x104. 
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Likewise, at 72 hours, the proliferation rate continued exponentially in the inhibi-

tor/hypoxia group and reached more than 2x105 cells. Finally, after 4 days, cell num-

bers were significantly higher in presence of inhibitor and 5% O2 compared to all other 

groups. The positive effects of the Y-27632 ROCK inhibitor on cell growth have been 

extensively studied (Watanabe et al., 2007). However, in this condition, where the low 

oxygen tension of 5% was combined with the use of the inhibitor, cell numbers in-

creased drastically in comparison with Watanabe’s observations (inhibitor/normoxia). 

Recently, Piltti et al. showed that exposing chondrocytes to 10 µM Y-27632 and only 5% 

oxygen resulted in the deregulation of cell cycle associated proteins, cellular growth and 

proliferation, and development of tissue-like morphology. In addition, increased produc-

tion of extracellular matrix was also observed in chondrocytes under these conditions 

(Piltti et al., 2017). The observation of increased cellular attachment after 12 hours under 

hypoxic conditions (Figure 5.7 B) could provide an explanation for the increased cell pro-

liferation in the rock/hypoxia group. Although there was no treatment with 10 µM Y-

27632 in the no inhibitor/hypoxia group, proliferation was >2-fold higher when com-

pared to the no inhibitor/normoxia group over the whole 96 hours, denoting the positive 

effect of the low oxygen tension in proliferation (Figure 5.6 C). 

Previous studies have reported that hypoxia enhances adhesion, through enhanced pro-

duction of ECM (extracellular matrix) proteins such as fibronectin and E-selectin, by in-

ducing the expression of the integrin chains αV, α6, and β5 (INs). For instance, hypoxia 

has been shown to enhance the expression of β1 through a HIFα mediated transcriptional 

mechanism in breast carcinoma cells, human colon cancer cells, fibroblasts and ESCs 

(Berry et al., 2000; Pirone et al., 2006; Kim et al., 2010; LEE, 2011). The effects of the ECM 

are mediated mainly by surface receptors such as integrins, which trigger different cellu-

lar responses. From these studies, it is clear that altered reactive oxygen species (ROS) 

levels have an effect on IN-mediated signaling, and thereby also have an effect on cell 

adhesion, migration, and survival. In addition, hypoxia stimulates the production of ga-

lectin-1, a lactose-binding lectin, which enhances cell-to-ECM adhesion and has been 

shown to contribute through this mechanism to hypoxia-induced pulmonary hyperten-

sion in mice (Jean et al., 2011). These mechanisms may provide an explanation for the 

results seen in the conditions where low oxygen tension was present but no inhibitor was 

added, suggesting that hypoxia, on its own, plays an important role in IPSCs single-cell 
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survival. Moreover, the potential of Y-27632 to enhance cellular adhesion has also been 

observed in other cell types, for example, adhesion of human trabecular meshwork cells 

to fibronectin or collagen type I is increased by the addition of Y-27632. Recently, it has 

been reported that addition of ROCK inhibitor in Matrigel™ ® may increase plating effi-

ciency by influencing ECM-integrin interactions. In contrast, it has been observed that 

ROCK-treated human ESCs are considerably more difficult to dissociate enzymatically, 

regardless of the type of enzymatic dissociation used, whether it be Trypsin, TripLE, Ac-

cutase, or Collagenase (Li et al., 2009). This observation implies that ROCK inhibitor 

treated cells display an increased cellular adhesion or “stickiness” of the plasma mem-

brane(Krawetz, Li and Rancourt, 2009).  
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Figure 5.6. Cells proliferation of single human IPSCs in different conditions and dif-

ferent time points.  

Cellular proliferation was evaluated with the MTS assay. A) After 12 hours, cell proliferation in 

both hypoxia groups was significantly higher in comparison to no inhibitor-normoxia B) ,C) after 

48 and D)  96 hours, hypoxia with inhibitor was remarkably better in comparison to other groups; 

normoxia with inhibitor showed significantly higher cell proliferation compared to both groups 

without inhibitor; the no inhibitor/hypoxia showed improved survival and proliferation when 

compared to the no inhibitor/normoxia group. Data are expressed as mean ± SD of four inde-

pendent experiments. (****P<0.0001, **P<0.1 and *P<0.5; p-values calculated from one-way 

ANOVA) 
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Figure 5. 7 Single human IPSCs after 12 of plating.  

A) Cells are poorly adherent after 12 hours under normoxia in the absence of inhibitor. B) No 

floating cells observed in hypoxia in the absence of inhibitor. Scale bars, 50 μm. C) After 12 hours, 

cell numbers in the no inhibitor/hypoxia group were significantly higher compared to both 

normoxia groups and inhibitor/hypoxia group. Cellular proliferation was evaluated by MTS as-

say. Data are expressed as mean ± SD of four independent experiments. (**P<0.1 and *P<0.5; p-

values calculated from one-way ANOVA) 
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Although, to the best of my knowledge no study has shown the combined effect of ROCK 

inhibitor and 5% oxygen, there have been previous evidences of their separate effects 

(Krawetz, Li and Rancourt, 2009). Many of the hypoxia-related effects include the activa-

tion of the HIF pathway, which plays many roles in several downstream-target genes. At 

5% oxygen Catherine et al. 2010, demonstrated cell proliferation and attachment of hu-

man ESCs cells whether on MEFs or feeder-free on Matrigel™, and increased cell prolifer-

ation data, which is in agreement with the results of Ludwig et al. 2006 (Forristal et al., 

2010a; Ludwig et al. 2006). This may be due to the increase in Nanog expression levels, 

since it has recently been shown that Nanog is involved in the regulation of S-phase entry 

in human ESCs and that overexpression of this gene results in a significant increase in 

proliferation, through binding to regulatory regions of CDK6 and CDC25A, as these are 

important cell cycle regulators (Neganova et al. 2009; Zhang et al. 2009). Similarly, in-

creased proliferation rates have also been observed in many other primitive populations 

including mesenchymal stem cells and neural progenitor cells when cultured under low 

oxygen tensions (Grayson et al. 2007; Zhao et al. 2008). This indicates that there is accu-

mulating evidence suggesting that ROCK inhibition may play an active role in cell cycle 

regulation (Chen et al., 2009; John et al., 2004; Yin and Yu, 2008; Zohourabian et al., 2009). 

In addition, inhibiting the ROCK pathway has a direct effect on cell proliferation in differ-

ent type of cells, as for examples Nakashima et al. 2011 have shown it to enhance pancre-

atic cancer cell proliferation; Nakamura K et al. 2014 on maintenance of the multi-layered 

proliferation of confluent mouse ESCs; Horani A. et al. 2013 enhanced basal-cell prolifer-

ation in cultured human tracheobronchial and mouse tracheal epithelial cells and GSL 

Peh  et al. 2015 on the propagation of primary human corneal endothelial cells. The in-

hibitor/normoxia group showed significantly higher cell numbers after 48 and 96 hours 

compared to groups without inhibitor (Figure 5.6 B and D). In agreement with 

Watanabe’s observation, the no inhibitor/normoxia group showed poor survival of hu-

man IPSCs in single cell suspensions throughout 96 hours (Nakashima et al. 2011; Naka-

mura et al. 2014; Horani A. et al. 2013; Peh et al. 2015). 

The question of whether the inhibitor/hypoxia group had an impact on the cellular 

self-renewal capacity remains unanswered. This finding would not be of use for the cul-

ture if it affected the quality of the cells. The expression of the pluripotency markers 



 

     

  

 

94 
 

Nanog, Oct3/4 and SSEA4 was assessed by flow cytometry, with cells in all conditions 

expressing >70% of all markers, without any statistical significance between the groups 

(Figure 5.8). The positive effect of hypoxia on pluripotency observed in many studies is 

likely explained in part by the demonstration that OCT-4, SOX-2 and Nango have all been 

shown to be regulated by HIF-2α (Covello et al., 2006; Forristal et al., 2010a). Moreover, 

recent papers by Kurosawa et al. and Gauthaman et al. have brought to light the important 

role of ROCK signalling for the maintenance of human ESCs pluripotency. Kurosawa et al. 

(Kurosawa, 2012) have demonstrated that Y-27632 treatment increased levels of Oct4 

expression and according to Gauthaman et al. (Gauthaman, Fong and Bongso, 2010), hu-

man ESCs can be grown without the need for niche-forming feeder layers or animal-de-

rived matrices with the addition of Y-27632 to a single synthetic matrix. Although further 

investigation is required, as there are many possible mechanisms for hypoxia and ROCK-

inhibitor treatment, these results are quite promising and provide a first evidence of the 

combined effect of these two strategies in obtaining a viable pluripotent single-cell sus-

pension of human IPSCs. Unstained human IPSCs cells and the manufacturer recom-

mended isotype controls were used as controls to set the exclusion gates that generated 

these results please reviewed the plot at (Appendix III). 
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Figure 5. 8 Flow Cytometry Analysis of Pluripotency Marker Expression of human 

IPSCs dissociated to single cell suspensions in in different conditions at 96 hours. 

The percentage of double positive cells of both nuclear markers OCT4/3 and Nanog positive was 

at comparable level within the groups B) and C) the same result was observed for the double 

positive of nuclear marker Nanog and surface mark SSEA4 and nuclear marker OCT4/3 and sur-

face mark SSEA4. Unstained human IPSCs control and isotope control. (Appendix III). 
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Final, to confirm the robustness of these experiments, the same conditions were applied 

to the human ESCs 9H cell line and the same trend was observed for all the groups. In this 

section, human ESCs were used to evaluate the effect of ROCK present or absent and ox-

ygen tension level and compare their effects with those observed on human IPSCs (Figure 

5.9 B and C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 9 Comparing cellular proliferation of human IPSCs and ESCs.  

A) Human ESCs confluent after 96 hours (hypoxia with inhibitor). Scale bar, 50 μm; B) and C) 

Growth curve of IPSCs and human ESCs cultured as single cells within different time courses in 

different conditions of Y-27632 treatment and hypoxia. Both cell types show positive effects of 

hypoxia with RI in the first 12 hours until the end of the culture. Data is expressed as (mean ± SD) 

of four independent experiments. (**P<0.01, ****P<0.0001, two-way ANOVA, one-way analysis of 

variance). 
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5.5 CONCLUSION 

Our findings supported previous evidence showing that culturing human IPSCs in 

mTeSR™1 medium and Matrigel-coated plates maintained stemness with high expansion 

rates (Lannon et al., 2008). As compared to the conventional protocols, this culture 

method is simple, straightforward, and reproducible. Using different self-renewal assays 

involving ICC, AP and flow-cytometry proved the ability to maintain undifferentiated hu-

man IPSCs in these experiments. Sustaining pure pluripotent colonies prior to the differ-

entiation process is vital to enable the ease of lineage derivation and to reduce hetero-

genic cell populations. Therefore, self-renewal assessments should be a routine assay 

performed during different stages of differentiation to determine the presence or absence 

of pluripotency markers. Hypoxia combined with rock inhibition enhances proliferation 

of single human IPSCs. Additionally, pluripotency markers show a similar expression 

both in hypoxia and normoxia with or without ROCK inhibitor treatment conditions. 

Single-cell cultures of human ESCs show a similar growth trend when compared to hu-

man IPSCs. In summary, the results presented in this chapter are extremely promising 

but need further experimentation to unveil the underlying mechanisms associated with 

the combined effect of low oxygen tension and an inhibitor of the ROCK pathway. This 

method allowed for a successful encapsulation of viable pluripotent human IPSCs, as de-

scribed in the following chapters, improving the efficiency of the application of any dif-

ferentiation protocol to these cells. 
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Chapter 6  

Maintain of Human-induced pluripotent stem cells (hu-

man IPSCs) Proliferation and Pluripotency in Alginate 

Beads and Evaluate the Effect of Static and Dy-

namic Motion 
 

Results presented in chapter 5 have shown that dissociation of colonies into single cells 

was proven to be successful by the addition of the Y-27632 ROCK inhibitor without re-

ducing the pluripotency of the cells. The next goal was the optimization of the culture 

conditions in three-dimensional (3D) alginate beads and the HARV bioreactor. In this 

chapter, the testing of several conditions aimed at optimizing viability/ proliferation in 

the 3D environment is described: static vs. dynamic cultures, adhesion protein added to 

alginate (Matrigel™ vs. Gelatin) and the influence of the long-term addition of Y-27632 to 

the culture. All results will be assayed for proliferation using the MTS proliferation assay. 

Moreover, cells will be analysed all for the expression of pluripotency, hypoxia response, 

ECM and ectoderm markers. 

6.1 Introduction 

Human induced pluripotent stem cells (human IPSCs), have several promising biomedical 

applications, such as cell replacement therapies, tissue engineering, and high-throughput 

toxicological and pharmacological screenings (Lewitzky and Yamanaka, 2007). The use 

of these cells for any of the mentioned applications requires large numbers of cells of high 

quality. However, the scalable expansion and differentiation of these cells has proven to 

be very demanding and inefficient, particularly has it most commonly resorts to the use 

of two dimensional cultures (Lei and Schaffer, 2013). Most of our understanding of bio-

logical stem cell processes has been obtained largely from two dimensional monolayer 

cultures. Currently, 2D-based cell culture systems suffering from inherent heterogeneity 

and limited scalability have emerged as bottlenecks for producing sufficient numbers of 

high-quality cells for biomedical applications. In vivo, cells are incorporated in a complex 
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environment composed of the extracellular matrix (ECM), mechanical and chemical cues 

(such as cytokines and growth factors). The plastic surface used for tissue culture lacks 

the structural, mechanical and biochemical cues that provide human PSCs with the struc-

ture and support of their natural environment in-vivo (Kinney, Sargent and McDevitt, 

2011). A recent strategy arose to circumvent this problem utilising various natural or 

synthetic biomaterials, or encapsulating 3D constructs. These approaches not only help 

avoiding extrinsic factors supplement but aim at mimicking as well an environment sim-

ilar to the one found in-vivo (Chowdhury et al., 2010a; Randle et al., 2007; Hwang et al., 

2009). 

Cell encapsulation means the entrapment of living cells within the structure of semi-per-

meable membranes, forming a three-dimensional structure. These membranes allow for 

the exchange of nutrients, oxygen and stimuli between the culture environment and the 

cells, excluding antibodies from the host that are larger than the capsule pore size, striv-

ing to create products with low immunogenic response (Orive et al., 2003). Another ad-

vantage of cell encapsulation was shown in a study by Dean et al. (Dean et al., 

2006)  where encapsulated mouse embryonic stem cells (mouse ESCs) and human ESCs 

did not result in the formation of teratomas 4 weeks after transplantation into the immu-

nodeficient SCID mice, an important breakthrough in the PSCs field, as teratoma genera-

tion is one of the problems to avoid when using this type of cells. Furthermore, this 3D 

configuration has been shown to promote better growth, differentiation, maturation and 

protein secretion of various cell types, particularly mesenchymal stem cells (Batorsky et 

al., 2005), mouse ESCs  (Dean et al., 2006; Wang et al., 2006), human ESCs (Dang et al., 

2004) and  neural stem cells (X. Li et al., 2006). 

Despite the numerous advantages of this approach, some studies have also highlighted 

significant challenges for 3D human PSC culture (Serra et al., 2012) one of them being the 

use of undefined human or animal derived components (e.g., Matrigel™ , serum, and/or 

albumin), which limits reproducibility and/or scalability and impairs the use of good 

manufacturing practice (GMP) for cell production (Unger et al., 2008) . Furthermore, 

there are two ways of seeding cells for human PSC-aggregated cultures: clump versus 

single-cell inoculation, which poses another problem. One of the major problems of inoc-

ulating cell aggregates is that it is difficult to control the size of human PSC clumps, which 
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may lead to increased apoptosis or spontaneous differentiation in the course of the cul-

ture. On the other hand, single-cell inoculation for suspension culture, using the inhibitor 

of the ROCK pathway Y-27632, has shown to be one way to control the size of human PSC 

aggregates (Watanabe et al., 2007). Mass transport is also raised as a limiting factor for 

3D culture in static conditions, due to the difficulty of nutrients and gases to reach the 

centre of the construct. This limitation is reduced when encapsulated cells are cultured 

in “well mixed” dynamic bioreactors (Randle et al., 2007; Hwang et al., 2009). For in-

stance, a rotary wall vessel (RWV) bioreactor has been shown to improve the mass trans-

fer in alginate hydrogel beads, by providing a constant fall motion mimicking a micro 

gravity environment. This bioreactor is an example of a dynamic motion culture that aids 

mass transfer with minimal shear stress. The use of a high aspect ratio vessel (HARV) has 

also been shown to increase passive diffusion transport by 100 times in comparison with 

RWV and to improve cell densities to approximately 3x106 cells/mL due to the combina-

tion of the absence of shear stress and the improved passive mass transport (Randle et 

al., 2007). 

6.2 Aim and Hypothesis 

6.2.1 Aim 

The aim of this chapter is to assess the effects of 3D culture platforms on viability, prolif-

eration, metabolic profiles, self-renewal, differentiation and morphology of human IPSCs. 

6.2.2 Objectives 

1. Assess the effects of cell adhesion protein added to alginate (Matrigel™ vs. Gelatin) 

on cell proliferation. 

2. Assess the influence of the long-term addition of Y-27632 to the culture. 

3. Determine the effects of 3D static/dynamic condition on the growth kinetics, plu-

ripotency level, ECM production and oxygenation level effect. 

6.3 Method 

Undifferentiated human IPSCs (day 4 or 5 of culture) were incubated with fresh 

mTeSR™1 medium supplemented with 10 µM of Y-27632 and then resuspended in 1.1% 

(w/v) low viscosity alginic acid (Sigma–Aldrich, Dorset, UK) and 0.1% (v/v) bovine gela-

tin (Sigma-Aldrich) at room temperature (solution in PBS at pH 7.4). Using a peristaltic 
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pump from a drop height of 3 cm the cell-gel solution was passed through a 25-gauge 

needle into a sterile 100mM CaCl2 solution at pH 7.4. Gelation was instantaneous on con-

tact with the CaCl2 solution resulting in the formation of spherical beads (approximately 

2.5mm in diameter after swelling.  

Several conditions were tested to optimize viability/proliferation in the 3D environment: 

static vs. dynamic cultures, adhesion protein added to alginate (Matrigel™ vs. Gelatin) and 

the influence of the long-term addition of Y-27632 to the culture. All results were assayed 

by using the MTS proliferation assay at days 1, 5, 10, and 20 respectively. Moreover, cells 

were assayed for their expression of pluripotency markers Nanog and Oct3/4, PAX6 an 

ectoderm differentiation marker as spontaneous differentiation marker, HIF1α and 

HIF2α, as it has been suggested that with time there will be the formation of a hypoxic 

niche in the core of the bead and laminin5 and fibronectin to verify the production of 

extracellular matrix (ECM), all by qRT-PCR on day  5 day and day 20 for 2D culture, 20 

days for 3D static and 3D dynamic culture Sample collected at Day 5 for qRT-PCR, and 

light microscopic micrograph to compared 2D culture with 3D static and dynamic. In ad-

dition, qRT-PCR comparison between 3D static and dynamic culture was done at day 5 

and 20 vs day 5 in 2D culture (Figure 6.1) 
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Figure 6.1: Summary of the experimental scheme used to culture cells in 3D plat-

forms. (Modify Teo, Mantalaris and Lim, 2014). 

 

6.4 Results and Discussion 

6.4.1 Human IPSCs morphology in alginate hydrogels microbeads 

The undifferentiated human IPSC cells encapsulated in alginate hydrogels and cultured 

for extended periods of time (20 days) without passaging, enzymatic or mechanical dis-

sociation were evaluated morphologically. As a control, human IPSCs cells were cultured 

on feeder-free Matrigel™ and mTeSR™1 as monolayer (Figure 6.2 A). Each alginate bead 

contained approximately 20000 single cells (Figure 6.2 B) upon encapsulation. Cells tend 
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to aggregate over time and at day 5 the cells proliferate more in the dynamic group (Fig-

ure 6.2 F). These human IPSCs cell aggregates presented a spherical or oval shape with 

closely packed cells inside; showing no morphological indications of the formation of 

germ layers or of cystic cavities in culture. At day 5 in both 3D cultures aggregates were 

sectioned down the middle to investigate the morphological characteristics of the tightly 

packed cells. The cells were found to be tightly packed and very homogeneous (Figure 6.2 

C, D). There was no formation of typical tissue-like structures such as the teratoma fea-

tures that might indicate the formation of the three germ layers. 

The encapsulated aggregates were originally small in size but increased as the culture 

progressed, but despite their size they remained intact and did not escape the hydrogel 

for the duration of the culture periods. The aggregates formed were tightly packed and 

defined spherical and homogeneous borders could be observed. These aggregates re-

mained undifferentiated and pluripotent over prolonged periods of maintenance culture 

without any mechanical expansion or manipulation, as the following results confirm. 

Previous work using alginate beads found they could enable pluripotency maintenance 

for up to 250 days without cell passaging (Siti-Ismail et al., 2008) There have been several 

reports of human ESCs cultured on scaffolds or hydrogels (Gerecht et al., 2007; Levenberg 

et al., 2003; Chung, Rodriguez and Healy, 2006; Mohour, de Pablo, & Palecek, 2006). In 

agreement with the observations made in this thesis, cultures in 3D appeared to maintain 

human ESCs in an undifferentiated state (Li et al., 2006) for several weeks without pas-

saging (Mohour et al., 2006). Particularly, Gerecht and colleagues (2007) encapsulated 

human ESCs in hyaluronic acid hydrogels and proved that these remained undifferenti-

ated, preserved their normal karyotype and maintained their differentiation capacity in 

EB formation (Gerecht et al., 2007). 
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Figure 6.2: IPSCs morphology before and after encapsulation.  

A) Image of Day 5 in 2D culture showing large and tightly packed human IPSCs multicellular col-

onies with distinct borders, which was the optimal time for passaging was used as control. B) 

Human IPSCs passaging as single cells were then incubated with fresh mTeSR™1 and 10 µM of Y-

27632 for 2 hours to encapsulated cells be resuspended in 1.1% (w/v) low viscosity alginic acid 

to encapsulated. C) Image of Day 5 in 3D static culture staining with Hematoxylin – eosin (H&E) 

for cellular morphology and overall cell distribution within the hydrogel There was no formation 

of typical tissue-like structures such as the teratoma. D) Image of Day 5 in 3D dynamic culture 

staining with Hematoxylin – eosin (H&E) for cellular morphology and overall cell distribution 

within the hydrogel was no formation of typical tissue-like structures such as the teratoma.  E) 

Human IPSCs after 24 hours of encapsulation before moved to HARV culture. F) Day 5 from 3D 

dynamic culture showed highly proliferative and packed viable cells without any sing of debris. 

G) Image of Day 5 from 3D static culture showed the aggregates of cells and smaller particules 

possibly debris from necrotic or dead cells. Scale: 200μm for figure A and 20 µm for figures B-G. 
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6.4.2 Optimization of proliferation of human IPSCs 3D cultures 

Several conditions were tested to optimize viability and proliferation in 3D environ-

ments: static vs. dynamic cultures, adhesion protein added to alginate (Matrigel™ vs. Gel-

atin) and the influence of the long-term addition of Y-27632 to the culture. 

6.4.2.1 Simulated dynamic motion and 3D culture promote the prolifera-

tion of human IPSCs 

Proliferation was assessed at different time points to compare cells growing in 3D dy-

namic to cells in 3D static conditions. Cell proliferation was measured using MTS assay, 

where viable cells convert tetrazolium salts to a formazan product in metabolically active 

cells. After 24 hours from encapsulation, the first MTS measurements were performed 

before moving the beads onto the dynamic culture. This showed viable single cells as well 

as it allowed for the normalization of the other time points with first 24 hour. At day 5 

the cellular proliferation increased more than 2-fold from day one and significantly more 

than cells cultured in 3D static mode (Figure 6.3). Moreover, the proliferation rate in dy-

namic cultures was higher, at all-time points, and was statistically significantly again at 

day 15 compared to static (Figure 6.3). Dynamic or microgravity culture conditions are 

also known to modulate cell proliferation and survival (Grimm et al., 2014; Jha et al., 

2016). For example, simulated microgravity has been shown to increase the proliferation 

of bone marrow-derived human mesenchymal stem cells (Yuge et al., 2006). Therefore, 

by using the HARV bioreactor in a gentle, low-shear and low-turbulence environment, 

with sufficient oxygenation and effective mass transfer of nutrients and waste, it is able 

to promote cell proliferation (Jha et al., 2016). Surprisingly, qRT-PCR results at day 5 

showed that, in dynamic cultures, FN1 and LAMA5 were upregulated significantly com-

pared to static. FN1 has been linked to a number of signaling pathways essential for ESCs 

self-renewal and proliferation. For example, FN1 phosphorylates Akt and activate 

PI3K/Akt signaling and ncogenes such as C-Myc, associated with self-renewal (Park, Ryu 

and Han, 2011). Subsequently, it promotes cell survival and proliferation through the ac-

tivation of caveolin-1 signaling and their interaction in the ECM network enhances cell 

adhesion and has an important impact in cell proliferation. (Yue, 2014). 
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Figure 6.3 Comparison of cells proliferation between static and dynamic cultures 

of human induced pluripotent stem cells.  

Proliferation plot were determined by MTS assay. Cells growth were applied to absorbance at 570 

nm. Cells encapsulated in 1.1% alginic acid and 0.2% gelatin at dynamic show significantly differ-

ent proliferation at day 5 and day 15 compere to static. Data shown as mean of three independent 

experiments. Error bars show one standard deviation. P-values obtained by two-way ANOVA 

(***P<0.001 and ****P<0.0001). 

6.4.2.2 The effect of adhesion substrate on cells proliferation added to al-

ginate solution (Matrigel™ vs. Gelatin) 

From previous experiments it has been found that cellular proliferation was enhanced in 

dynamic 3D cultures. Consequently, further optimisation was carried out in this culture 

mode. To find an optimal adhesion substrate to improve cell adhesion and subsequent 

proliferation, alginate solution mixed with Matrigel™ and alginate solution mixed with 

Gelatin were compared. Cell proliferation assessed by MTS indicates that a good prolifer-

ation was maintained throughout the culture in both culture groups, with no significant 

differences between the two conditions, except at day 10 (Figure 6.4). Previous studies 

have demonstrated that improving cell adhesion to the scaffold enhances cells prolifera-

tion. Surface modification to increase the adhesion and proliferation of cells is an area of 

interest in biological and biomedical research for the use of various synthetic materials 

(Anselme and Bigerelle, 2006). Considering the various options available, alginate and 

gelatine were preferred it in term of cost and ease of preparation. 
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Figure 6.4 Comparison of cell proliferation of human IPSCs encapsulated in hydro-

gels of (alginate/gelatin - 3DD G) or (alginate/Matrigel™ - 3DD M) in 3D dynamic 

cultures.  

Proliferation plot was obtained by MTS assay. No significant difference was seen in proliferation 

between cells encapsulated in 1.1% alginic acid and 0.1% gelatin and cells encapsulated in 1.1% 

alginic acid and Matrigel™ in dynamic motion, except at day 10. All data represents the mean of 

three independent experiments; error bars show one standard deviation. P-values obtained by 

two-way ANOVA**p ≤ 0.01. 

 

6.4.2.3 The stimulus of the long-term addition of 10 µM of Y-27632 to the 

culture 

From chapter 5, the dissociation of colonies into single cells was proven to be successful 

by the addition of Y-27632 four days without reducing the pluripotency of the cells. Ac-

cording to our design of the 3D dynamic experiments, 10 µM of Y-27632 were added to 

the culture media 2 hours before passaging the cells into single cells and then cells were 

encapsulated and kept overnight in static condition with 10 µM of Y-27632. The first MTS 

measurements were performed before moving the beads to dynamic culture, showing 

viable single cells. The conditions were divided into two groups one with 10 µM of Y-

27632 until day 20 and the other without it. Y-27632 treatment increased cells prolifer-

ation at days 5 and 20 of the 3D dynamic culture treated with 10 µM of Y-27632 compared 

with the non-treated group (Figure 6.5). The main purpose of this study was to investi-

gate a way to enhance cellular proliferation and scale it up by using 3D dynamic cultures. 
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According to the literature, 10 µM of Y-27632 has a positive impact on  human ESCs cul-

tures, rendering them protected from apoptosis after dissociation from the colony, even 

in serum-free suspension cultures, allowing for the formation of floating aggregates 

(Watanabe et al., 2007). In addition, another study tested the ability of 10 µM Y-27632 to 

enhance extracellular matrix production in HCS-2/8 cells(Piltti et al., 2017), correlating 

with the qRT-PCR  (Figure 6.12) . Moreover, Lee et al  indicated that the ROCK inhibitor 

used purified chick embryo cells improved wound healing by promoting cell proliferation 

(Lee et al., 2016). 

At days 5 and 20, the use of inhibitor showed a significant increase in proliferation for the 

condition with the continuous block of the ROCK pathway. This result suggests that by 

blocking this pathway, apoptosis in the long term culture is reduced, which has also been 

reported in David study (Claassen 2012; Chapman et al., 2014), who state the importance 

of the addition of this molecule even after colonies have been established. Finally, other 

research groups in 2014 demonstrated that the extension of keratinocytes in the pres-

ence of fibroblast feeders and a ROCK inhibitor within the time period of one month re-

verts cellular senescence and removing the inhibitor from the medium gradually has a 

negative effect on the lifespan of the same cells. Similarly, it was shown that the effect of 

ROCK inhibition on cellular proliferation is immediate and ROCK inhibited cells differen-

tiation or stratification (Chapman et al., 2014).  
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Figure 6.5 Comparison of cells proliferation of human IPSCs encapsulated within 

alginate hydrogel + gelatin and cultured with mTeSR™ medium with ROCK inhibi-

tor (3DD RI) or without ROCK inhibitor (3DD W/O RI) in 3D dynamic culture.   

Proliferation plot was obtained by MTS assay. Cells proliferated significantly more at day 5 and 

day 20 in 3D dynamic cultures with 10 µM ROCK inhibitor in comparison to those where no inhi-

bition was used. All data represents the mean of three independent experiments; error bars show 

one standard deviation. P-values obtained by two-way ANOVA***p ≤ 0.001 and ****p ≤ 0.0001. 

 

6.4.3 The gene expression profiles of self-renewal of human IPSCs and 

spontaneous differentiation markers 

Encapsulation of stem cells in hydrogel capsules provides a defined microenvironment 

that can impact cell fate. In vivo, stem cells reside in a specific niche defined by a particular 

combination of soluble factors and cell–cell and matrix interactions required for self-re-

newal and, when necessary, differentiation and tissue regeneration (Morrison and Spra-

dling, 2008; Scadden, 2006). In this chapter, we verified the gene expression of markers 

associated with pluripotency and spontaneous differentiation. We compared between 

the impact of dynamic and static conditions on the expression of pluripotency markers 

Nanog and OCT3/4 in two time points. First, this was done following a routine short-term 

culture for 5 days and following for a longer term for up to 20 days, without any enzy-

matic treatment or mechanical stress to passage the cells. 

Oct4 and Nanog are two embryonic stem (ES) cell-specific transcription factors that play 

critical roles in the maintenance of ES cell pluripotency. 3D dynamic showed significant 

in Nanog and OCT3/4 endogenous expression in day 5 compared to 3D static (Figure 6.6). 
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However, in day 20, OCT 3/4 was significantly difference in 3D dynamic with no signifi-

cant change in Nanog expression (Figure 6.6). The tested transcription factors OCT3/4, 

and Nanog act in the regulatory circuitry as mentioned before, where loss of OCT3/4 

causes differentiation of the epiblast cells into trophectoderm derivatives (Niwa et al., 

2000). Effectively, in vivo OCT3/4 is abundant in the inner cell mass (ICM) cells of the 

blastocyst and down-regulated in the trophectoderm, whereas in the primitive endoderm 

the level of expression increases (Palmieri et al., 1994). These findings highlight the fun-

damental function of OCT3/4 in preventing dedifferentiation of epiblast cells or of ESCs 

into trophectoderm lineage. Exogenous expression only of OCT3/4 is sufficient to gener-

ate pluripotent stem cells from mouse neural stem cells (Kim et al., 2009) and together 

with three other transcription factors it is essential in the reprogramming of somatic cells 

into the pluripotent state (Nakagawa et al., 2008; Takahashi and Yamanaka, 2006). While 

the other factors involved in reprogramming are replaceable by family members or other 

factors, without OCT3/4 no reprogramming occurs (Nakagawa et al., 2008). Although hu-

man ES and IPS cells can grow indefinitely in culture, they commonly undergo adaptive 

changes during prolonged passaging in vitro (Zweigerdt et al., 2011). These findings have 

supported the decision shown here to investigate the expression pattern in different cul-

ture time points. 

Initially, 3D static presented no significant difference between day 5 and day 20 for both 

markers NANOG and OCT3/4 (Figure 6.8). Both these markers were significantly upreg-

ulated at day 20 compared with day 5 (Figure 6.7). It is hypothesised that the up-regula-

tion of pluripotency master genes further along in the culture may be due to the presence 

of the free fall environment in the HARV bioreactor. Simulated microgravity has been 

found to be sufficient to sustain pluripotency in mouse ESCs in the absence of leukemia 

inhibitory factor (LIF) (Kawahara et al., 2009). Interestingly, Oct-4 expression was found 

to be at integrin-mediated focal adhesions, indicating that growing mouse 
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Figure 6.6: Comparing the expression of pluripotency markers OCT3/4 and Nanog 

in static condition vs dynamic at day 5 and 20. 

qRT-PCR of ECM markers. Bars show the mean fold change at day 5 and day 20; error bars show 

one standard deviation; N=3 biological replicates, n=3 technical replicates. Data normalized to 

2D Day 5 (2ΔΔCt). P-values obtained by one way ANOVA *p ≤0.5, ***p ≤ 0.001 

 

ESCs on rigid surfaces inhibits Oct-4 expression despite the presence of LIF (Moledina et 

al., 2012b). This is further supported by a recently published paper that showed that 3D 
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dynamic encapsulation aids fibroblast reprogramming and the acquisition of “stemness” 

without transcription factors (Han et al., 2013).  

In contrast to this finding, it is possible that high cell density in dynamic 3D culture pro-

motes higher Oct3/4 expression, compared to the early days of the culture where cell 

density is low, supporting the present data (Moledina et al., 2012b). This may be due to 

differences in cell growth, dimensions and morphology. In conventional monolayer cul-

ture, the cells are grown in the horizontal plane, not in a vertical dimension, allowing LIF 

to diffuse freely in the monolayer of cells and rapidly equilibrate in the medium, whereas 

the presence of 3D substrate and deposition of ECM slows down diffusion according to 

Moledina’s observation. In addition, using a dynamic bioreactor was found to enhance 

LIF delivery to the cells and overcome the inheriting problem of cell density (Moledina et 

al., 2012b). 

 

 

 

Figure 6.7 Comparing the expression of pluripotency markers OCT3/4 and Nanog 

in dynamic conditions at day 5 vs 20. 

qRT-PCR of pluripotency markers. Bars show the mean fold change at day 5 and day 20; error 

bars show one standard deviation; N=3 biological replicates, n=3 technical replicates; data nor-

malized to 2D Day 5 (2ΔΔCt). P-values obtained by one way ANOVA**p ≤ 0.01 and *p ≤ 0.05. 
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Figure 6.8 Comparing the expression of pluripotency markers OCT3/4 and Nanog 

in static condition day 5 vs 20. 

qRT-PCR of pluripotency markers. Bars show the mean fold change at day 5 and day 20; error 

bars show one standard deviation; N=3 biological replicates n=3 technical replicates; data nor-

malized to 2D Day 5 (2ΔΔCt). P-values obtained by one way ANOVA. 

 

PAX6 was used before as an indicator for the spontaneous expression of differentiation 

(Hu et al., 2018) therefore we used it in this study to assess spontaneous differentiation 

in our cultures. All 3D conditions were able to completely suppress PAX6 mRNA expres-

sion at day 5 (Figure 6.9). Interestingly, until day 20, both static and dynamic cultures 

were capable of suppressing PAX6 in comparison with the 2D culture used as a normali-

zation condition. Thus, it was concluded that 3D dynamic cultures can maintain human 

IPSCs in their pluripotent state without any passage for at least 20 days.    
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Figure 6.9 Comparing the expression of spontaneous differentiation marker PAX6 

in static condition vs dynamic at day 5 and 20.  

qRT-PCR of spontaneous differentiation marker. Bars show the mean fold change at day 5 and 

day 20; error bars show one standard deviation; N=3 biological replicates, n=3 technical repli-

cates; data normalized to 2D Day 5 (2ΔΔCt). P-values obtained by one way ANOVA **p ≤ 0.01. 

 

6.4.4 The effect of hypoxia on prolonged adaption  

As a general rule, it can be stated that the more cells proliferate, the more oxygen they 

consume. It has even been suggested that the oxygen consumption rate may be used as a 

monitoring tool to assess proliferation (Guarino et al., 2004). This knowledge is essential 

for the optimization of tissue-biomaterial interfaces in all tissue engineering applications 

and provides insight into tissue-specific cell guidance. To investigate if the dynamic cul-

ture platform herein developed and tested has formed a hypoxic environment, the gene 

expression of both HIF1α and HIF2α were measured as these genes can be used as oxygen 

sensors. Simultaneously, pluripotency and differentiation markers were also analysed. At 

day 5 differences exist between dynamic and static cultures in the expression of HIF1α. 

Indeed, most research has focused on the HIF1α subunit which is thought to be the mas-

ter regulator of the hypoxic response (Mazure et al., 2004). HIF1α was expressed in hu-

man IPSCs cultured into both dynamic and static but, surprisingly, this gene was signifi-
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cantly upregulated in cells cultured in 3D-dynamic cultures (Figure 6.10). It is hypothe-

sised that this result corresponds to the upregulation of pluripotency markers OCT3/4 

and Nanog, similar to many studies that observed that hypoxia enhanced the pluripotent 

population of human ESCs (Forristal et al., 2010b). Previous literature suggests that the 

hypoxic environment maintains the cell renewal potential and proliferation in embryonic 

stem cells (Forristal 2010). Similar results were found in this study, as the high hypoxic 

gene expression seen in the dynamic culture correlates with a higher cell number and a 

higher expression of pluripotency markers. In addition, at day 5 where high cell prolifer-

ation was observed (Figure 6.3), cells cultured in dynamic mode shown an increase in 

Nanog expression levels (Figure 6.6) which is linked to proliferation as it has recently 

been shown that Nanog regulates S-phase entry in human ESCs and that overexpression 

of Nanog significantly increases proliferation by binding to regulatory regions of CDK6 

and CDC25A, two important cell cycle regulators (Neganova et al., 2008). However, we 

examined if a long term 3D-culture for both conditions has any impact on HIF1α expres-

sion. The expression of HIF1α was significantly higher in 3D dynamic cultures at day 20 

which might be linked with the significant upregulation of OCT3/4 and Nanog (Figure 

6.10). To explain these results, it is necessary to further consider proliferation previously 

shown. In fact, at day 20 of culture, increased proliferation was observed from the MTS 

assay, but several factors might have influenced this. A variety of methods have been used 

to solubilize, stabilize the colour, avoid evaporation and reduce phenol red interference 

in the detection of the formazan product measured in the MTS assay used for prolifera-

tion (Tada et al., 1986; Hansen, Nielsen and Berg, 1989). However, MTS offers the best 

available approach for encapsulated cells viability measurement. Nonetheless, compar-

ing HIF1Αα expression at day 5 and at day 20 in each condition separately there were no 

significant upregulations compared to 2D, which was used as control in this chapter (Fig-

ure 6.10). 
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Figure 6.10 Comparing the expression of acute hypoxia associated marker HIFα in 

both dynamic and static 3D-conditions at different time points.  

Bars show the mean fold change at day 5 and day 20; error bars show one standard deviation; 

N=3 biological replicates; data normalized to 2D Day 5 (2ΔΔCt). P-values obtained by one way 

ANOVA**p ≤ 0.01 and ****p ≤ 0.0001. 

 

In human ESCs HIF1α has been suggested to be key in the initial adaptation of human ESC 

to the hypoxic environment, but when this expression is lost after 48h in hypoxic condi-

tions(Forristal et al., 2010a), other HIF units are upregulated, translocated to the nucleus 

where they are transcriptionally active, and take over from HIF1α in maintaining the 
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long-term response to hypoxia. Thus, HIF2α was tested in all conditions: 3D dynamic vs 

3D static at day 5, 3D dynamic vs 3D static at day 20, 3D dynamic day 5 vs day 20 and 3D 

static day 5 vs day 20 (Figure 6.11). HIF2α was expressed in all comparison groups used, 

with no significant difference in the mRNA expression of the HIF2α with respect to the 

motion and elapsed time. As expected, only when comparing 3D static at day 5 vs day 20 

HIF2α was significantly upregulated. This may be associated with the progressive impair-

ment of oxygen with time in 3D static, as the cell number in this condition was higher and 

might have prevented oxygen from reaching the centre of the beads, therefore generation 

a hypoxic core. 

This data indicates that a low oxygen tension for short term is preferential for the mainte-

nance of a highly proliferative, pluripotent population of human IPSCs encapsulated in 

hydrogel beads. This is in agreement with several studies displaying the benefits of low 

oxygen tension in stem cell cultures (Forristal et al., 2010a;Forristal et al., 2010b; 

Hawkins, Sharp and McKay, 2013b; Pimton et al., 2015) 



 

     

  

 

118 
 

   

Figure 6.11 Comparing the expression of chronic hypoxia adaption associated 

marker HIF2α in both 3D conditions at different time points. 

qRT-PCR of HIFα2. Bars show the mean fold change at day 5 and day 20; error bars show one 

standard deviation; N=3 biological replicates; data normalized to 2D Day 5 (2−ΔΔCt). P-values ob-

tained by one way ANOVA**p ≤ 0.01. 
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6.4.5 Evaluate the ECM secretion by human IPSCs cultured in 3D environ-

ment 

The protein composition of the ECM varies according to the type of tissue. The main fi-

brillary components of the ECM can be divided into two groups: collagens and cell adhe-

sive glycoproteins (e.g. laminin and fibronectin) (Mecham, 2012). The same conditions 

tested in this chapter were assessed for the expression of ECM secreted proteins associ-

ated with embryonic development. Up-regulation of mRNA levels of two secreted ECM 

proteins like LAMA 5 and FN1 in both types of 3D culture compared to 2D may indicates 

that absence of adhesive in alginate beads increases their production. Cells grown in 3D 

dynamic show high expression of LAMA 5 gene at day 5 and day 20 compared to the cells 

in 2D or static conditions (Figure 6.12). Moreover, we investigated if cells were able to 

synthesise ECM throughout the period of a long-term culture. Results show that between 

day 5 and day 20 in dynamic LAMA 5 was expressed remarkably at day 20 (Figure 6.13). 

ECM proteins such laminin 511 and 521 have been shown to maintain human ESC plurip-

otency and self-renewal (Domogatskaya, Rodin and Tryggvason, 2012; Laperle et al., 

2015). Therefore, it is hypothesised that the ability of the cells to synthesise LAMA5 in 

dynamic is correlated with the high expression of pluripotency markers shown before 

(Figure 6.6).  In addition, Laperle et al., 2015 sugested  that LAMA 5 plays a role in cellular 

proliferation due to the fact that human PSC cells had disruption in endogenous α-5 lam-

inin assembly, which led to apoptosis possibly explaining the enhanced cell proliferation 

found under dynamic condition (Figure 6.3) in our study (Laperle et al., 2015). 
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Figure 6.12 Comparing the expression of LAMA5 and FN1 genes in static vs dynamic 

condictions at days 5 and 20. 

Bars show the mean fold change at day 5 and day 20; error bars show one standard deviation; 

N=3 biological replicates; data normalized to 2D Day 5 (2−ΔΔCt). P-values obtained by one way 

ANOVA ****p ≤0.0001, ***p ≤ 0.001. 
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Figure 6.13 Comparing the gene expression of LAMA5 and FN1 in dynamic condi-

tions at day 5 vs day 20. 

Bars show the mean fold change at day 5 and day 20; error bars show one standard deviation; 

N=3 biological replicates; data normalized to 2D Day 5 (2−ΔΔCt). P-values obtained by one way 

ANOVA **p ≤ 0.01 

Following this, the expression of fibronectin was assessed, an ubiquitous ECM component 

that has been the focus of many studies of ECM assembly, mechanical properties and cell–

ECM interactions, and on chondrogenesis, a stem cell differentiation process that de-

pends on changes in ECM protein expression and deposition (Singh and Schwarzbauer, 

2012). qRT-PCR was performed in both 3D groups at days 5 and 20. FN1 was significant 

in day 5 for dynamic however at day 20 it was comparable between static and dynamic. 

Surprisingly  at day 5 self-renewal markers were also upregulated in 3D dynamic cultures 

which is in agreement with the role of fibronectin to support the bind of α5β1 integrin 

and αVβ1 integrin, shown to stimulate human IPSCs to secret several proteins required 

for their attachment, proliferation, and self-renewal like  laminin-332, -511, -521, and 

collagen IV (Nakashima and Omasa, 2016). Furthermore fibronectin can interact with 

α8β1 to increase cell survival through the PI3K pathway, by α8-mediated cell survival 

(Farias et al., 2005). 

However, when comparing day 5 vs day 20 in static, fibronectin gene expression was sig-

nificantly higher and similar to 3D dynamic cultures at day 5 vs day 20 (Figure 6.14). It is 

hypothesised that poor alginate adhesion may be responsible for the increase of ECM 

proteins production in both 3D dynamic and static cultures despite the presence of 1.1% 
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gelatin (attachment enhancer) in our alginate mixture. Conversely, the presence of the 

same concentration of gelatin used to coat 2D culture plates did not result in ECM secre-

tion. This may be either because of the mechanical properties of the beads surfaces, the 

change in cell morphology or the cell-cell contacts that are responsible for differences in 

ECM production between 2D and 3D cultures (Alsobaie, 2015 Submitted et al., 2015). 

Proteins as laminin and fibronectin have recently been used to maintain and prolong self-

renewing human ESCs and proliferation (Garcia, Vega and Boettiger, 1999; Sevilla, 

Dalecki and Hocking, 2013; Ahmed and ffrench-Constant, 2016). An enriched matrix con-

taining both Lama5 and E-cadherin has recently been used to maintain and prolong self-

renewing human ESCs without feeder cells in a serum-free environment (Rodin et al., 

2014). Moreover, a combination of collagen IV, fibronectin, laminin, and vitronectin has 

be used to replace Matrigel™  for deriving and expanding human PSCs under defined cul-

ture conditions (Levenstein, et al., 2006). Interestingly, single or multiple ECM proteins 

successfully can control the fate of stem cells, as for example, fibronectin and laminin di-

rect neural cell lineage commitment, and collagen promotes osteogenic differentiation 

(Hosseinkhani et al., 2008). 
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Figure 6.14 Comparing the gene expression of LAMA5 and FN1 in static conditions 

at days 5 vs 20. 

Bars show the mean fold change at day 5 and day 20; error bars show one standard deviation; 

N=3 biological replicates; data normalized to 2D Day 5 (2−ΔΔCt). P-values obtained by one way 

ANOVA ***p ≤ 0.001. 

 

6.5 Conclusion 

In this chapter, the ability of human IPSCs encapsulated in alginate hydrogels to be main-

tained in their undifferentiated state for more than 20 days while still maintaining their 

pluripotent capabilities was demonstrated. This was achieved without any enzymatic 

treatment, mechanical expansion or manipulation in a feeder-free environment. Human 

IPSCs encapsulated into 1.1% (w/v) alginate and cultured in a HARV bioreactor to en-

hance the mass transport presented inhibited differentiation at the morula-like stage 

without cystic EB formation. Moreover, human IPSCs in 3D dynamic cultures were able 

to secrete the necessary ECM components required for their adhesion which in turn 

might play a role in maintaining the pluripotent state. Although enhanced cellular prolif-

eration resulted in acute hypoxia in 3D dynamic, the low oxygen tension has impacted 

the culture positively, by allowing the maintenance of pluripotency. Finally, the addition 

of 10 µM of Y-27632 along the culture severely improved the proliferation rate, particu-

larly in the 3D dynamic culture. Overall, these results suggested that 3D dynamic is desir-

able for large-scale expansion of undifferentiated human IPSCs. 
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Chapter 7 

Optimizing the Differentiation of Human IPSCs towards 

Endoderm in 3D Dynamic Culture.  
 

This chapter reports the application of the adaptation and optimisation of the success-

ful protocol for the generation of lung epithelium published by Huang et al  (Huang et al., 

2013) in 2D to the dynamic 3D system developed in this work and reported in chapter 6. 

This system consists of human IPSCs encapsulated in alginate beads cultured in a HARV 

bioreactor. The importance of improving methods that use human IPSCs to derive endo-

derm cells is justified with the need to generate endodermal tissues including tissues of 

the pancreas, lung and hepatocyte. Thus, a better understanding and control of the defin-

itive endoderm differentiation process in vitro should result in enhanced efficiency and 

higher fidelity in the resulting cells (Goessling and Stainier, 2016). Normally, four steps 

of induction are required in order to differentiate human or mouse PSCs into lung line-

ages. Before the stage of converting cells to a lung progenitor, endoderm lineages must 

be induced producing cells that express the endodermal transcription factors SOX16 and 

FOXA2 and surface markers CXCR4, c-KIT and EPCAM. This step is followed by differen-

tiation into NKX2.1-expressing anterior foregut cells (Green, Huang and Snoeck, 2013). 

Several approaches have been used to induce definitive endoderm through the use of 2-

dimensional (2D) monolayer cultures, with high variability of results. (Huang et al., 2013; 

Naujok, Diekmann and Lenzen, 2014). Therefore, certain factors should be taken into 

consideration while moving from a monolayer culture method to 3D cultures. For in-

stance, the stability of 3D scaffolds, the combination of growth factors as well as signal 

transducers and cell viability must be considered.  

The first experiments conducted in 3D towards the differentiation of the cells into type II 

lung epithelium were done to compare two previously established protocols in 2D 

(Huang et al., 2013; Naujok, Diekmann and Lenzen, 2014), as they presented two differ-

ent ways to achieve endoderm differentiation. The main difference between the two ap-

proaches is the use of Wnt3a growth factor for the activation of Wnt or the addition by 
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Naujok of CHIR99021, a glycogen synthase kinase 3β (GSK3-β) inhibitor, as a specific 

activator of the canonical Wnt pathway. In addition, while studying differentiation pro-

tocols, another factor was notoriously important: the addition of 2% serum reported 

by Firth et al. in 2014 proved to be beneficial for long-term proliferation in culture 

when compared to serum-free and was chosen as it was a lower concentration than the 

15% used by Naujok ( Naujok, Diekmann and Lenzen, 2014; Firth et al., 2014). This 

was especially important due to the previous report that the addition of serum influ-

ences the activation of Wnt pathway via Wnt3a by Adrian K Teo (Naujok, Diekmann 

and Lenzen, 2014; Teo et al., 2014). 

7.1 Introduction 

The importance of developing efficient and reproducible conditions for the direct differ-

entiation of pluripotent stem cells into specific cell types lies in the need for understand-

ing early human development as well as enabling further practical applications such as 

in-vitro disease modelling, drug discovery, and cell therapies (Murry and Keller, 2008). 

In particular, the generation of surrogate cells for treatment of liver, lung and pancreas 

diseases (i.e. diabetes mellitus) is of great interest. (Kubo et al., 2004; D’Amour et al., 

2005). These organs originate from the endoderm germ layer. Respectively, the definitive 

endoderm (DE) depicts a vital intermediate stage at the time of in-vitro differentiation 

towards the aforementioned tissues. The induction of DE can be achieved by inducing 

ESCs with high concentrations of Activin A, imitating nodal signalling during gastrulation. 

In addition, the activation of the transforming growth factor beta 1 (TGFβ1) pathway trig-

gering DE differentiation is generally accepted. Nevertheless, the role of lineage specifi-

cation of ESCs into the DE may not be solely attributed to TGF 1 /Activin A (D’Amour et 

al., 2005). 

Four distinctive events are required for in vivo DE formation. Changes from moving from 

the embryoblast stage to the epiblast stage are affected by the nidation of the blastula in 

the endometrium. Another migration from epiblast cells to the embryonic disk median 

line causes the formation of the primitive streak (PS). Moreover, ventral migration of 

primitive streak cells leads to the formation of the short-lived mesendoderm predeces-

sor. (Rodaway and Patient, 2001) Finally, the mesendoderm is separated into mesoderm 



 

     

  

 

126 
 

and definitive endoderm germ layers. (Technau and Scholz, 2003). Human ESCs are re-

garded as derivatives of the epiblast (Hanna, Saha and Jaenisch, 2010). Hence, there is 

no necessity for the direct differentiation into epiblast cells. It is improbable that a single 

pathway controls well concerted events directing ESCs into the DE. Therefore, numerous 

research groups combine additional growth factors or small molecules with Activin A, e.g. 

Wnt3a (D’Amour et al., 2006; Kroon et al., 2008; Mfopou, Chen and Mateizel, 2010) 

PI3K-inhibitors (Cho et al., 2012) etc. 

Encapsulation of stem cells in hydrogels, is an approach to challenge scalable biopro-

cessing to enable suspension culture and improve the control of microenvironmental 

cues. One of the methods used to protect enclosed cells from the immune system of the 

host during transplantation is encapsulation. Yet, it may shield cells from hydrodynamic 

shear forces found in bioreactor environments as well as prevent agglomeration of the 

aggregates of stem cells while leaving diffusion of nutrients and oxygen through the en-

capsulated material permissioned (Wilson and Mcdevitt, 2013) 

7.2 Aims and Objectives 

The focus of this chapter is to establish a new direct protocol that could enhance the in-

duction of Endoderm differentiation from human IPSCs in (3D) culture system, optimized 

from previous protocols reported in the literature. Herein, it was hypothesized by using 

Chemical substance CHIR99021, as small molecule that mimics Wnt signaling, with Ac-

tivin A can be more efficient in terms of cost, differentiation and stability in compared 

with Wnt3a.Moreover we assess the effect of serum addition in cells proliferation by com-

paring and no serum low (2%) concentration. 
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7.3 Methodology 

For these experiments, 10 µM of Y-27632 were added to the culture media 2 hours before 

the dissociation of colonies into single cells. Then, the cells were encapsulated and left in 

static culture for 24 hours in MTeSR™1 media with 10 µM Y-27632. After 24 hours, prim-

itive streak formation is induced for 1 day in basal differentiation media composed of 

RPMI 1640 media supplemented with N2 supplement, B27 supplement, ascorbic acid (50 

µg/ml), Glutamax (2 mM), Monothioglycerol (0.4 µM), 10 µM Y-27632 and either with or 

without 2 % of FBS. To the basal media it was also added 1 ng/ml BMP-4. On days 2 to 5 

we proceed to endoderm induction by adding to the basal differentiation media human 

100 ng/ml Activin A and 3µM CHIR99021 or 25 ng/ml Wnt3a. The expression of endo-

derm surface marker CXCR4 and transcription factor FOXa2 was assessed after 5 days by 

q RT-PCR. The proliferation of the cultured cells was assayed by using the MTS prolifera-

tion assay to compare between serum and non-serum conditions. (Figure 7. 1) 

Figure 7.1: Schematic diagram of the direct differentiation of human IPSCs towards 

the endoderm lineage under 3D dynamic culture. (Modify Teo, Mantalaris and Lim, 

2014). 
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7.4 RESULTS and DISCUSSION 

7.4.1 Evaluating the effect of Wnt3a on endoderm differentiation by us-

ing qRT-PCR in both 2D and 3D dynamic cultures 

The efficiency of DE cell induction from human IPSCs was the first factor examined. Ac-

tivin A has been used to induce DE cells in most previous studies, and it has been reported 

that Activin A and Wnt3a can be used to differentiate DE cells from human PSCs (D’Amour 

et al., 2006; Kroon et al., 2008; Maehour et al., 2009). In this differentiation process, Wnt 

is known to participate in at least three pathways including β-catenin, PCP and Ca2+ sig-

nalling. Moreover, it has also been shown that the combination of Activin A with Wnt3a 

results in a more efficient induction of DE cells. Endoderm differentiation was assessed 

by endoderm surface marker CXCR4 and transcription factor FOXa2 associated markers. 

Samples of differentiated human IPSCs with the addition of 100 ng/mL Activin A, 

25 ng/mL Wnt3a and 2% of serum of each culture group (2D and 3D cultures) were col-

lected at day 4. Cells were only treated with Activin A for 4 days because any longer 

caused cell death (Takeuchi, Nakatsuji and Suemori, 2014) and this was compared to day 

0 undifferentiated human IPSCs as the control sample. 

Both CXCR4 and FOXa2 markers showed a significantly higher expression in 3D dynamic 

cultures, which is indicating high efficiency of the endoderm induction for this condition 

(Figure 7.2). Traditional 2D cultures have the advantage of cells being exposed homoge-

neously to factors added to the culture medium and that immunochemical assays can be 

performed easily. However, a 3D dynamic culture system in the presence of the two fac-

tors achieved further induction of human IPSCs into endoderm cells. Our findings agree 

with the observations of Teo et al., 2014 who reported activation of Nodal/Activin signal-

ling and activation of β-catenin signalling by using 25 ng/mL Wnt3a and 2% serum (Teo 

et al., 2014). These results highlight the benefit of coupling the use of known chemical 

molecules with a 3D dynamic culture system that supports human PSC biology and pro-

vides both biochemical and mechanical contributions that aim to mimic the in vivo micro-

environment. (Schmeichel, 2003; Yuge et al., 2006). Cells in vivo are in a three-dimen-

sional environment having characteristic biophysical and biomechanical signals accord-

ing to the type of tissue they are in, which influences cell functions like differentiation and 

gene expression (Souza et al., 2010). Thus,  3D culture has many advantages that support 

and enhance endoderm induction such as integration of flow, providing oxygen and other 
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essential nutrients to the right place, interaction between different types of cells, higher 

degree of structural complexity and retaining a “steady state” (homeostasis) for longer 

(Bonaventure et al., 1994; Chang and Hughes-Fulford, 2009). 

Figure7.2: Gene expression of CFCR4 and Foxa2.  

qRT-PCR of endoderm surface marker CXCR4 and transcription factor FOXa2 shows a significant 

increase in both gene expressions is obtained in 3D cultures. Results reported as mean fold 

change at day 4 vs day 0 (2−ΔΔCt); error bars show one standard deviation, N=3 biological repli-

cates separated on day 4; ****p ≤ 0.0001, and *p ≤ 0.05 by one way ANOVA. 

 

7.4.2 The effect of CHIR99021 on endoderm differentiation in 2D and 3D 

dynamic cultures 

GSK3 is a serine/threonine kinase that plays a central role in the regulation of the 

Wnt/β-catenin signalling pathway, an important pathway for endoderm specification, 

proliferation and differentiation. Thus, pharmacologic inhibition of GSK3 activity can 

lead to the stabilization and activation of β-catenin and TCF/LEF-dependent gene tran-

scription, which reflects the activity of Wnt signal transduction (Wu and Pan, 2010). 

Because small molecules provide a highly temporal and tuneable approach to modulate 

cellular fate and functions, they have  
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Figure 7.3: CHIR99021 effect on endoderm differentiation in 2D vs 3D dynamic. 

qRT-PCR analysis of endoderm surface marker CXCR4 and transcription factor FOXa2. Results 

reported as mean fold change at day 4 vs day 0 (2−ΔΔCt); error bars show one standard deviation 

from N = 3 biological replicates separated on day 4; ****p ≤ 0.0001by one way ANOVA. 

 

been identified to enhance and enable stem cell differentiation towards a faster, more 

efficient and directed process (Yu et al., 2014).  

To further investigate this, the 3D dynamic culture system was used. To define the syner-

gism between Wnt and Activin signaling in inducing DE without serum, we activated Wnt 

signaling by inhibiting the downstream signaling molecule GSK-3, using independent 

3µM CHIR99021 instead of Wnta protein (Kunisada et al., 2012; Illing et al., 2013). 

At day 4 we collected samples from both 2D and 3D dynamic and assessed the same mark-

ers CXCR4 and FOXa2 by qRT-PCR. The 3D dynamic increases significantly gene expres-

sion of endoderm markers compared with conventional 2D culture (Figure7.3). 

These results indicate that 3D culture has an advantage for the induction of endoderm 

lineage. Although Kunisada et al. (2012) and Illing et al. (2013) used CHIR99021 to in-

duce DE differentiation from human PSCs, they also included FBS in their protocol. Alt-

hough we used another approach to induce the formation of endoderm, herein 3D dy-

namic showed again the ability to enhance the induction of endoderm significantly, which 

might be related to the advantage of 3D dynamic culture that was explained in previous 

observations. 3D dynamic could be an alternative strategy for effectively inducing DE 
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cells, particularly via the activation of Wnt signaling pathway (in addition to the indis-

pensable Activin signaling pathway). 

7.4.3 Wnt3a vs CHIR99021 towards endoderm induction in 3D dynamic 

culture  

After concluding that 3D dynamic cultures up-regulated the endoderm markers FOXA2 

and CXCR4 significantly it was decided to proceed with the activation of the Wnt pathway 

in comparison with 2D.  Here, the question was posed whether the activation of Wnt/β-

catenin signaling via GSK3 inhibitors within 3D dynamic will be more specific towards 

definitive endoderm than the specification of endoderm by just adding Wnt3a to activate 

the pathway. Consequently, we compared the both approaches used to induce endoderm 

in 3D dynamic only by adding to the culture media 100 ng/mL Activin A and 3µM 

CHIR99021 or 100 ng/mL Activin A and 25 ng/mL Wnt3a. At day 4 of culture samples 

were collected from both 3D dynamic cultures. Interestingly, the combination of 

100 ng/mL Activin A and 3μM CHIR99021 resulted in the highest expression of endo-

derm markers CXCR4 and FOXA2 (Figure 7.4). This result is in agreement with several 

reports in the literature (Wu and Pan, 2010; Kempf et al., 2014; Naujok, Diekmann and 

Lenzen, 2014; Teo et al., 2014). Huang et al., 2017 found that GSK3 inhibitors increase the 

expression and nuclear distribution of β-catenin, which significantly increased the mRNA 

and protein levels of GATA4 and FOXA2 in human ASCs after 24 hours exposure. Further-

more, at day 5, more than 75% of the cells expressed the FOXA2 and CXCR4, the markers 

of definitive endoderm cells (Huang, 2017). Typically, the comparison and optimisation 

of endoderm induction by using growth factors or small molecules combined with Activin 

A has been attempted in 2D (Kunisada et al., 2012). In this study, we developed a simple 

protocol for inducing the differentiation of human IPSCs into definitive endoderm. By us-

ing 3D dynamic cultures and treatment with a combination of low molecular weight com-

pounds, definitive endoderm cells were obtained with an increase of more than 2-fold. 

This protocol does not include complicated and extensive processes, such as embryoid 

body formation, cell sorting by FACS, and re-seeding into other plates making the differ-

entiation process efficient, stable and easy to reproduce. In addition, comparing with 

(Kroon et al., 2008 and Teo, Valdez, Dirice, & Kulkarni, 2014)  further demonstrated that 

the 3D dynamic culture optimized conditions induced DE comparably and efficiently, and 

might give rise to DE derivatives with equivalent potential. Taken together, these findings 
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suggest that CHIR99021 is the preferred choice, in combination with Activin A, to gener-

ating DE cells, whereas results suggest that the development of similar compounds may 

be useful for robust, potentially scalable and cost-effective generation of large numbers 

of other organs originating from endoderm Wnta3 is both expensive and requires a high 

dose to be effective. Finally, these for drug screening and predictive toxicology. platforms. 
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Figure 7.4: Wnta3 vs CHIR99021 effect on endoderm differentiation in 3D dynamic 

cultures.  

qRT-PCR of endoderm surface marker CXCR4 and transcription factor FOXa2. Results reported 

as mean fold change at day 4 vs day 0 (2−ΔΔCt); error bars show one standard deviation from N = 

3 biological replicates separated on day 4; ****p ≤ 0.0001by one way ANOVA. 
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7.4.4 Presence of serum promotes proliferation throughout 3D cultures 

Cellular proliferation along 20 days of culture was evaluated at different time points in 

both 3D culture adapted in presence of serum or without it groups. In order to evaluate 

the growth kinetics of human IPSCs differentiated in both conditions we used the MTS 

proliferation assay. However, MTS might not be the most appropriate assay to evaluate 

the cells proliferation in alginate beads throughout a culture.  It is known that the MTS 

assay is based on the reduction of the MTS tetrazolium compound by viable cells to gen-

erate a coloured formazan dye that is soluble in cell culture media (Berridge, Herst and 

Tan, 2005). In this case, due to a high cell concentration achieved inside the beads, the 

transport of the formazan dye from the inside of the beads to the medium can vary and 

might have a negative impact on the sensitivity of the MTS assay (Appendix IV). It was 

observed that beads cultured in 2% serum, 100 ng/ml Activin A and 25 ng/ml Wnt3a 

showed a significantly higher cell proliferation at day 15 and day 20 when compared with 

beads cultured with Activin A and CHIR99021 but no serum (Figure7.5). There are a num-

ber of cues that are able to encourage the growth of human IPSCs including medium com-

ponents and ECM. Serum is vitally important as a source of growth and adhesion factors. 

It is a rich source of often unidentified components such as growth factors, hormones, 

attachment factors, micronutrients, trace elements, proteases, and protective elements 

(antitoxins, antioxidants, antiproteases), not provided by the basal medium and that can 

promote rapid cell growth (Yao and Asayama, 2017). Furthermore, the high albumin con-

tent of serum ensures that the cells are well-protected from potentially adverse condi-

tions such as acidification of the media or shear stress, which may occur particularly in 

large-scale cultures. Nonetheless, the supplementation of culture media with serum has 

many inherent disadvantages, such as the introduction of animal derived products into 

human cell cultures, rendering it difficult to use for medical applications and the fact that 

serum does not have a defined composition. This suggests the need for further optimisa-

tion to grow cells in 3D dynamic culture without serum (van der Valk et al., 2010). 
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Figure 7.5: Human IPSCs proliferation within encapsulated alginate beads. 

Direct correlation of formazan absorbance (570nm) with cell number. Results reported as  mean 

fold change in growth at day 4 vs day 1,day 6 vs day 1, day 15 vs day 1 and day 20 vs day1; error 

bars show one standard deviation from N=3 biological replicates; ****p ≤ 0.0001by one way 

ANOVA. 

 

7.4.5 Effect of RPMI 1640 medium on the stability of alginate beads in 3D 

dynamic culture 

Several reports have demonstrated that directed induction towards endoderm can be 

performed from human PSCs, both ESCs and IPSCs have used RPMI 1640 media 

(Chouristodoulou et al., 2011; D’Amour et al., 2005; Dutt et al., 2003; Kadzik & Morrisey, 

2012; Naujok et al., 2014; Yasunaga et al., 2005) . In this work, it was observed that beads 

cultured in RPMI 1640 showed a remarkable diameter increase in the centre of capsules 

(Figure 7.6). Diameter and stability of alginate beads during long-term culture in RPMI 

1640 decreased compared with culturing in DMEM F12. Therefore, the use of RPMI 1640 

media was damaging the beads due to its high sodium concentration which was replaced 

calcium ions in the crosslinking structure of the beads, causing disintegration, an effect 

reported earlier in literature for alginate beads exposed to high-sodium media formula-

tion (Gaumann et al., 2000). By changing the culture media to DMEM F12, mechanical 
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resistance stabilized. This was determinant for the success of future experiments and 

change medium from RPMI 1640 to DMEM F12.  

 

 

 

 

 

 

 

 

 

Figure 7.6: Calcium alginate beads were cultured in RPMI 1640 leading to mem-

brane rupture.  

A, B and C images showed the swelling of the beads in the centre and the diameter increase, 

leading to membrane rupture. D and E images show alginate beads ruptured causing cells to be 

released into the medium. Scale bars, 2µm. 

 

7.5 Conclusion 

This chapter describes an efficient and scalable method to generate endoderm cells from 

human IPSCs in 4 days. 3D dynamic culture in both conditions studied in this chapter 

displayed the capability to enhance the differentiation towards endoderm significantly 

when compared to the traditional 2D monolayer culture. Particularly, the treatment with 

Activin (100 ng/mL) and CHIR99021 (3μM) for 4 days showed the best results. Long term 

proliferation of human IPSCs in alginate beads and dynamic motion was improved when 

cultured in medium containing 2% serum. Moreover, it was found in this chapter that 

the use of RPMI 1640 media was damaging the beads due to its high sodium concentra-

tion, as suggested earlier (Gaumann et al., 2000). The stability of alginate beads was af-

fected by RPMI 1640, which resulted in the inability to perform more assays to confirm 

the efficiency of differentiation into endoderm. This realization was determinant for the 

success of the following experiments. In addition, it was considered that MTS is not the 
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most suitable assay to evaluate the cell proliferation within the beads. Indeed, all the in-

formation obtained in this chapter contributed to the optimisation and improvement of 

the protocol to derive alveolar type II cells in 3D dynamic culture. 
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Chapter 8  

Differentiation of Human Induced Pluripotent Stem Cells 

into Functional Lung Alveolar Epithelial Cells in 3D Dy-

namic Culture 
 

The ability to efficiently generate lung epithelium type 2 cells from human induced plu-

ripotent stem cells has been observed for regenerative medicine applications (Green, 

Huang and Snoeck, 2013). As stated in Chapter 7, dynamic motion and 3D cultures are 

able to enhance cell proliferation and survival. Furthermore, cell proliferation was signif-

icantly stimulated, as shown in the previous chapter by the addition of 10 µM Y-27632 in 

a 20 day culture period. The results in Chapter 7 prove that encapsulated human IPSCs 

grown in dynamic conditions were able to be induced towards endoderm more success-

fully when the combination of 3µM CHIR99021 and human Activin A was used, in com-

parison with the combination of Wnt3a and Activin A. These successful results suggest 

that the inclusion of 10 µM Y-27632 may potentially be added to optimise the Huang pro-

tocol in 2D (Huang et al., 2013), coupled with the following use of 3µM CHIR99021 and 

human Activin A to induce the endoderm stage, as suggested by Huang et al. (2013).  

8.1 Introduction 

It is estimated that about 60 million people worldwide are living with a type of lung dis-

ease and 4 million die from it every year (Ghaedi 2015). Currently, the only definitive 

treatment for terminal lung disease is lung transplantation, a procedure that brings sev-

eral problems, namely, the shortage of donors, the risk of graft rejection and the life-long 

administration of immunosuppressive drugs to the patients (Ahmad 2011). Recent stud-

ies suggest that a very promising alternative would be to use the patient’s own cells as 

they could be used to produce an engineered lung to be implanted into the patient or used 

externally as support (Ott et al., 2010). However, the application of lung tissue engineer-

ing has been compromised by the low abundance of lung epithelial cells in the body and 

their difficult isolation and expansion in vitro (Wagner 2010). Lung epithelial cells differ-

entiated from human Induced Pluripotent Stem Cells (human IPSCs) have the potential 
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to be a patient-specific source of cells with the potential advantage of minimizing the graft 

rejection issues and the need for immunosuppressive drugs post transplantation (Ghaedi 

2015).  

The lung has a complex three-dimensional structure with major relevant epithelial dif-

ferences along the proximo-distal axis. The most distal region of the lung is organized 

within a complex system of alveoli, which are lined by two primary epithelial cells types: 

type I and type II pneumocytes. The majority of the alveolar surface area (up to 95%) is 

composed of type I pneumocytes which are primarily responsible for gas-exchange, while 

Type II pneumocytes secrete alveolar surfactants (such as protein C) and are organised 

in a cube-like structure (Rawlins 2006). Lung epithelia remains one of the least studied 

lineages derived from embryonic stem cells in vitro (Siti-Ismail 2012). As mentioned 

above, an alternative strategy is the use of human IPSCs which can be obtained by genet-

ically reprogramming adult cells (Takahashi 2006). These cells can be further differenti-

ated into different lineages including lung epithelium (Siti-Ismail 2012; Ghaedia 2014). It 

has been proven that reprogramming cells resets their epigenetic fate map, which then 

allows extracellular cues such as cell culture conditions to direct phenotypic changes in 

these cells. Despite its technical feasibility, generation of lung progenitors from human 

IPSCs is yet to be done at an appreciable scale so as to satisfy the need for large numbers 

of fully differentiated cells. This could be accomplished by moving from traditional 2D 

cultures into 3D geometries such as scaffolds or bioreactors (Tsuchiya 2014). A three-

dimensional culture requires a matrix suitable for the culture of anchorage-dependent 

cells whose size and structural properties allow for efficient supply of gas and nutrients 

to all cells and for the removal of waste products. Semi-permeable alginate beads have 

been successfully used for this application (Miranda 2010). In particular, the generation 

of lung epithelium may benefit from state of microgravity whereby cells are not exposed 

to turbulence and high shear stress, improving cell to cell interaction while agitation re-

quired to provide enhanced diffusion of gases and nutrients can still be present (Ham-

mond 2001). 
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8.2 Aims and Objectives 

The aim of the present study was to develop a strategy for the culture and differentiation 

of human IPSCs into alveolar type II cells in an in-vitro system that mimics the in-vivo 

environment. It was hypothesized that hydrogel beads offer a suitable matrix for 3D cul-

tures and the HARV bioreactor can be used to mimic dynamic microgravity conditions. 

This is expected to increase the differentiation of human IPSCs cells to a similar, or pos-

sibly greater, degree to that obtained with traditional monolayer cultures. 

8.3 Methodology 

Human IPSCs were encapsulated and cultured in static mode for 24 hours in MTeSR™1 

media with 10 µM Y-27632. After 24 hours primitive streak formation is induced for 1 

day in basal differentiation media composed of DMEM F12 media supplemented with N2 

supplement, B27 supplement, ascorbic acid (50 µg/ml), Glutamax (2 mM), Monothioglyc-

erol (0.4 µM), 2 % of FBS and 10 µM Y-27632. Additionally, 1 ng/ml BMP-4 was added to 

the basal medium. On days 2 to 5, endoderm was induced by adding 3µM CHIR99021 and 

human Activin A to a final concentration of 100 ng/ml.  On days 5 to 7, 200 ng/ml human 

Noggin and 10 µM SB-431542 were added to the basal media for anterior foregut endo-

derm induction and, from days 7 to 15, lung progenitor formation was induced with 3µM 

CHIR99021, 10 ng/ml human FGF10, 10 ng/ml human FGF7, 20 ng/ml murine EGF and 

500 µM all-trans retinoic acid. Finally, for the maturation stage (days 15 to 20) 3µM 

CHIR99021, 10 ng/ml human FGF10, 10 ng/ml human, 50 nM Dexamethasone, 0.1 mM 

8-Bromo-cAMP and 0.1 mM IB were added.  

This protocol, illustrated in (Figure 8.1) has been followed for 3D static and dynamic cul-

tures and 2D cultures were run in parallel as control as the original protocol (Huang et 

al., 2013) had been established for 2D cultures.  

The viability and proliferation of cells inside the beads were assayed through fluores-

cence by incorporation of Calcein AM and Ethidium homodimer and using proliferation 

assay the Cell Titer Glo 3D assay, which measures ATP inside the bead. This assay was 

applied in this chapter as it is a highly powerful lytic assay, which resulted in a higher 

degree of sensitivity at all the stages of the protocol, as this was a problem found in the 
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previous chapter with the use of the MTS assay. Immunostaining, qRT-PCR and western 

blot were used to evaluate the differentiation, and the effect of culture conditions and 

component, such as hypoxia and the presence of extracellular matrix (ECM) in early and 

late stages of the protocol. In addition, transmission electron microscopy (TEM) was per-

formed on the differentiated beads to confirm morphological and functional characteris-

tics of the cells, such as lamellar bodies and micro filaments. 

Finally, to confirmation of the positive impact of hypoxia on the differentiation a small 

experiment in 2D was conducted. The optimised protocol was applied on two group of 

cells: one cultured and differentiated under 20% O2 and the other under 5% O2 to create 

a hypoxic environment and these cells were analysed at day 20 by using qRT-PCR. 

 

 

 

 

 

 

Figure 8.1 Differentiation protocol followed for the induction of lung epithelium 

from human IPSCs. After 24 in static cultures, cells were differentiated in 4 stages 

during the  days of culture. (Modify Teo, Mantalaris and Lim, 2014). 
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8.4 RESULTS and DISCUSSION 

8.4.1 Cell proliferation and viability in static and dynamic 3D cultures 

Cell viability was evaluated at different time points by live/dead staining with Calcein AM 

and an Ethidium homodimer and observation was conducted by fluorescence micros-

copy, using the appropriate filters. The results for days 1, 6, 15 and 20 shown in (Figure 

8.2 A) show that viability of the dynamic 3D cultures was high, without any evidence of a 

necrotic core at these time points (Figure 8.2A). The difference between the two condi-

tions was analysed using the Cell Titer Glo 3D assay which allowed to confirm that the 

viability in dynamic cultures was higher than that in static cultures for all time points as 

shown in (Figure 8.2 B) (p < 0.0001). In addition, TEM analysis at days 15 showed the 

presence of necrotic and apoptotic bodies in static but not in dynamic cultures (Figure 

8.2 C). Lastly, at day 20, huge cell aggregates were formed like a tissue around the beads 

(Figure 8.15 B). In contrast with the static culture, the aggregates accumulated around 

the periphery of the beads, allowing the formation of interactions between neighbouring 

cells and ECM as it would occur in normal tissue. It is hypothesised that this is due to the 

agitation of the system supporting enhanced mass transport within the culture, which in 

turn allows them the cells to proliferate more. This is also supported by the greater pro-

duction of ECM in dynamic cultures, which is noticeable from the pictures of the beads in 

H&E staining and from the expression of fibronectin and laminin assessed by qRT-PCR 

(Figure 8.15). This suggests that the rotating movement of the vessel maintained ade-

quate levels of gas and nutrient exchange inside and outside the beads. 

Results from both live/ dead imaging and ATP, provide evidence that both static and dy-

namic 3D cultures enhance cells proliferation. Previously published studies have showed 

that 3D cultures provide a suitable environment for differentiation, cell-cell interaction, 

ECM production, and cell-medium contact (Chen, Reuveny and Oh, 2013; Kempf et al., 

2014; Otsuji et al., 2014). The differences in cell proliferation observed between 3D static 

and dynamic cultures amount to an 8-fold higher yield of cells and were found statisti-

cally significant. The dynamic culture environment allows for a reduction of the stress 

caused by waste products accumulation and improves cell oxygenation (Unsworth and 

Lelkes, 1998; Yuge et al., 2006; Zhang et al., 2015) which may support our findings. The 

TEM data showed necrotic cells and apoptotic bodies in static compared to dynamic con-

ditions. Additionally, live/dead assay showed increase cell density on the bead edge on 
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static and reduction in the centre of the beads, possibly due to oxygen transport limita-

tions within the microcapsules, that might have led to cellular necrosis in the core (Huang 

et al., 2012). Furthermore, an “O-ring”-like growth pattern was observed in 3D static pos-

sibly due to nutrient limitation occurring in the centre (Figure 8.2 A). This phenomenon 

was  demonstrated by De Vos et al., 1997 and related to the size of the beads (Vos, Haan 

and Van Schilfgaarde, 1997). Therefore, reducing the size of microcapsules or using agi-

tation motion might be useful strategies to overcome this issue. 
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Figure 8.2 Comparison of static and dynamic 3D cultures in cells proliferation.  

A) Images of live/dead staining showed increased cell growth throughout the differentiation process and the red arrows show the necrotic core in static. Scale bars, 

2 mm for Images; B) Cell Titre Glo profile of encapsulated human IPSCs. Proliferation (normalized to day one, error bars show one standard deviation, n = 3 biological 

replicates. **** = p < 0.0001; C) TEM of dynamic cultures at day 15 revealed the presence of necrotic cells or apoptotic bodies and a heterogeneous population in static 

condition whereas no necrotic or apoptotic structures were found in the homogenous dynamically cultured cells. Scale bars, 5.0 µm for images. 
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8.4.2 Induction of human IPSCs differentiation into type II alveolar cells  

To examine the effect of static and dynamic 3D cultures on the induction of type II alveolar 

cells, we analyzed the expression of markers associated with type II alveolar cells  at 

various time points during the differentiation process, namely days 4, 6, 15 and 20. The 

genetic markers analysed were CXCR4, an endoderm marker, FOXa2, the endodermal 

trascription factor and distal epithelia marker, OCT3/4, a pluripotency marker, Nkx2.1 a 

lung progenitor, SFTPS  as a marker type 2 cells, CFTR as a marker of proximal epithelia 

finaly for Type 1 cells AQ5a was used. 

On day 4, both CXCR4 and FOXa2 markers were significantly upregulated in dynamic 

cultures compared to static cultures and to the control 2D cultures (Figure 8.3). The 

pluripotency marker expression was not significanly changed at this time between the 

control and the dynamic culture (Figure 8.3)(Kubo et al., 2004; D’Amour et al., 2005; 

Sturgeon et al., 2014). On day 6, the expression of CXCR4 was reduced compared to day 

4, and this reduction was seen for both static and dynamic cultures with significant dif-

ferences between the two 3D culture modes and between those and the control (2D) sug-

gesting the induction towards anterior foregut endoderm was effective (Figure 8.4 A). 

This was confirmed by immunohistochemistry, which allowed to detect the TTF-

1/Nkx2.1 protein in both dynamic and static cultures at this point (Figure 8.4 B) (Green 

et al., 2011). 

 

 

 
 
Figure 8.3 Characterization of endoderm induction at day 4. 

qRT-PCR of endoderm associated markers: Cxcr4, Foxa2 and pluripotency marker OCT3/4. Bars 

show mean fold change on day 4, error bars show 1 standard deviation, n=3 biological replicates. 

Gene expression normalized to day 0 (2−ΔΔCt). P-values were obtained by one-way ANOVA 

where ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01. 
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Figure 8.4 Gene expression and immunohistochemistry analyses conducted on day 

6.  

A) qRT-PCR of endoderm associated marker Cxcr4. Bars shown the mean fold change at day 4 and 

day 6; error bars show one standard deviation; n=3 biological replicates; data normalized to day 

0 (2−ΔΔCt). P-values obtained by one way ANOVA *p ≤0.0001, **p ≤ 0.01 and *p ≤ 0.05. B and C) 

Representative immunohistochemistry images with antibodies against NKX2.1, on day 6 in both 

static (B) and dynamic (C) cultures. Scale bars, 20 µm. 

 

By day 15, the stage of differentiation towards distal lung bud progenitor was confirmed 

by the analysis of gene expression of the FOXa2, Nkx2.1, moreover we sought CFTR for 

proximal epithelium. All markers were found significantly up-regulated in dynamic cul-

tures compared to both static cultures and 2D controls (Figure 8.5 A, B, D) especially the 

markers for distal epithelium. In addition, we looked if there was early differentiation for 

cells that expressed SFTPC because functional AEC2s derive from cells SFTPC+ distal 

lung. The expression of SFTPC was significantly upregulated in the dynamic condition 

compared to static and 2D control (Figure 8. 5 C). Type 1 cells were assessed by the ex-

pression of AQ5a, to see the ability of the dynamic culture to enhance alveolar differenti-

ation, however there was no significant upregulation detected (Figure 8.5 E). The expres-

sion of the corresponding proteins for type 2 cells Nkx2.1, proSFTPC and proSFTPB were 

observed by immunohistochemistry at this stage. Both 3D cultures expressed all proteins 

qualitatively (Figure 8. 6). Surpsingly the results displayed proteins markers of mature 

type 2 which go against the findings of the publication from which this protocol was 

adapted (Huang et al., 2013) that Huang et al., 2013 claimed no mRNA expression of lung 

and airway markers were detected at d15 of the culture .In addition, the proSFTPC pro-

tein was detected strongly in dynamic by using western blot for the same time point to 

confirm the maturation of type 2 cells in an early stage of the protocol (Figure 8. 9). 
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Figure 8.5 Gene expression conducted on day 15.  

qRT-PCR of lung progenitor markers. Bars shown the mean fold change at day 15; error bars show 

one standard deviation; n=3 biological replicates; data normalized to day 0 (2−ΔΔCt). P-values 

obtained by one way ANOVA ****p ≤0.0001, ***p ≤ 0.001, **p≤ 0.01 and *p ≤ 0.05. 

 
Figure 8.6 Immunohistochemistry analyses conducted on day 15. 

Representative Immunohistochemistry images with (Evans & Cabral, 1975) antibodies against 

proSFTPB (A and B), proSFTPC (C and D) and NKX2-1 (E and F) on day 15 in both static and 

dynamic cultures. Scale bars, 20 µm. 

 



 

     

  

 

148 
 

Finally, at day 20 we sought the same genes used at the previous stage to determine the 

maturation of type 2 cells. Nkx2.1 and proSFTPC were downregulated in 3D dynamic 

compared to day 15 and AQ5a was upregulated significantly, suggesting the possibility of 

mature type II to transdifferentiate into ATI cells (Evans and Cabral, 1975; Kawanami, 

Ferrans and Crystal, 1982; Barkauskas et al., 2013) (Figure 8.7). The genes expression 

profile of the static culture at day 20 was not enough to draw a conclusion. It is possible 

that the transport of nutrient and gas caused different populations of cells to co-exist 

within the beads or that cells were in varied stages, for example quiescent cells, trans-

differentiation cells, etc. (Lin and Chang, 2008). In 2D, cells expressed markers related to 

early lung progenitor stage (Figure 8.7). Immunohistochemistry analyses were also per-

formed, where cells extracted from dynamic and static showed results corresponding 

with the genes expression (Figure 8.8). 

To summarise, gene expression analysis showed significant upregulation of the genes of 

interest in the cultures conducted in the HARV bioreactor. Despite this, both 3D cultures 

expressed distal lung alveolar epithelial markers. On days 6, 15 and 20 we performed 

immunohistochemistry staining on the beads in static and HARV. The cells were stained 

with antibodies against TTF-1/Nkx2.1, on day 6 to confirm the AFE and lung bud specifi-

cation (Figure 8.4 B). To test for type II pneumocyte differentiation, the beads grown in 

both conditions were immunostained with antibodies anti-TTF-1/Nkx2.1, proSPC and 

proSPB. All the aggregates showed immunoreactivity for all the markers at day 15 and 20 

(Figure 8. 6 and Figure 8.8). At both time points, immunohistochemistry results show that 

the cells are positive for proteins proSPB, proSPC, and NKx2.1 although the expression 

seems to be higher in dynamic, probably due to the higher number of cells observed. In 

addition, the expression of protein C was also confirmed by Western Blot, where both 3D 

conditions show higher expression than 2D (Figure 8.9). 

The proteins and genes of proSPC, proSPB, and Nkx2.1 specific markers of type II pneu-

mocystis of lung epithelium were detected as early as day 15 of the differentiation. Huang 

et al., have not identified any such markers at these stages (Huang et al., 2013). The early 

development of type II epithelium in our protocol indicates the role of 3D alginate beads 

on lung induction (Anton, Burckel, Josset, & Noel, 2015; Jha et al., 2016; Chandrasekaran 

et al., 2017).  



 

     

  

 

149 
 

At the maturation stage (day 20) both static and dynamic cultures showed more potential 

to produce type II cells compared to the control group (2D culture) based on gene expres-

sion. The increase on type I gene expression and decrease of type II marker is evidence 

of the ability of mature type II to give rise to their progenitor (Jacob et al., 2017).All con-

trols of immunohistostaining presented in (Appendix V) 

 

 
Figure 8.7 Gene expression conducted on day 20.  

qRT-PCR of lung progenitor markers: with mean fold change day 20 vs day 0 (2−ΔΔCt) ± SD, n = 

3 biological replicates separated on day15; ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01 and *p % 0.05 

by one way ANOVA. 
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Figure 8.8 Immunohistochemistry analyses conducted on day 20. 

Representative Immunohistochemistry microscopy images with antibodies against proSFTPB (A 

and B), proSFTPC (C and D) and NKX2-1 (E and F) on day 20 in both conditions. Scale bars, 20 

µm. 

 
 

 

 
 
 

 
Figure 8.9 Western blot for Pro C of day 15 for 3D dynamic, static and 2D 
 

8.4.3 Differentiated lung epithelium cells produced in 3D cultures are 

functional 

Despite the early expression of in vivo SFTPC or other surfactant markers in alveolar pro-

genitors in week 12-15 of human gestation (Khoor et al., 1994), the maturity of functional 

lamellar bodies becomes significant after week 24 in type 2. We assessed by (TEM) 
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whether cells grown in 3D cultures express these highly specialized organelles of type 2 

like functional lamellar bodies, microvascular and microfilament (Fehourenbach et al., 

2001). 

At day 15 cells cultured in 3D dynamic environment had loosely organized membranes 

,Glycogen particles trapped inside an immature lamellar body, surface microvilli, and 

multivesicular bodies which is consider as identity of typical immature lamellar bodies 

as Ridsdale and Post have identified (Ridsdale and Post, 2004)( Figure 8.10). In static 

cultures, lamellar bodies appeared to be immature and no microvilli nor any of mul-

tivesicular bodies, showing some debris and typical apoptotic morphology (Figure 8.11). 

 

 
 

 

Figure 8.10 TEM of a dynamic culture at day 15.  

This technique has revealed the presence of loosely organized membranes of an immature lamel-

lar body (red arrows) as visibly seen in A) image and all following figures; .Scale bars, 5 µm. B) 

MV = the surface of the epithelial layer or the surface microvilli, MVB multivesicular bodies and 

the red arrows show electron-dense bodies for lamellar body. Scale bars, 1 µm; C) LB = formation 

of lamellar bodies and G= Glycogen particles trapped inside an immature lamellar body. Scale 

bars, 2 µm. D) LP= Lipid droplets and microvilli (MV) and some of an immature lamellar body 

(red arrows). Scale bars, 2 µm. 
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Figure 8.11 TEM of a static culture at day 15.  

This technique revealed A) MV = microvilli and LP = Lipid droplets were also seen. Scale bars, 5 

µm; B) LB = an immature lamellar body, MV= microvilli, and small red arrow = the extracellular 

space shows little debris, a typical apoptotic cell. Scale bars, 2 µm; C) LB = an immature lamellar; 

D) Cells form the aggregates inside the beads and there is heterogeneous between the cells 

shaped a typical apoptotic cell Scale bars, 10 µm ; D) Long arrow= the surface of the epithelial 

layer or the surface of cells sheet no microvilli and small arrow = the extracellular space shows 

little debris, a typical apoptotic cell. Scale bars, 10 µm. 

At day 20, functional lamellar bodies, the classic marker of AEC2 maturity, were found as 

were other highly specialized organelles, namely, multivesicular bodies and no microvilli 

in 3D dynamic cultures (Figure 8.12) (Castranova et al., 1988). However, at day 20 static 

cells derived alveolosphere structures like multivesicular bodies, corroborating the for-

mation of matured lamellar bodies with microvilli (Figure 8.13). 
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Figure 8.12 Representative TEM microscopy images of day 20 dynamic.  

Cells derived alveolospheres. MVB= multivesicular bodies, the black arrow= tight junction, LB = 

formation of lamellar bodies and) MV = microvilli. Scale bars, 6 µm for images A and D. Scale bars, 

2 µm for images B and C. 

 

 

 

Figure 8.13Representative TEM microscopy images of day 20 static.  

Cells derived alveolospheres. MVB= multivesicular bodies, LB = formation of lamellar bodies and) 

MV = microvilli. Scale bars, 2 µm for images A and B. 
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8.4.4 The interaction of the microenvironment and the encapsulated 

cells. 

Monolayer 2D cultures ensure a uniform oxygenation and nutrient transport to the entire 

cell population whereas 3D cultures tend to be more structurally heterogeneous which 

impacts the transport of gases and nutrients. To some extent, 3D geometries mimic the 

physiological environment better than 2D cultures but a 3D culture environment may af-

fect cell behaviour (Barthes et al., 2014; Edmondson et al., 2014). 

As a consequence of uneven gas distribution in 3D cultures, a hypoxic niche may be 

formed (Duval et al., 2017) which may compromise the viability and proliferation 

(Majmundar, Wong, & Simon, 2010). However, it has been reported that hypoxia may play 

a positive role in the induction of lung epithelium differentiation and proliferation (Gar-

reta, Melo, Navajas, & Farre, 2014; Huang et al., 2013; Pimton et al., 2015). The response 

of cells when oxygen changes are arbitrated through the family of transcriptional regula-

tors which are called hypoxia-inducible factors (HIF). Under normoxic conditions, HIF is 

rapidly degraded. On the other hand, under hypoxia, HIF is stable and accumulates in the 

nucleus and works as a promoter of many hypoxia-responsive target genes involved in 

the control of cellular proliferation, glucose metabolism, and angiogenesis (Groenman et 

al. 2007). 

The presence of hypoxic niches has been evaluated by measuring the expression of HIF-

1α for acute low oxygen tension and HIF-2α gene expression for long term adaption of 

hypoxia. The two genes are co-expressed (Yu et al., 1998). These analyses were con-

ducted on days 4 and 20 of the culture corresponding to early time of the culture protocol 

and late time of culture. Hypoxic niches are possibly important for lung differentiation as 

HIF-2α has been reported to correlate with enhanced differentiation of lung epithelium. 

On day four, the expression patterns of HIF2α and HIF-1α were starting to increase on 

both 3D cultures without any significant demonstration. On day 20 the gene expression 

was significantly different between the control 2D culture and both 3D culture geome-

tries tested in terms of HIF2α expression. The HIF-1α expression was further statistically 

significant between dynamic and static cultures (Figure 8.14 A). This observation could 

be correlated with high proliferation of cells at day 20, upregulation of differentiation 

markers and notable ECM production in dynamic culture. Hypoxia inducible factor, a key 
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transcriptional factor in response to hypoxia, is involved in stimulation of excessive ECM 

like fibronectin (Ho et al., 2014; Xiong and Liu, 2017) and  promotes extracellular matrix 

remodelling which showed by Gilkes (Gilkes et al., 2013). Additionally, one factor known 

to organise the development of lung epithelium and vasculature is VEGF, a main down-

stream target gene of HIF-1a (Van Tuyl et al. 2005; Zhao et al. 2005). Zhao et al. (2005) 

presented that inhibition of VEGF activity resulted in reduced epithelial proliferation in a 

lung renal capsule allograft model that mimics lung development. Also, Lee et al. (2012) 

have confirmed that mouse embryoid bodies (EBs) cultured in hypoxic and exogenous 

growth factors-deprived conditions upregulated HIF-1-mediated VEGF and led to the ef-

ficient differentiation of mouse ESC. Therefore, VEGF is involved in endothelial cell dif-

ferentiation from ESC in vitro as well as lung epithelium proliferation in vivo (Zhao et al. 

2005) and in (Lee et al. 2012). 

In order to confirm the positive effect of hypoxia on the differentiation of human IPSCs, 

the latter were cultured in 2D under two levels of oxygen (5% and 20%) and differenti-

ated by using a step-wise differentiation protocol which was used previously in 3D com-

parison experiments (Figure 8.14B). On day 20 of the differentiation method, gene ex-

pression analysis of differentiated human IPSCs showed that Nkx2.1 and SFTPC and 

AQ5A were up-regulated at 5% compared to 20% oxygen tension (Figure 8.14C). The ef-

fect of hypoxia in the in vitro culture has been extensively studied in stem cell research 

(reprogramming, differentiation, maintaining, etc.). Moreover, many studies reported the 

beneficial effect of low pO2 in stem cell specification lineage e.g. heart, lung and lung from 

pluripotent stem cells (Huang et al., 2013; Garreta et al., 2014). Although, as previously 

stated in literature, the mechanism behind low-oxygen-induced lung epithelium differen-

tiation is not yet fully understood, this study supports earlier findings suggesting that 

hypoxia does enhance human IPSCs differentiation into lung epithelium cells (Garreta et 

al., 2014).  
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Figure 8.14 The impact of hypoxia in cells differentiation.  

(A). The expression of HIF-1a and HIF-2a has significantly increased between geometries at day 

20 suggesting that hypoxia plays a role in differentiation (B) This has been confirmed by a step-

wise differentiation protocol (C). At the day 20 the expression of Nkx2.1, SFTPC and AQ5a were 

up-regulated confirming increased differentiation in hypoxia in compression with normoxia 

group. 
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8.4.5 Extracellular matrix production in 3D dynamic enhancing cells pro-

liferation and differentiation  

The development of multicellular organs requires the assembly of ECM that serves to spa-

tially organize cells as per their function in vivo. Maintaining and mediating lung function 

relies on the ECM role. Numerous reports suggest that the phenotypic behaviour of cells 

can be influenced by the 3D matrix structure and organization (Salgado, Coutinho and 

Reis, 2004). Lung ECM proteins have been implicated in lung branching morphogenesis, 

vasculogenesis, and alveolar maturation during development. Fibronectin (FN) plays a 

role in processes of lung development like proliferation and differentiation (Roman, 

1997).  

The effects of 3D dynamic culture on the mRNA expression of FN1 and LAMA5 were eval-

uated by real-time RT-qPCR. Cells cultured in 3D dynamic showed significantly up-regu-

lated levels of fibronectin (FN1) mRNA expression on day 20 (p<0.05). The same was 

observed for (LAMA5) (p<0.05) on day 4 and day 20 (P<0.05) compared to 2D cultures 

(Figure 8. 15A) which is crucial for distal lung epithelial cell differentiation and normal 

late lung development (Nguyen and Senior, 2006). 

Hornberger et al., 2000 showed that the proliferation of human Fetal Ventricular Myocyte 

cells (HFVMs) depended on the abilty of cells to secrete collagen and fibronectin 

(Hornberger et al., 2000). In agreement with Hornberger et al., 2000, cells in the 3D dy-

namic condition exhibited higher proliferation in day 20 correlated with significant ex-

pression of FN. Induction of a dynamic state for cells by using bioreactors combined with 

three dimensional scaffolds have proved their role in cellular proliferation and ECM pro-

duction, in comparison with static culture (Freed et al., 1994; Bueno, Bilgen and Barabino, 

2005). In summary, synthesis of extracellular matrix in 3D dynamic culture enhanced cel-

lular proliferation and differentiation into type 2 lung epithelium. 
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Figure 8.15 ECM gene expression in static and rotary environment. 

A) Expression of FN1 (fibronectin) and LAMA5 (laminin) genes on days 4 and 20 of culture. 

Results show significant differences at day 20 between 3D dynamic dultures and the control 

culture (2D). B) formation of tissues-like which include ensemble of similar cells and their extra-

cellular matrix at 3D daynmic by day 20. C) Representative images of hematoxylin & eosin (HE) 

stained showed cells and their extracellular matrix fromed tissues-like and how the cells 

proliferate more in 3D daynmic by day 20. Scale for images, 2mm. Scale for images, 200µm. 

 
 

8.5 Conclusion 

In this chapter, we have studied whether 3D tissue engineering of type II pneumocytes. 

In combination with alginate beads and dynamic motion could improve the efficiency of 

the differentiation of human pulmonary type II cells from human IPSCs. Human IPSCs 

were encapsulated inside alginate hydrogel beads and dynamic movement was simulated 

by using the HARV bioreactor. In addition, the impact of 3D culture dynamics was exam-

ined for induction of differentiation, proliferation, survival, molecular changes and func-

tionality of type II pneumocytes. To the best of our knowledge, to date, no study has been 
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performed testing the direct differentiation of human IPSCs towards lung epithelium us-

ing alginate encapsulation and a HARV bioreactor. This technique promises to differenti-

ate and expand high numbers of mature lung progenitors as a future autologous therapy 

for diseases incurring damage to the lung alveolar epithelium. 

The differentiation conditions used in this work prove the ability of both static and dy-

namic 3D cultures to deliver mature lung epithelium cells from human IPSCs differentia-

tion. However, in terms of scaling up cell production, dynamic cultures provide a better 

environment for cell growth and proliferation. Our method provides the best available 

approach combining suitable biomaterials and bioprocess conditions for future produc-

tion of cells to be used for transplants.  
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Chapter 9  

Conclusion and Future Work 
 

This chapter provides an overview to the contributions of the present thesis as well as 

propose future research directions. 

9.1 The contribution and general conclusion 

Diseases such as idiopathic fibrosis and lung cancer could be treated by the use of alveo-

lopheres which is derived from human PSCs and the primary tissue (Dye, Miller and 

Spence, 2016; Barkauskas et al., 2017).This research has emphasized on type II alveolar 

epithelial cells since they have been proven to act as a self-renewal cell  as well as a gen-

erator to type I cells under-injury circumstances (Barkauskas et al., 2013; Gotoh et al., 

2014; Dye, Miller and Spence, 2016; Barkauskas et al., 2017). In an attempt to form alve-

olopheres from the primary tissue, researchers found that fetal lung fibroblast cell line 

and Matrigal droplet were necessary in terms of support. As a result, AECI and AECII were 

found within the Matrigel droplet (Barkauskas et al., 2013). 

In another attempt, researchers purified lung epithelial progenitors using flow cytometry 

which was further cultured with human fetal lung fibroblast cell line and given particular 

biochemical factors via a specific medium. The results of this attempt were similar to the 

earlier attempt and formations of the thin cysts were found within the Matrigel droplet 

(Huang et al., 2013; Firth et al., 2014; Gotoh et al., 2014). Although the previous attempts 

were made using 2D and 3D lung models from primary human lung tissues and human 

PSCs, certain limitations were found (Barkauskas et al., 2013; Rock et al., 2009; Gotoh et 

al., 2014; Konishi et al., 2016; Dye et al., 2015; Firth et al., 2014; Mou et al., 2016; Wong 

et al., 2012; Huang et al., 2013). The robustness of both approaches were not clear and 

whether this would yield to a degree of organization (Dye et al., 2016). The major limita-

tion within the previous trials was that the tissue organization cannot be generated in 

vitro. This is because the alveolar structure is unique within its capacity and couldn’t be 

formed instantly in vitro. Therefore, there is a need for in vivo transportation and com-
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plete differentiation (Mathieu et al., 2013). In order to provide a fully mature and func-

tional tissue, the need of supporting mesenchyme and vascular supply is required (Dye, 

Miller and Spence, 2016). 

One of the most crucial factors of moving from in vitro to in vivo is immune response, 

which impacts both organoid growth and maturation. In addition, the role of the immune 

system under organ development is not clear. It is also crucial to know that the transplan-

tation into adult animals may be affected by the host immune system. Transplantation is 

also correlated with surgical injury and the consequential inflammatory response that 

can impact progenitor cell differentiation (Dye et al., 2017). In order to support in vivo 

transplantation, biomaterials can be used the assist in handling the immune system re-

sponse and in order to minimize the impact of the injury and inflammatory response on 

the organoid engraftment (Dye et al., 2017). 

Matrigel has been used as one of the main biomaterials for coating alveolopheres. How-

ever, Matrigel is comprised from undefined matrix and is derived from mouse tumors. 

Additionally, the physical and chemical priorities of Matrigel cannot be easily altered 

(Gjorevski et al., 2016). Therefore, the required material must be fully defined in matrix 

from either natural or synthetic materials. Furthermore, both matrix and stiffness that 

define the native airway environment are vital to derive airway structures whether it is 

in vitro or in vivo (Czerwinski and Spence, 2017). The native organ can be recapitulated 

in terms of physical and chemical properties and biomaterials have the potential to do so 

and maintain the growth and maturity of the respiratory system in vivo or in vitro (Fink-

beiner et al., 2015). 

The contribution of this research lies in filling a gap where a fully defined and functional 

natural material is needed for in vivo transplantation. In this thesis, we presented a pro-

tocol integrating the fundamentals of cell biology and engineering as a successful example 

of a multidisciplinary approach. The production of functional type II pneumocyte cells 

from human IPSCs was achieved within 20 days in a novel, direct, low serum, feeder-free, 

3D dynamic culture, avoiding the EB formation stage, the co-culture needs and the use of 

Matrigel™. Slight manipulation of the concentrations and combinations of cytokines and 

the additive of chemical supplements from a previously suggested protocol (Huang et al., 

2013) assisted reproducible and directed differentiation into type II pneumocytes cells. 
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Exploiting the 3D dynamic culture condition as a key differentiation enhancer, improved 

the maturation of type II pneumocytes, functionality and cell culture scale-up.  

The experimental design used in this work combined analytical techniques and assays as 

presented in chapter 5. The protocol herein developed allowed to maintain and sustain 

pluripotent states of human IPSCs. In addition, the use of low oxygen tensions in combi-

nation with the Y-27632 RHO/ROCK pathway inhibitor enhanced proliferation and plu-

ripotency of after passaging human IPSCs to a single cell. The study of micro environmen-

tal effects in cell proliferation of encapsulated human IPSCs in alginate hydrogel (chapter 

6) resulted in the identification of significant factors which allowed for the optimisation 

of existing differentiation protocols as successfully shown in the differentiation of human 

IPSCs to airway epithelium cells (chapters 7-8). 

Several significant conclusions can be drawn from the findings of this work: 

• Hypoxia alone without inhibiting the RHO/ROCK pathway has a positive impact in 

proliferation when human IPSCs are passaged as single cells. However, combined 

with the Y-27632 RHO/ROCK pathway inhibitor hypoxia increases the rate of hu-

man IPSC and human ESC cells proliferation far more significantly. 

• 3D dynamic cultures maintain and sustain pluripotent states of human IPSCs 

within 20 days without passaging cells enzymatically or mechanically. In addition, 

human IPSCs were able to produce their own ECM into 3D dynamic cultures which 

might be correlated with the increase of the rate of cell growth and upregulates 

the expression of associated pluripotency markers. 

• 3µM CHIR99021 having previously been shown to suppress pluripotency, effec-

tively generating DE from human PSCs in traditional 2D monolayer cultures, in 

this thesis its combination with 100 ng/mL Activin A in 3D dynamic culture max-

imally and significantly induced DE differentiation. 

Using natural biomaterials (alginate) which are renewable, cost effective and biocompat-

ible has allowed to develop a highly efficient protocol to produce type-II alveolar epithe-

lial cells. This protocol is herein presented for the first time. This approach can be further 

refined and used to meet the need for transplantation of type-II-like alveolar epithelial 
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into animals to reach maturity (blood flow, immune factors, neural innervation, or me-

chanical strain of the local environment). 

9.2 Future work 

Although the main aims of this thesis have been achieved, many challenges and questions 

remain to be overcome in the lung cell bioprocessing field. In order to move research 

nearer to clinical applications, further studies will have to be carried out following up on 

the promising results of this work. The next points discuss the crucial areas that need 

further investigation. 

9.2.1 2D culture 

Cell cultivation needs further optimization to find effective matrix alternatives for adher-

ent 2D cultures. In our human IPSCs culture protocols, both maintenance medium 

mTeSR™1 and cell-substrate adherence Corning® Matrigel® human ESC-qualified Ma-

trix contains either animal products or undefined components (please refer to chapter 

5). The mTeSR™1 medium contains bovine serum albumin (BSA) while Corning® Mat-

rigel® has several unidentified components (Osiecka-Iwan et al., 2008, Rodin et al., 

2014). The presence of animal products on growth medium can cause cross-species con-

tamination (Choumerianou et al., 2008). Replacing mTeSR™1 with formulations like 

TeSR™2 and TeSR™-E8™ will provide fully-defined, serum- and feeder-free medium re-

taining the self-renewal capabilities of the cells (Chen et al., 2011). Also, this formulation 

allows for an easy transition to stem cells clinical and research applications. In the case 

of Matrigel™, there is a number of fully characterized alternatives such as xeno-free ad-

herent matrix Vitronectin XF™ (Braam et al., 2008, Prowse et al., 2010) and a chemically 

defined Laminin-521 (Lu et al., 2014, Rodin et al., 2014). 

9.2.2 3D culture 

Alginate is a non-toxic, non-immunogenic and biocompatible material but did not pro-

mote mammalian cells-adhesion to hydrogels. Coating with gelatin overcomes this limi-

tation but it is not optimal for therapeutic applications. Gelatin may trigger an immune 

response because it is animal derived. Another issue related to the use of gelatin is its 

batch-to-batch variability. Finding appropriate ligands is crucial to promote and regulate 

cellular interactions such as peptides including the sequence arginine-glycine-aspartic 
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acid (RGD). RGD is widely used as adhesion ligand owing to the presence of integrin re-

ceptors (e.g., αvβ3, α5β1) on various cell types. Therefore, covalently modified alginate 

with RGD was effective on promoting self-renewal, differentiation, as well as to substitute 

exogenous soluble factors. Substituting gelatin with more defined cell-adhesive peptides 

could be one of the approaches in future experiments (Hoffman, 2012; Lee & Mooney, 

2012).  

9.2.3 Further assays to validate type II pneumocytes maturation 

 

9.2.3.1 Mature SFTPB and SFTPC protein forms localize to lamellar bod-

ies (LBLs), multivesicular bodies (MVBs) 

As was reported for mature II pneumocytes, the processing of pro-SP-B (pro surfactant 

protein B) to mature SP-B in alveolar type 2 cells requires a series of post-translational 

modifications and proteolytic cleavages. Through the course of SP-B processing, the ma-

ture protein must be transported to the (LBLs) where it is concentrated with SP-C and 

surfactant-specific phospholipids. The mechanisms controlling the process of LBL for-

mation and the aggregation of these diverse surfactant components are poorly under-

stood. To elucidate these events, it is important to examine the intracellular localization 

of SP-B processing (Korimilli et al., 2000; Brasch et al., 2004). 

We suggest to detect mature SFTPB (pro surfactant protein B) and SFTPC (pro surfactant 

protein C) protein forms in human IPSC-derived type II pneumocytes-like cells in alginate 

beads by using immunogold labelling based on a method described in this paper 

(Ridsdale et al., 2011). 

9.2.3.2 Lipid profile analysis to determine whether putative II pneumo-

cytes synthesize and secrete surfactant-specific 32:0 dipalmitoyl phos-

phatidylcholine (DPPC) 

Using gas chromatography to measure in particular, 32:0 dipalmitoyl phosphatidylcho-

line would be important. DPPC is the most abundant class of phospholipids in pulmonary 

surfactant (Jacob et al., 2017).  
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9.2.3.3 Define more related genes for both of II pneumocytes and I pneu-

mocytes 

Next, we are going to sought and define more related genes for types I and II pneumo-

cytes. In terms of II pneumocytes, markers such as Surfactant protein D (SFTPD), Pulmo-

nary surfactant-associated protein A1 (SFTPA1), Pulmonary surfactant-associated pro-

tein A2 (SFTPA2), ABCA3,  Lysosome-associated membrane glycoprotein 3 (LAMP3), 

LPCAT (Lysophosphatidylcholine acyltransferase), PGC, cathepsin H (CTSH) and Napsin 

A Aspartic Peptidase (NAPSA) could be looked at whereas for type-I pneumocytes PDPN, 

AGER, and CAV1 could be suitable markers (Jacob et al., 2017). We suggest to analyse 3 

different time points in iPSC-derived type 2 like cells in alginate beads differentiation: day 

0 undifferentiated cells, day 15 lung progenitors and day 20 lung maturation. For a con-

trol we suggest to do comparison with 2 primary cells, 1-primary fetal distal alveolar ep-

ithelial progenitors (21week gestation) and second adult human II pneumocytes. 

 

9.2.3.4 Display Transdifferentiation Capacities 

As has been published for primary adult human AEC2s maintained in 3D sphere cultures 

(Barkauskas et al., 2013), PSC-derived SFTPC+ cells do not detectably transdifferentiate 

into AEC1 in 3D cultures. Therefore, we are going to decapsuled the cells and culture them 

on 2D based on the protocol was published by Dobbs et al., 1988; (Dobbs et al., 1988; 

Borok et al., 1998). To observe the morphology of AEC1 flat and senescent squamous cells 

and see if their upregulation of AEC1 marker genes—PDPN, AGER, QA5A and CAV1 and 

downregulation of SFTPC type AEC2 marker. In addition we are going to see the ability of 

product cells in forming an epithelial barrier with ZO-1-positive tight junctions (Zhao, Yee 

and O’Reilly, 2013). 

9.2.3.5 Validate the protocol on other cell stem cell lines  

Testing the AEC2 induction protocol on other cell line such as embryonic or adult stem 

cells will assets its reproducibility, competence, and the therapeutic readiness to animal 

studies and in future clinical trials.  
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Appendices 

Appendix I 

Effect of cell number on absorbance at 490 nm .Various number of human IPSCs were 

cultured in 96 well plate in final number 50000 cell per well ,cells inubating at 37C .MTS 

regaent was added and absorbence at 490 nm was recored using ELISA reder . y-axis 

presented cell number and x-axis presentd OD value, each point represents a mean of 3 

replicayes .Assay perform according to the kit protocol.  
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Appendix II 

The Flow Cytometry Analysis Profile of the Cultured Human IPS Cells passages 34: (A) Flow cytometry plots of unstained human iPS 

cells; (B) Flow cytometry plots of the isotope control; (C) The plot shows the percentage of double positive cells stained with internal pro-

tein Nanog-PE and cell surface protein SSEA4-APC. 
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The Flow Cytometry Analysis Profile of the Cultured Human IPS Cells passages 39: (A) Flow cytometry plots of unstained human 

IPSCs (B) Flow cytometry plots of the isotope control; (C) The plot shows the percentage of double positive cells stained with internal 

protein Nanog-PE and cell surface protein SSEA4-APC. 
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Appendix III 

Flow Cytometry Analysis of Pluripotency Marker Expression of human IPSCs 

dissociated to single cell suspensions in in different conditions at 96 hour: NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HY-

POXIA. 

A) A histogram plot shows a positive peak of cells (NO ROCK/NORMOXIA, 

ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) stained with internal 

protein Nanog-PE shift in the histogram overlay with unstained and the isotope con-

trol) The histogram shows the negative peak of cells stained with unstained human 

IPSCs (NO ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and 

ROCK/HYPOXIA).C) The histogram shows the negative peak of cells (NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) 

stained with the isotope control. (Offset because the isotope control and unstained 

overlaid) 
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Flow Cytometry Analysis of Pluripotency Marker Expression of human IPSCs 

dissociated to single cell suspensions in in different conditions at 96 hour: NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA. 

A) A histogram plot shows a positive peak of cells (NO ROCK/NORMOXIA, 

ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) stained with internal 

protein OCT3/4-percp-cy5 shift in the histogram overlay with unstained and the iso-

tope control) The histogram shows the negative peak of cells stained with unstained 

human IPSCs (NO ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and 

ROCK/HYPOXIA).C) The histogram shows the negative peak of cells (NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) 

stained with the isotope control. (Offset because the isotope control and unstained 

overlaid) 
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Flow Cytometry Analysis of Pluripotency Marker Expression of human IPSCs 

dissociated to single cell suspensions in in different conditions at 96 hour: NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA. 

A) A histogram plot shows a positive peak of cells (NO ROCK/NORMOXIA, 

ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) stained with internal 

protein surface protein SSEA4-APC-A.shift in the histogram overlay with unstained 

and the isotope control) The histogram shows the negative peak of cells stained with 

unstained human IPSCs (NO ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HY-

POXIA and ROCK/HYPOXIA).C) The histogram shows the negative peak of cells (NO 

ROCK/NORMOXIA, ROCK/NORMOXIA, NO ROCK/HYPOXIA and ROCK/HYPOXIA) 

stained with the isotope control. (Offset because the isotope control and unstained 

overlaid) 
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Appendix IV 

The sensitivity and specificity of the MTS tetrazolium assay:  This images 

showed, high cell concentration inside the beads might have a negative impact on 

the sensitivity of the MTS assay, (The transport of the formazan dye from the inside 

of the beads to the medium can vary).  
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Appendix V 

Positive tissue controls Immunohistochemistry (IHC) experiments: A) 

Immunohistochemical analysis of PROSP-B using anti- PROSP-B Polyclonal 

Antibody (AB3786-Millpore) in Sections of normal human lung the dilution for this 

antibody in immunohistochemistry applications was 1:4000-1:8000. B) 

Immunohistochemical analysis of ANTI-TTF using anti- ANTI-TTF Rabbit 

monoclonal IgG (AB76013-Abcam) in sections of human lung adenocarcinoma the 

dilution for this antibody in immunohistochemistry applications was 1:100-1:1000. 

C) Immunohistochemical analysis of PROSP-C using anti- PROSP-C Polyclonal 

antibody Rabbit (AB3786-Millpore) in Sections of normal human lungt he dilution 

for this antibody in immunohistochemistry applications was 1:1000-1:2000. Scale 

bars, 500 µm and 20 µm. (the tissues were provide by (National Heart & Lung 

Institute Faculty of Medicine Imperial College London) 
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Negative tissue controls Immunohistochemistry (IHC) experiments: A) 

Immunohistochemical analysis of ANTI-TTF using anti- ANTI-TTF Rabbit 

monoclonal IgG (AB76013-Abcam) in sections alginent beasds mantained in 

mTeSR™1 the dilution for this antibody in immunohistochemistry applications was 

1:100-1:1000. B) Immunohistochemical analysis of PROSP-B using anti- PROSP-B 

Polyclonal Antibody (AB3786-Millpore) in Sections of alginent beasds mantained in 

mTeSR™1the dilution for this antibody in immunohistochemistry applications was 

1:4000-1:8000. C) Immunohistochemical analysis of PROSP-C using anti- PROSP-C 

Polyclonal antibody Rabbit (AB3786-Millpore) in Sections of alginent beasds 

mantained in mTeSR™1he dilution for this antibody in immunohistochemistry 

applications was 1:1000-1:2000. Scale bars, 50 µm.  
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