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Abstract 

Leukaemia is a hematologic malignancy consisting in the formation of abnormal hematopoietic cells 

initiated by a few leukemic stem cells (LSCs) that undergo a poorly regulated and aberrant differentiation 

process analogous to that of normal hematopoietic stem cells. In recent years, studies of blood 

neoplasms such as acute myeloid leukaemia (AML) have indicated how disruption of the normal function 

of transcription factors can affect normal cellular differentiation and lead to cancer. Several studies have 

shown that abnormalities in the expression of the transcription factor PU.1, along with other cooperative 

mutational events, can lead to the development of AML, suggesting the involvement of this regulatory 

network in the pathogenesis and development of the disease. 

Recent advances in stem cell bioprocess have led to the proposition that, by merging the benefits of 

animal models and in vitro cultures, the use of mouse embryonic stem cells (mESCs) would be a unique 

tool to overcome the limitations of current approaches to the study of leukaemia and follow a time wise 

progression of the disease “in a dish”. The aim of this study was to provide insight on the behaviour of 

normal and PU.1 mutated mESCs when cultured in vitro using hydrogel encapsulation and a HARV 

bioreactor, differentiating them towards the hematopoietic lineage. This study provides initial data on 

the early manifestations of PU.1 related AML and can provide a valuable aid in diagnosis as well as 

introduce a time lapse of leukaemia development and progression. 

Key-words: Haematopoiesis, leukaemia, in-vitro, mESCs, PU.1 
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Resumo 

A leucemia é uma perturbação hematológica que consiste na formação de células hematopoiéticas 

anormais iniciadas por algumas células estaminais leucémicas (LSC) que experienciam um processo 

de diferenciação aberrante e pouco regulado, análogo ao observado em células estaminais 

hematopoiéticas normais. Nos últimos anos, estudos de neoplasias do sangue tais como a leucemia 

mieloide aguda (AML), indicaram que a perturbação da função normal de fatores de transcrição pode 

afetar a diferenciação celular e conduzir ao cancro. Vários estudos têm demonstrado que as alterações 

na expressão do fator de transcrição PU.1, juntamente com outros eventos mutacionais, podem levar 

ao desenvolvimento de AML, sugerindo o envolvimento desta rede reguladora na patogénese e no 

desenvolvimento da doença. 

Recentes avanços em bioengenharia de células estaminais têm levado à proposta de que, fundindo os 

benefícios dos modelos animais e das culturas in-vitro, o uso de células estaminais embrionárias de 

ratinho (mESCs) seria uma ferramenta única para superar as limitações das atuais abordagens ao 

estudo da leucemia e poderia providenciar uma plataforma para o estudo da progressão temporal da 

doença em laboratório. Este estudo teve como objetivo providenciar informações sobre o 

comportamento de mESCs normais e com uma mutação na expressão de PU.1 quando cultivadas in-

vitro usando encapsulação em hidrogel e o bioreactor HARV, diferenciando-as em direção à linhagem 

hematopoiética. Este estudo fornece dados iniciais sobre as manifestações precoces de AML 

relacionadas com a expressão de PU.1 e pode constituir uma valiosa ajuda no seu diagnóstico, assim 

como introduzir um estudo temporal do desenvolvimento e progressão da leucemia. 

 

Palavras-chave: Hematopoiese, leucemia, in-vitro, mESCs, PU.1 
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2. Introduction 

Haematopoiesis is a highly regulated process that gives rise to all cells of the blood lineage, comprising 

a delicate balance between self-renewal, proliferation and differentiation. Due to the short life span of 

mature blood cells, stem cells are required throughout an individual’s life to assure the sustainability of 

the hematopoietic pool. This is a conserved hierarchical process, where hematopoietic stem cells 

(HSCs), a rare multipotent population residing in the bone marrow, are found at the top of the progenitor 

hierarchy, giving rise to multipotent and lineage-restricted progenitors that proliferate extensively and 

differentiate towards mature blood cells (Orkin and Zon 2008). 

Leukaemia is a hematologic malignancy consisting in the formation of abnormal hematopoietic cells 

initiated by a few leukemic stem cells (LSCs) that undergo a poorly regulated and aberrant differentiation 

process analogous to that of normal hematopoietic stem cells. Cancer stem cells share with normal 

stem cells their capacity for unlimited self-renewal, which led to the proposal that leukaemias may be 

initiated by transforming events that take place in hematopoietic stem cells (Passegué et al. 2003). On 

another hand, leukaemias may also arise from the acquisition of stem cell-like characteristics in more 

committed progenitors (enhanced self-renewal and impaired maturation) due to mutations or selective 

expression of genes regulating these events. In order to understand the mechanisms and the 

pathogenesis of this disease it is necessary to identify how these aberrations are acquired, how they 

affect normal haematopoiesis and how they contribute to the aggressiveness of the disease. Uncovering 

these underlying pathways will improve the diagnosis and treatment of leukaemia and possibly provide 

a working model for other types of cancer. 

In recent years, studies of blood neoplasms such as acute myeloid leukaemia (AML) have indicated 

how disruption of the normal function of transcription factors, either by direct mutation or by interference 

of translocation proteins, can affect normal cellular differentiation and lead to cancer (Tenen 2003). 

Abnormalities in the expression of PU.1, a transcription factor of the ETS family known to be 

indispensable in myeloid differentiation, have been found to lead to the development of AML in mice 

and its downregulation to be present in human AML patients (Basova et al. 2013; Mueller et al. 2003). 

This suggests that the regulatory mechanisms involving PU.1 expression may be involved in the 

development and pathogenesis of AML. 

When proposing to study the development of leukaemia, in particular AML, it is necessary to take into 

consideration the fast progression of the disease and its aggressiveness, which implies that it would be 

very difficult to track the disease in a patient. In this context, animal models of mutated specimens have 

been used for many years as an attempt to mimic what happens in the human condition. Although these 

provide a unique insight to the physical manifestations associated with the advances of the disease and 

allow the study of different stages of its progression, they lack the possibility to obtain a proper time 

lapse of the illness. Other study approaches rely on the use of human stem cells, a method that raises 

a lot of ethical questions. It is proposed that by merging the benefits of animal models and in vitro 

cultures, the use of mouse embryonic stem cells (mESCs) would be a unique tool to overcome the 

limitations of current approaches to the study of leukaemia and follow a time wise progression of the 
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disease in the laboratory. Moreover, advances in the bioengineering of stem cells have come to 

stimulate the process of culture in a three-dimensional (3D) environment, aiming to mimic the natural 

surroundings of the cells in vivo. Studies have shown 3D approaches to be more successful than the 

standard two-dimensional (2D) cultures in replicating the influence of specific environmental cues in the 

fate of HSCs (Di Maggio et al. 2011). 

In this study, normal and PU.1 mutated mESCs derived from the same murine species were cultured in 

a system consisting of their encapsulation in calcium alginate beads and culture in a high aspect rotating 

wall vessel (HARV) bioreactor. The culture process of these cells was coupled with the supply of 

chemical and biochemical cues to direct their differentiation towards the haematopoietic lineage, 

including culture in HepG2 conditioned media (HepG2 CM) and the introduction of lineage-specific 

growth factors into the culture media. The protocol followed had been previously established in the 

laboratory for the haematopoietic differentiation of only E14Tg2α cells (Fauzi, Panoskaltsis, and 

Mantalaris 2012), stressing the importance of also performing a comparison with the results derived 

from the culture of these cells. Firstly, this study validates the application of the protocol on E14Tg2α 

cells, studying the influence of the culture with HepG2 CM and also of different feeding schedules on 

the environment of the cells and on their differentiation. This was a first step required to ensure the 

correct differentiation of the normal and mutated cells from the mouse model and to guaranty a 

significant comparison between cells could be drawn with this approach. The same protocol was then 

used to differentiate and compare E14Tg2α with WT and URE mutated ESCs. 

This is a novel approach to the study of the development of leukaemia, aiming to follow haematopoiesis 

from the embryonic development as a way to search for initial manifestations of the disease. This study 

provides initial results suggesting differences between the behaviour of normal and PU.1 mutated cells. 

The results presented here suggest the interesting use of this platform to further create a time-wise 

study of the development and progression of the disease and to provide a valuable aid in early diagnosis 

and treatment of haematopoietic malignancies.  
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3. Literature Review 

Leukaemogenesis is the production of LSCs due to an aberration in the normal process of 

haematopoiesis. In order to understand how leukaemia can be initiated it is necessary to understand 

the fundamentals of haematopoiesis, namely the different stages at which it occurs, the complex 

regulatory network involved in the process and the mechanics and molecular characteristics of the 

hematopoietic niche. Furthermore, it is important to understand what do mutations of transcription 

factors represent in the development of hematopoietic malignancies and how these can be studied. 

In this chapter, the processes of haematopoiesis and leukaemogenesis are reviewed, taking emphasis 

on the importance of the numerous factors involved in their regulation, particularly the influence of the 

transcription factor PU.1. Methods and models previously and currently used to study the initiation and 

progression of leukaemias are also reviewed and compared in this chapter. 

3.1. The hematopoietic system 

The adult hematopoietic system is composed of a hierarchy of cells with different self-renewal, 

differentiation and proliferation potentials, starting with HSCs, progressing through increasingly more 

restricted progenitors onto mature lineage committed blood cells, such as erythrocytes, granulocytes 

and lymphocytes.  

The hematopoietic, vascular, cardiac, and skeletal muscle lineages develop from subpopulations of 

mesoderm induced at different time points of embryonic development. 

  Embryonic haematopoiesis 

In vertebrates, the production of blood stem cells consists in the specification and allocation of different 

embryonic cells in a variety of sites that change during embryonic development. One of the most 

important events during embryogenesis is the generation of the three primary germ layers: ectoderm, 

mesoderm, and endoderm during the process of gastrulation. In the mouse, the beginning of gastrulation 

is marked by the formation of a transient structure known as the primitive streak (PS). The hematopoietic 

lineage is derived from a subpopulation of the mesoderm germ layer, namely from the posterior primitive 

streak (Murry and Keller 2008). 

Haematopoiesis in the early mouse embryo is initiated independently at two distinct sites: the yolk sac 

(YS) and the para-aortic splanchnopleura (P-Sp), an intraembryonic region that later contains the 

developing aorta, gonads, and mesonephros (AGM) (Golub and Cumano 2013). When comparing the 

hematopoietic populations that arise from both sites prior to the onset of circulation, cells from the YS 

show little HSC potential, while P-Sp derived cells show the potential to originate HSCs and multipotent 

progenitors that give rise to myeloid, lymphoid, and definitive erythroid lineages in vitro. Hematopoietic 

development in the human embryo follows a similar pattern (Tavian and Péault 2005). This initial wave 

of blood production is termed as “primitive” and has the primary function of producing red blood cells 

that facilitate tissue oxygenation, to withstand the rapid growth of the embryo. 
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Figure 1 - Embryonic haematopoiesis in the mouse (A- Location of different hematopoietic sites during 
embryogenesis; B - Haematopoiesis in each location favours the production of specific blood lineages; C 
- Developmental time windows for shifting sites of haematopoiesis (Orkin and Zon 2008) 

In mammals, the next site to show hematopoietic potential is the AGM region and later on the placenta. 

The relative contribution of each site to the final pool of adult HSCs remains largely unknown (Orkin and 

Zon 2008). 

The primitive hematopoietic system is transient and rapidly replaced by the termed “definitive” one, 

comprising adult-type haematopoiesis. Definitive haematopoiesis involves sequential colonization of the 

foetal liver, thymus, spleen and finally the bone marrow. It is believed that these niches do not support 

de novo generation of HSCs, but instead support the expansion of existing populations up until the 

migration to the next site.  

  Regulation of haematopoiesis 

Even though mouse and human may progress through haematopoiesis with some noticeable 

differences (Mestas and Hughes 2004), mainly when it comes to the expression of lineage specific 

markers, the signalling pathways that regulate both differentiation processes are very similar. 

3.1.2.1. The role of endoderm 

After implantation, an extraembryonic cell layer - the visceral endoderm (VE) - encases the entire mouse 

embryo, consisting of the epiblast and the extraembryonic ectoderm. Before the onset of gastrulation, 

the VE acts as a multi-functional tissue, mediating nutrient and waste exchange between the maternal 

circulation and the growing embryo, while also delivering signals to position the body (Madabhushi and 

Lacy 2011). During gastrulation, the VE forms the endodermal layer of the yolk sac and continues to 
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coordinate nutrient uptake and waste exchange. It has been hypothesised and studies confirm that the 

visceral endoderm produces molecules that enhance differentiation towards mesoderm (Fauzi et al. 

2012; Hwang et al. 2006; Kang et al. 2009). 

3.1.2.2. Signalling pathways 

The temporal and spatial segregation of cell fates observed during gastrulation strongly suggests that 

the different regions of the PS constitute different signalling environments that are responsible for the 

induction of specific lineages (see Figure 1). Many studies suggest that germ layer is controlled, in part, 

by the coordinated activation and regional inhibition of the Wnt, Nodal, and BMP-signaling pathways. 

For instance, in vitro, the induction of mESC with Wnt, activin, BMP4, or serum, will result in the 

generation of a primitive streak (PS)-like population (Murry and Keller 2008). Following PS induction, 

the posterior PS cells are specified to Flk-1+ mesoderm. Downstream of this step, Notch 1 is determinant 

in the AGM induction, amongst other pathways that participate in the process such as Runx, CoupTF-II 

(Pereira et al. 1999)  and CDX-HOX pathway (Davidson et al. 2003). 

The Wnt/β-catenin and Notch-Delta signalling pathways influence the function of adult HSCs, increasing 

their activity (Duncan et al. 2005).  In addition to these pathways, growth factors such as prostaglandins 

have been found to play a role in the production of HSCs in zebra-fish (Taylor et al. 2010). 

Prostaglandins also affect the homeostasis of definitive adult haematopoiesis, as shown by irradiation 

recovery assays, 5-fluorouracil stimulation assays, and long-term hematopoietic reconstitution. Thus, 

the emergence of HSCs in the AGM region involves the prostaglandin pathway and the Notch-Runx 

pathways, which appear to be independent based on genetic relationships.  

Studies performed in Drosophila have shown that vascular endothelial growth factor (VEGF) ligands are 

required for derivation of adult hematopoietic cells, as well as for attracting myeloid cells at specific sites. 

Studies in this animal model also imply the importance of Hedgehog ligand and its cooperation with 

Notch ligands in order to form a stem cell niche and regulate the cycling of hematopoietic progenitors 

(Mandal et al. 2007). 

3.1.2.3. Transcription factors in hematopoietic 

development 

The primary components of transcriptional regulatory networks are transcription factor proteins and the 

regulatory DNA sequences that they bind to. Insights into the functions of the main factors involved in 

haematopoiesis have been obtained generally by conventional or conditional knock-out mice and from 

forced expression experiments, also complemented with studies from other animal models including 

zebrafish, chicken and Drosophila (Davidson et al. 2003; Orkin and Zon 2008). An interesting feature of 

transcription factors involved in haematopoiesis is that the majority of them is involved in chromosomal 

translocations or somatic mutations found to be expressed in human hematopoietic malignancies, in 

fact most of them were actually discovered while studying leukaemias. A synthesis of the functions of 

the main transcription factors acting upon hematopoietic development can be found in Table I.  
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Table I - Transcription factors regulating haematopoiesis and their specific functions 

Transcription factor Function 

SCL/tal-1 

LMO2 

Development of primitive and definitive hematopoietic system 

Induction of the hemangioblast towards a blood fate rather than a 

vascular one 

Knockout of either leads to absence of hematopoietic progenitors in 

early embryo(Kim and Bresnick 2007) 

MLL 

Runx1 

Generation of HSCs in the AGM region (Orkin 2003) 

MLL acts in the maintenance of HOX gene expression (Krivtsov et 

al. 2006) 

Notch Induction of haematopoiesis (Burns et al. 2005) 

BMP 
Restricts haemato-vascular development, presumably involving 

LMO2 and GATA-2 (Burns et al. 2005) 

Cdx-4 Inducer of blood specification (Davidson et al. 2003) 

Sox17 

Critical for endoderm specification 

Critical for generation of fetal but not adult HSCs(Kim and Bresnick 

2007) 

Gata-1/2 

Highly expressed in megakaryocytic/erythroid progenitors (MEPs) 

Promotes erythroid/megakaryocytic/eosinophil differentiation 

Forms complexes with cofactor FOG mediating transcription 

repression and facilitating access of GAT factor to the DNA binding 

motif (Muratoglu et al. 2006; Welch et al. 2004) 

PU.1 

Promotes myeloid differentiation 

Physically interacts and antagonizes (and vice-versa) Gata-

1(Rhodes et al. 2005) 

Repressed by Notch signalling in T-lymphoid development 

C/EBP 

Myeloid specific factor 

Present in Granulocyte/macrophage progenitors (GMPs) (Orkin and 

Zon 2008) 

 

The expression (or lack of expression) of certain transcription factors is sometimes indispensable for 

the differentiation towards a specific blood lineage. For instance, PU.1 expression is crucial for myeloid 

differentiation and GATA 1 for erythroid differentiation, as studies show that without these factors there 

is an absence in mature progenitors of the respective lineages. In Figure 2 it can be seen the 

requirements of transcription factors throughout haematopoiesis and indicated by red bars the stage at 

which haematopoietic development is blocked in the absence of a given transcription factor.  
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Figure 2 - Requirements of transcription factors in haematopoiesis (Orkin and Zon 2008) 

3.1.2.4. microRNAs 

Also intrinsically involved in hematopoietic regulation are micro RNAs (miRNAs), a set of small, non-

protein-coding RNAs that regulate gene expression at the post-transcriptional level. 

Studies performed on cell lines originating from different blood lineages were able to identify miRNAs 

that were overexpressed in some cell lines rather than others, suggesting their specificity to a lineage 

and the control of a differentiation pathway (Ramkissoon et al. 2006). On the other hand, a later study 

(Petriv et al. 2010) showed that the analysis of miRNA expression across 27 populations derived from 

hematopoietic tissues did not reveal any miRNA species that are specific to a single cell type. Instead, 

it was found that the expression patterns of several miRNAs suggested their membership in larger 

categories. For example, several miRNA species, including miR-130a, miR-196b, let-7d, and miR-125b, 

are generally up-regulated in stem cell and progenitor populations, are not detected in any lymphoid 

cells, and are present in only a subset of myeloid cells. These results suggest that miRNA orchestrate 

haematopoiesis by modulating multiple signalling pathways that may be context-specific to that cell type. 

This multifunctional role has been best described for miR-155, showing that it exerts control over 

myelopoiesis and erythropoiesis (Georgantas et al. 2007).  
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 The hematopoietic niche 

During vertebrate development, the nature of the stem cell niche changes accordingly to the current site 

of haematopoiesis in each stage. Most of these niches have been so far poorly defined (Prasetyanti et 

al. 2013; Sugiyama et al. 2011), although it is suggested that each niche provides different instructive 

or permissive cues to the cells, since they appear to follow different differentiation pathways according 

to their hematopoietic development site (see Figure 1).  

Interaction of HSCs with their particular microenvironment, or niche, is critical for adult haematopoiesis 

in the bone marrow (BM), making this the most extensively studied niche. It is important to note that 

even though haematopoiesis is generally a conserved process, the site of adult haematopoiesis is not 

conserved in vertebrate evolution, making it hard to use animal models to study it. 

Different studies suggest the interaction of HSCs in the bone marrow with different types of cells, 

including osteoblasts, osteoclasts, mesenchymal and vascular cells, suggesting that HSCs reside in 

various sites within the bone marrow and that their function may be related to their precise location and 

its surroundings (Orkin and Zon 2008). Cells of the osteoblastic lineage located at the endosteal surface 

of the bone cavities work under the influence of the bone morphogenic protein (BMP) and are known to 

play an important role in the regulation of the niche (Calvi et al. 2003), while endosteal osteoclasts 

influence HSC maintenance and retention in the bone (Kollet et al. 2006; Mansour et al. 2012). Clinical 

data has also shown the importance of endothelial cells (ECs) in the formation of the HSC niche, given 

that upon myeloablastion or bone marrow transplantation, HSCs depend on an intact vasculature for 

recovery (Hooper et al. 2009). 

In recent studies, mesenchymal stem cells (MSCs) have been defined as central components of the 

HSC niche, exerting their regulatory action via the expression of stem cell factor, CXCL12, angiopoietin-

1 and vascular cell adhesion molecule-1 (VCAM-1) (Méndez-Ferrer et al. 2010).  

 

Figure 3 - Stem cell niche in the adult bone marrow (Orkin and Zon 2008) 
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These data suggested that at least two distinct HSC niches exist: an endosteal and a vascular niche. 

According to this hypothesis, the endosteal niche keeps HSCs quiescent and regulates their migration 

to the vascular niche, where differentiation occurs according to the organism’s demand (Riether, 

Schürch, and Ochsenbein 2014). These studies conclude that there is strong evidence that HSCs reside 

in the perivascular region of the BM and that MSCs and ECs regulate HSC maintenance and 

differentiation through soluble factors and cell contact-dependent signals (Morrison and Scadden 2014).  

3.2. Leukaemogenesis 

Two decades ago, the hierarchical development of cancer originating from a small population a cancer 

stem cells (CSCs) that give rise to more differentiated cells that are not cancer-initiating was first 

documented by Lapidot et al. (Lapidot et al. 1994). According to this hypothesis, tumours are composed 

of a bulk of cancer cells displaying morphological, genetic and functional heterogeneity, where a small 

population of cells with stem cell-like characteristics that propagates the disease are thought to reside. 

This hypothesis is now largely accepted and has also been adapted to several solid tumours.  

In leukaemogenesis, hierarchically, LSCs sit at the top (similarly to HSCs in haematopoiesis), giving rise 

to more differentiated, heterogenic leukemic blasts. These blasts are known for their high proliferative 

potential, a blockage in terminal differentiation and defect mechanisms of apoptosis or senescence, 

leading to their extreme accumulation and to the disease itself. 

 

Figure 4 - Leukaemogenesis - the leukemic stem cell model (Riether et al. 2014) 

Cancer stem cells, or in particular in leukaemia – LSCs – are of particular clinical interest since they are 

resistant to most current treatments, such as irradiation and chemotherapy, making them the main 

reason for treatment failure and relapse of the disease (Guzman and Allan 2014). Their resistance is 

mainly due to the expression of drug efflux pumps on their membranes and to their common stage of 
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quiescence, which prevents them from being targeted by the common therapies inducing cell death 

upon the DNA duplication phase of the cell cycle (Riether et al. 2014). 

Studies suggest two models for the leukemic cell-of-origin: on one hand, it can be that a HSCs 

undergoes oncogenic transformations or, on the other hand, that more mature progenitors or even cells 

expressing lineage markers can be leukaemia initiating and give rise to LSCs. Characterization of LSCs 

and the disease originating clones is essential to gain insight into the composition of the leukemic clone 

and into the cellular and molecular mechanisms that underline leukaemogenesis. Comparison of normal 

and LSCs also provides a starting point for the identification of the cell or cells in the normal 

hematopoietic hierarchy from which the leukemic clone originates (Bonnet and Dick 1997). 

Perturbation of the balance of the critical transcriptional factors that regulate haematopoiesis is a 

defining feature of the majority of leukaemias. It is important to note that leukaemia is not a consequence 

of nonspecific transcriptional actions, but the end result of a perturbation in their genetic information, 

usually caused by somatic mutations or chromosomal translocations. Examples of this are the consistent 

somatic mutations of Notch in T cell leukaemias (Weng et al. 2004), GATA-1 mutations in 

megakaryocytic leukaemia (Wechsler et al. 2002) and PU.1 mutations in myeloid leukaemias (Nicola 

Bonadies et al. 2010; Döhner et al. 2003; Mueller et al. 2003; Rosenbauer et al. 2004). 

  Acute Myeloid Leukaemia 

Acute myeloid leukaemia (AML) is characterized by the accumulation of large numbers of abnormal 

cells that fail to differentiate into functional granulocytes or monocytes (Bonnet and Dick 1997). It is a 

rapidly progressing and aggressive disease and is the most common type of leukaemia in the United 

States (US), and the second one in the United Kingdom (UK) (American Cancer Society 2015; Cancer 

Research UK n.d.) According to the American Cancer Society, in 2015 20,830 patients will be diagnosed 

with AML and 10,460 will die from the disease in the US (American Cancer Society 2015). 

AML development is considered to be a multistep process that requires the collaboration of at least two 

classes of mutations to obtain full-blown leukaemia. A decade ago, Gilliland and Griffin present a model 

comprising two classes of mutations: class I mutations that activate signal transduction pathways and 

confer a proliferation advantage on hematopoietic cells and class II mutations that affect transcription 

factors and impair hematopoietic differentiation (Gary Gilliland and Griffin 2002) This suggests a two-hit 

model, where AML cases have been known to show one “growth” mutation and one “differentiation” 

mutation.  

In the case of AML, although at least two genetic abnormalities are required for the development of the 

disease, genome re-sequencing studies have suggested that that up to 10 mutations are serially 

acquired in a single cell lineage that ultimately generates a dominant leukemic clone (see Figure 5). 
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Figure 5 - Model for clonal heterogeneity in acute leukaemia (Jan and Majeti 2012) 

 This finding raises the critical question of how so many mutations can accumulate in a single clone, 

given the generally low spontaneous mutation rate and lack of hypermutator phenotypes in AML, and 

the fact that the vast majority of bone marrow cells lack long-term self-renewal ability. Based on these 

considerations, a model has been proposed suggesting that mutations must be serially acquired in self-

renewing HSCs, unless they confer self-renewal potential on a downstream cell (Jan and Majeti 2012; 

Weissman 2005). 

3.2.1.1. Changes in PU.1 expression lead to the 

development of AML 

Studies have been carried out in order to determine the influence of changes in PU.1 expression in the 

development of acute myeloid leukaemia, particularly using mouse knockout or knockdown models. 

These studies suggest that the complete absence of PU.1 expression is fatal, and its expression below 

a critical level induces AML (Fisher and Scott 1998). It is proposed that the mechanism through which 

this occurs is related to the failure of PU.1 mutant cells to express sufficient levels of essential growth 

factor receptors (Rosenbauer et al. 2004). In this study, clonogenic assays were performed with cells 

from the PU.1-knockdown mice, which showed altered cytokine response, namely lacking macrophage 

colony-stimulating factor (M-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF) 

response. As a consequence, differentiation was found to be blocked at a myeloblast-like stage when 

in the presence of interleukin-3 (IL-3), interleukin-6 (IL-6) and stem cell factor (SCF) and an induction of 

the generation of neutrophils in the presence of granulocyte colony-stimulating factor (G-CSF) alone. 

This study also concludes that deletion of PU.1 or haplo-insufficient expression does not induce 

leukaemia, but a narrow window of PU.1 expression seems to be required for AML development. 

Binding sites for PU.1 are found on almost all myeloid specific promoters. Notable target genes are 

receptors for the cytokines M-CSF, G-CSF and GM-CSF (Rosenbauer et al. 2004), the characteristic 

antigens CD11b/CD18 (Rosmarin et al. 1995), primary granule enzymes (Iwama et al. 1998) and the 
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transcription factors c-Jun and JunB (Steidl et al. 2006). In addition to this, PU.1 has also been showed 

to act as a transcriptional repressor towards certain genes, including c-myc and c-myb (Takahashi 

2011). Loss of PU.1 function has also been showed to result in the upregulation of several drug-

resistance or growth-regulating genes, including c-myc and Flt3, disrupting their transcriptional 

repressor function (Inomata et al. 2006; Iseki et al. 2009). 

There is no doubt that a reduction in PU.1 expression plays a very important role in the pathogenesis of 

AML, but so far studies conducted with primary AML samples have only detected rare cases of direct 

genetic inactivation of the PU.1 gene, indicating that how these mutations occur and their influence in 

the biology of myeloid leukaemias remains unclear. 

PU.1 is encoded by the Spi-1 gene, which in humans is located in chromosome 11 and in mouse in 

chromosome 2. Its DNA-binding domain is known to be involved in protein-protein interactions with other 

factors, such as GATA-1, c-Jun, Runx1 and C/EBPa. Particularly, the delicate antagonic expression of 

PU.1 and GATA-1 strongly influences the commitment towards a myeloid or erythroid fate (Rekhtman 

et al. 1999). Amongst other regulation mechanisms, PU.1 is able to bind to its own promoter to regulate 

itself in myeloid cells and also comprises a conserved upstream regulatory element (URE) which has 

been reported to be a myeloid-specific enhancer. Studies have shown that the deletion of the URE 

reduces PU.1 expression to 20% in the bone marrow of mutated mice (Rosenbauer et al. 2004) when 

compared to wild-type (WT) levels. Following studies have described associations between genetic 

abnormalities of this region and AML biology (N Bonadies et al. 2010; Steidl et al. 2007), stating that as 

a consequence of this deficient expression, the mutated animals present cells with altered cytokine 

response, accumulation of immature myeloid cells and the promotion of recurring chromosomal changes 

that stimulate the growth of leukemic clones. Furthermore, proving that the reintroduction of PU.1 was 

sufficient to restore normal myeloid differentiation of leukemic PU.1-knockdown cells, these studies 

suggest that increasing the expression of lineage determinant transcription factors above a critical level 

could constitute a therapeutic option to change cancerous cell fate. 

3.3. Platforms to study leukaemia 

Although leukaemia is a thoroughly studied disease, there is still a lack of understanding regarding the 

processes inherent to its initial development, progression and aggressiveness, mainly because there is 

not a complete understanding of what subverts the normal developmental program of the hematopoietic 

system. To move into a clearer understanding of these factors it is necessary to characterize both the 

molecular events underlying malignant growth as well as the cellular context in which these genetic hits 

occur (Kennedy and Barabé 2008). 

 Cell lines 

Cell lines are monoclonal populations of immortalized cells that have the ability to continually proliferate 

in culture without undergoing senescence. Despite the challenge of deriving human cell lines, more than 

1000 human hematopoietic cell lines have been derived by culturing cells from the bone marrow, 

peripheral blood or pleural effusions of ALL, AML or lymphoma patients (Drexler, Matsuo, and MacLeod 

2000). Throughout the last years, cell lines carrying a particular cytogenetic abnormality have allowed 
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the identification of several leukaemia associated oncogenes and common mutations (Weng et al. 

2004). Additionally, leukaemia cell lines have also been extensively used in the test and development 

of therapies, ranging from traditional chemotherapy to specific targeted agents, such as kinase inhibitors 

and monoclonal antibodies. Using a broader approach, leukemic cell lines expressing certain genetic 

alterations have worked as “model systems” to gain insight into the biology of the oncogenic mutation 

in question. Cell lines derived from non-human hematopoietic malignancies have also been studied for 

the same purposes, for instance cell lines derived from mouse models (Palacios and Steinmetz 1985). 

Although leukemic cell lines are often similar to the malignant blast population from which they were 

derived, it is suggested that the immortalization process may involve the acquisition of genetic and 

epigenetic changes, along with the ones that can arise from the in vitro culture itself. Also, their 

immortalization impedes their use to study the early events of leukaemogenesis that lead to the 

generation of LSCs.  

 Animal models 

Animal models are considered to be the optimal way of studying the early events in leukemic 

transformation, particularly through retrospective identification of causative genetic lesions. Murine 

models are the most widely used, due to their similarity with humans and their relatively easy genetic 

manipulation, conferring a way to experimentally model a disease that for ethical reasons it is not 

possible in human subjects (Bernardi, Grisendi, and Pandolfi 2002). 

An alternative for functionally characterizing leukemic oncogenes is to isolate murine bone marrow 

progenitors, transduce them ex vivo with a retrovirus carrying the oncogene of interest and then 

characterize the resultant effects on proliferation, differentiation and self-renewal. Compared to 

transgenic mouse models, the bone marrow transduction/transplantation studies are less laborious, 

circumvent the issue of embryonic lethality and enable the assessment of disease clonality through 

analysis of proviral integration sites (Kennedy and Barabé 2008). 

Although providing a great insight into leukaemia, the biology of mouse and human cells is not identical, 

especially when it comes to tumorigenesis. When it comes to spontaneous neoplasms, laboratory mice 

tend to develop cancers of the mesenchymal tissues, such as lymphomas and sarcomas, whereas 

humans tend to develop epithelial carcinomas. Moreover, oncogenic cooperating events expressed in 

mouse are sometimes found to not have the same effect in humans, highlighting the existence of 

species-specific differences. These results imply that extra care must be taken when extrapolating 

results from mouse models to the human situation (Rivera and Tessarollo 2008). They also fail to 

capture the early events leading to the formation of LSCs.  

 Human primary hematopoietic cells 

The previous models mentioned share the constraint of not addressing the disease in the appropriate 

cellular context, which can be overcome by the use of primary hematopoietic stem and progenitor cells. 

These cells are available from multiple sources, including adult bone marrow, mobilized peripheral blood 

or umbilical cord blood. Although this approach may result in a more accurate characterization of human 
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leukaemia related oncogenes, the effects of virally infecting the cells to induce the expression of the 

gene are unknown (Baum and Du 2003). Moreover, these studies have so far failed to identify the early 

events in leukaemogenesis and the formation of LSCs. 

One way of modelling the in vitro challenges in this approach is to perform xenotransplantation of 

primary human hematopoietic cells into mice. These types of models are usually referred to as 

humanized murine models. This approach has been particularly relevant in the identification of cell types 

responsible for initiating leukemic growth in vivo, and consequently their characteristics. Although this 

seems to overcome some previously mentioned issues in the study of leukaemia, it is important to note 

that the growth of human cells in xenotransplant recipients is limited by residual elements of the 

recipient’s immune system, the absence of cross-species reactivity to certain cytokines and differences 

between the human and murine microenvironments. Together, these barriers may limit the successful 

ability to engraft of some samples and also to underestimate the absolute frequency of LSCs.  

 Pluripotent stem cells 

For the last decade, there has been a progression towards disease modelling “in a dish”, meaning the 

use of cellular models. It is known that due to their expansion characteristics and their inherent primitive 

nature, embryonic stem cells (ESCs) were a desirable product for this method, even so when it became 

possible to derive pluripotent stem cells (induced pluripotent stem cells) with patient and disease specific 

traits (Saha and Jaenisch 2009). Although this would be ideally performed with human cells, the 

derivation of human embryonic or induced pluripotent stem cells is, besides all the technical challenges, 

still ethical frowned upon (Evans 2005; De Wert and Mummery 2003). 

The use of ESCs to study hematopoietic malignancies is particularly interesting due to the possibility to 

recapitulate in vitro the process of haematopoiesis since embryonic development. This may be a 

valuable tool to study leukaemogenesis, since it will enable the tracking of the first signs of the disease 

or of any abnormality from an early stage. Furthermore, the study of cellular models may allow a time-

lapse study of the disease, since the high proliferation of stem cells allows for the study of different time 

points using different assays, when compared to cells extracted from patients or animal models that 

would always be in fewer numbers and with limited adaptation to an in vitro culture. The culture of 

mESCs has been studied and improved for many years, it is not only less ethically challenged than the 

use of human ESCs but also easier to perform, since for instance these cells are able to maintain their 

pluripotent state in vitro just with the addition of leukaemia inhibitory factor (LIF) to the culture media 

(Graf, Casanova, and Cinelli 2011). For these reasons, it is proposed that culturing ESCs from animal 

models presenting genetic abnormalities that lead to the development of leukaemia may be a unique 

tool to provide insight into the early stages of leukemic development, particularly the early events that 

lead to the development of LSCs. Moreover, it can provide a time study of the disease and a way to 

identify different leukemic clones and to study them, including the assessment of which non leukaemia 

initiating clones may evolve into leukemic ones, and so on.  
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3.4. Stem cell bioprocessing 

Over the last few years, the potential of stem cell research for tissue engineering therapies and 

regenerative medicine clinical applications has been well documented. More recently, it has been seen 

the uprising use of stem cells not only has a base for therapy, but for the demystification and dissection 

of the mechanisms of human disease. 

 Stem cells 

A stem cell is defined as a clonal precursor capable of either producing identical stem cells or 

differentiating into more specialized cells. They can be divided in different classes, each one of them 

presenting their own advantages and challenges. 

3.4.1.1. Embryonic stem cells 

ESCs have unique characteristics, amongst them their almost unlimited expansion capability, a great 

advantage when compared to adult stem cells, whose population doubling ability depends on donor and 

source and may only amount to ten times maintaining their undifferentiated state. Moreover, ESCs are 

pluripotent, meaning that they are able to differentiate into cells of all the three germ layers, while adult 

stem cells have been found to vary in quality and often show restricted differentiation to the original 

lineage of the cell source, rendering them multipotent (Placzek et al. 2009). 

The traditional process of ESC culture is fragmented, consisting of an expansion phase, an embryoid 

body (EB) formation phase and finally the terminal differentiation towards the desired cell lineage. Some 

of the challenges regarding culture methods involve the use of co-culture or feeder layers, which 

although allowing the cells to maintain their undifferentiated state can be a source of cross contamination 

of the ESCs. Another challenge comprises the process of EB formation, which despite being thought to 

recapitulate the gastrulation process that happens in vivo during embryonic development, leads the cells 

to differentiate towards the three germ layers, which will eventually reduce the yield of cells that 

differentiated towards the desired lineage. Another problem very common to these cultures is the use 

of animal derived products, such as serum and other animal proteins, which can result in final products 

and data that are hard to replicate due to batch-to-batch heterogeneity of these products. 

In order to overcome some of these problems and to move into increasingly automated and replicable 

processes of ESC expansion and differentiation, many methods have been tested throughout the years 

using the most recent advances in stem cell bioprocessing techniques. Some of these methods include 

the use of static 3D cultures, the bypassing of EB formation (Fauzi et al. 2012; Karp et al. 2006), cell 

encapsulation in hydrogels (Dang et al. 2004; Fauzi et al. 2012; Hwang et al. 2009; Richardson, Kumta, 

and Banerjee 2013), culture in microcarriers (Abranches et al. 2006; Fok and Zandstra 2005) and the 

use of bioreactor systems (Yeo et al. 2013).  

  Hydrogel encapsulation 

The fundamental theory of applying tissue engineering approaches into cell culture methods is to 

remodel the seeded cells within 3D porous structure into tissue-like structures, which means that 
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multiple approaches when dealing with adherent cells involve the use of solid porous scaffolds, 

encapsulation, or seeding onto microcarriers. However, it is known that most polymeric scaffolds are 

typically processed under severe conditions and most of the times produced using toxic reagents. 

Furthermore, it is considered to be relatively difficult to incorporate a variety of factors onto the scaffold 

to improve the cell growth in order to mimic the in vivo condition, besides being very difficult to 

homogeneously distribute the cells on a solid porous structure. Therefore, the use of a class of hydrated 

polymer materials, namely hydrogels, has been employed as an alternative material of making scaffolds 

in order to overcome the existing challenges found in the use of solid scaffolds. The advantages of using 

hydrogels include biocompatibility and low undesirable immune response, controllable biodegradability, 

low mechanical stress or frictional irritation on the surrounding tissue due to the soft and pliable nature 

of the material, convenient modulation of physical and chemical properties, high permeability for 

transport of nutrients and metabolites and for the diffusion of toxic cellular products and finally allowing 

for a homogeneous cell distribution in the three-dimensional structure (Chia et al. 2000; Uludag, De Vos, 

and Tresco 2000). 

During the gelling process of the hydrogel formation, cells can be encapsulated resulting in the formation 

of a small hydrogel bead enclosing the cells, surrounding them by a small amount of a physiologically 

relevant matrix. Despite hydrogels having low mechanical properties, they provide mechanical integrity 

by developing a matrix for accelerated tissue formation (Bienaimé, Barbotin, and Nava-Saucedo 2003). 

The use of alginate has been widely spread for more than a decade for tissue engineering applications 

and its use has been shown to promote the formation of a macromolecular structure resembling the 

formation of the extracellular matrix in vivo (Glicklis et al. 2000). Alginate is a naturally occurring anionic 

block structured copolymer and can be obtained from brown seaweed. When in the presence of divalent 

cations such as Ca2+, alginate undergoes the process of gelation, which consists in the molecular cross-

linking of its residues with the ions, originating a calcium alginate hydrogel (Smidsrod 1974). It has been 

used for many biomedical applications due to its biocompatibility, low toxicity, relatively low cost and 

gelation ease (Lee and Mooney 2013). 

It has been shown that the growth and expansion of cells can be achieved inside this soft gel network, 

as its “egg-box like” structure provides spaces within its construction. Coupling the process of alginate 

gelation with cells generates small beads that provide an isolated and independent culture vehicle for 

the cells with desirable permeability. Interestingly, it has been shown that bead production can be 

achieved with highly reproducible characteristics when the same conditions and reagent concentrations 

are used (Randle et al. 2007). Furthermore, recent research has also demonstrated that alginate and 

gelatine could be used to overcome the inert nature of alginate, promoting increased bead integrity. It 

has been found that the standard calcium alginate hydrogel structure tends to lose Ca2+ cations after 

prolonged culture and that with the addition of gelatine, the stability of the hydrogel structure could be 

improved (Awad et al. 2004; Balakrishnan et al. 2012). Furthermore, gelatine has proven to be essential 

in ESC culture (Martin and Evans 1974) and is routinely used to support their expansion on feeder-free 

culture systems (Lin and Talbot 2011; Tamm, Galitó, and Annerén 2013). 
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  Bioreactors 

Because ESCs are adherent they do not grow as single cell suspensions. To maintain the cells in a 

traditional impeller-based bioreactor device, it is necessary to culture them either as aggregates or 

adhered to microcarriers.  

Bioreactors have come into stem cell bioprocessing in order to address the issues of cost, automation, 

standardization and generation of clinically relevant numbers of cells of high quality. These devices 

intend to facilitate mass transport, allow for the production of high cell density and monitoring of culture 

conditions and cell and lineage specific factors, ultimately aiming to mimic tissues and organs of the 

human body that is in fact the ultimate bioreactor. Over the last few years, various culture systems have 

been studied and used for the culture of different types of stem cells, each of them comprising their 

advantages and limitations against one another, particularly relevant to the type of cells used and the 

purpose of the culture (see Table II). 

3.4.3.1. High Aspect Rotating Wall Vessel 

In the 1970s, a small group at NASA's Johnson Space Centre (JSC) began to think about space as a 

possible answer to overcome some of the problems inherent to traditional cell culture methods, 

especially suspension cultures. The group theorized that if cells could be grown without the influence of 

gravity, instead of being pulled towards the bottom of the reactor they would be suspended in the media 

and therefore might assemble and form tissue that more closely resembles tissue in the body. Following 

this idea the team came up with two upright vessel that mimic an environment of microgravity: the slow 

turning lateral vessel (STLV) and the high aspect rotating vessel (HARV) bioreactors. The two were 

distinguishable due to their oxygenation mechanisms, since the STLV was oxygenated by a centre core 

membrane oxygenator and the HARV had incorporated a flat membrane oxygenator (Richardson 2003). 

The HARV bioreactor has been shown to be successful in the culture of several types of cells, including 

mESCs and hiPSCs (Fauzi et al. 2012; Kehoe et al. 2010). Due to its upright cylinder turning horizontally, 

fluid flow is near solid body or laminar at most operating conditions. This avoids large shear stresses 

and allows introduction of controlled and nearly homogenous shear fields, allowing for the mixing of the 

medium without the need for mechanical agitation. The mixing is the result of a secondary flow pattern 

induced by particle sedimentation through the fluid media. This is a great advantage of this system, 

since the introduction of stirring vanes damages cells both by local turbulence at their surface and due 

to the high flow rates created between them and the vessel walls. Any mechanical “in-vessel” mixing 

apparatus invariably causes heterogeneity in the shear field, often of large magnitudes, which may cloud 

the interpretation of culture results. Another advantage of the vessels is that there is no head space, in 

comparison to roller bottles where due to incomplete filling of the vessel, the air in the headspace creates 

turbulence and secondary bubble formation in the culture medium, which are both potent sources of 

extra shear and turbulence. Oxygenation is guaranteed by the incorporated flat membrane, allowing for 

adequate gas transport to the cells. Finally, this is a system that allows for culture of adherent cells, 

either encapsulated or on microcarriers, similarly to other suspension culture devices (Hammond and 

Hammond 2001). 
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Table II - Characteristics of different culture systems

Culture system Standard 
culture 
environment 

Operation 
mode 

Advantages Disadvantages References 

Tissue culture flask/ 
plate 

2D Batch/ 
Semi-batch 

Most widely used system for expansion 
No shear stress to the cells 

Formation of concentration gradients 
of pH, O2 and metabolites 
Requires constant handling 
Difficult to monitor 
 

(Cameron, Hu, and Kaufman 
2006; Fauzi et al. 2012) 

Perfusion chamber 2D Perfusion Useful for expansion of cells starting 
from a low cell number 

Low surface area would require 
harvesting of cells mid-culture 
Mass transfer limitations 

(Cabral 2001) 

Wave bioreactor 2D Batch Disposable system 
Easily scalable 
Ideally for suspension cultures 

Difficult to sample, monitor, and 
harvest cells 

(Eibl and Eibl 2009; Singh 
1999) 

Stirred/suspension 
bioreactor 

3D Perfusion/ 
Batch/ 
Continuous 

Easy to operate, sample and monitor Microcarrier dependent for adherent 
cell culture 
Hydrodynamic shear stress due to 
mechanic agitation 

(Cameron et al. 2006) 

Airlift bioreactor 3D Batch or 
Perfusion 

Good conditions of mass transfer, 
oxygenation and medium 
homogenization 

High shear stress 
Low cellular output 

(Cabral 2001) 

Packed bed 
bioreactor 

3D Batch or 
Perfusion 

Provides 3D scaffolding for cell 
attachment and growth 

High cell expansion and output (Mantalaris et al. n.d.; Perry 
and Wang 1989) 

Fluidized bed 
bioreactor 

3D Batch or 
Perfusion 

Easily scalable 
Large culture area 

Difficult to monitor 
Shear stress effects 

(Meissner et al. 1999) 

Perfusion hollow 
fiber 

3D Perfusion No shear stress to the cells 
Better mimicking of the cellular 
microenvironment 

Difficult to sample, monitor and to 
harvest cells 
Concentration gradients formed at the 
interfaces of the hollow fibres 

(Rodrigues et al. 2011) 

Rotating wall vessel 3D Batch Low shear stress 
Easy to handle and sample 
Efficient gas transfer 

Not easily scalable 
Batch culture results in temporal 
gradients of nutrients and metabolites 
 

(Hammond and Hammond 
2001; Radtke and Herbst-
Kralovetz 2012) 
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Figure 6 - Structure of the HARV bioreactor 

The HARV bioreactor is a 50 mL cylindrical vessel functioning and turning in an upright position. The 

vessel is divided in two sections: one is covered by a silicone membrane that provides a gas exchange 

surface for the system, and the other one is the area from which the cells and media can be accessed 

through two Luer-locking ports (see Figure 6). 

 Strategies to mimic in vivo development in vitro 

Most in vitro differentiation strategies applied to ESCs work towards mimicking the embryonic 

development in vivo, in a way to provide the cells with similar chemical signals that they would normally 

receive in vivo and with a similar mechanical environment. Some of the strategies carried out to achieve 

these conditions include the use of different scaffold materials to mimic the characteristics of the extra 

cellular matrix (ECM), such as pore size and pore distribution; the coating of scaffolds with ECM 

proteins, the introduction of lineage specific cytokines and growth factors, the use of conditioned media 

from another cell type that is believed to produce important cues to direct differentiation of the cells in 

study and co-culture with cells from the same niche.  

3.4.4.1. The use of conditioned media 

When trying to differentiate ESCs towards mesoderm, one of the strategies utilized for over a decade 

has been providing chemical signals similar to visceral endoderm, by using conditioned media from cells 

of endoderm, such as HepG2 or END2. Rathjen and colleagues were the first to propose enhanced 

mesoderm formation using this approach and more recently, this strategy has successfully enhanced 

the differentiation towards the osteogenic and hematopoietic lineages (Fauzi et al. 2012; Hwang et al. 

2006; Rathjen et al. 1999). Additionally, a proteomic analysis of the media produced by the cells has 

shown VE-like and mesoderm inducing signals produced by these cell lines (Kang et al. 2009). 

Furthermore, providing chemical signals released by cells into the media would be advantageous 

through the reduction of the high cost associated with the direct supply of cytokines to the cells. 

Moreover, it would also eliminate the problems encountered in co-culture with other cell types, mainly 

cross contamination of the desired cells, since only the culture media would be utilised. The use of 
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HepG2 conditioned media can then be very advantageous when applied as an initial culture step to 

enhance the formation of mesoderm and further direct differentiation towards the hematopoietic lineage. 

3.4.4.2. Supply of cytokines and growth factors 

Although haematopoietic development from ESCs has been one of the most studied areas, some of its 

mechanisms still remain unclear and an efficient differentiation process is yet to be standardized. 

Hematopoietic cells require constant input from their environment for their survival, being responsive 

and dependent on a number of extrinsic and environmental cues. Environmental signalling can occur 

through direct cell-cell interaction or through the action of soluble mediators, such as cytokines and 

growth factors. 

Cytokines may have an instructive or permissive role in haematopoiesis, either way they are essential 

to the differentiation process occurring during lineage commitment (Robb 2007). Cytokines of the 

hematopoietic system include interleukins (ILs), colony-stimulating factors (CSFs), interferons, 

erythropoietin (EPO) and thrombopoietin (TPO) (see Figure 7). They act by binding to cytokine receptors 

expressed by the cells. 

 

 

Figure 7 - Hematopoietic lineage-specific growth factors (Robb 2007) 

The expression of certain cytokine receptors by cells exhibit a controlling role in survival, proliferation 

and maturation of hematopoietic lineages. Studies present accumulating evidence that some cytokine 

receptors can transduce a genuine lineage-determining signal at some points in haematopoiesis, 

especially at the point of divergence of the myeloid and lymphoid lineages. In vitro culture systems have 
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demonstrated that some growth factors support the development of specific lineages while others affect 

multiple lineages. For instance, while cytokines such as IL-3 and SCF stimulate the growth of most 

lineages, EPO primarily regulates levels of erythrocyte progenitors. Nevertheless, it is important to 

consider that cytokines have also been known to exhibit pleiotropic effects and that their interactions 

with other mechanisms of genetic regulation, such as transcription factors, may be of high importance 

and should be taken into consideration. Current methods of differentiation towards the haematopoietic 

lineage routinely include the addition of SCF, IL-3, IL-6 and EPO (Technologies n.d.). 
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4. Materials and Methods 

4.1. Cell sources 

  E14Tg2α 

Embryonic stem cells E14Tg2α (E14 thioguanine resistance; E14Tg2α, ATCC, Middlesex, UK Cells) 

from passages <20 were used. 

  WT and URE 

mESCs were derived from the C57BL/6J laboratory mice model. WT refers to the control, as in cells 

derived from normal non-mutated mice, whereas URE refers to cells derived from mice with a URE/URE 

deletion, presenting a decrease in PU.1 expression of 80% (Basova et al. 2013). 

4.2. Culture media 

  mESC maintenance media 

mESCs  were cultured and expanded regularly in Dulbecco’s Modified Eagles Medium (DMEM) without 

sodium pyruvate (Gibco) supplemented with 10% fetal bovine serum (ES-FBS, Gibco), 100 units/mL 

penicillin and 100 ug/mL streptomycin (Gibco), 2 mM L-glutamine (Gibco), 0.1 mM β-Mercaptoethanol 

(Sigma-Aldrich) and 1000 U/mL of Leukaemia Inhibitory Factor (LIF) (Chemicon). All components were 

added to a bottle of DMEM except for LIF and β-Mercaptoethanol, which were always added freshly to 

the culture upon medium replacement. 

  WT and URE maintenance media 

WT and URE ESCs were cultured and expanded regularly in Knockout Dulbecco’s Modified Eagles 

Medium (Knockout DMEM, Gibco) supplemented with 15% fetal bovine serum (ES-FBS, Gibco), 100 

units/mL penicillin and 100 µg/mL streptomycin (Gibco), 2 mM L-glutamine (Gibco), 1% Non-essential 

amino acids (NEAA, Sigma-Aldrich), 0.1 mM β-Mercaptoethanol (Sigma-Aldrich) and 1000 U/mL of 

Leukaemia Inhibitory Factor (LIF) (Chemicon). All components were added to a bottle of Knockout 

DMEM except for LIF and β-Mercaptoethanol, which were always added freshly to the culture upon 

medium replacement. 

 Hep-G2 maintenance media 

HepG2 cells were cultured in DMEM without sodium pyruvate (Gibco) supplemented with 10% fetal 

bovine serum (FBS) (Gibco), 100 units/mL penicillin and 100 µg/mL streptomycin and 2 mM L-glutamine 

(all from Gibco). 

 Hep-G2 Conditioned Media (CM) 

Hep-G2 CM consisted of 50% mESC expansion medium and 50% exhausted medium from Hep-G2 

culture. Hep-G2 cells were thawed, cultured in T-flasks and after reaching 80% confluence they were 
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trypsinised (using 0.25% Trypsin/EDTA) to a single cell suspension. Afterwards, cells were seeded at a 

density of 5×104 cells/cm2 in HepG2 maintenance media, remained for 4 days without media exchange 

and then the media was collected. Before use, the media must be filtered and 0.1 mM β-

mercaptoethanol must be added (Rathjen 2004). 

  Early differentiation media 

High glucose Iscove’s Modified Dulbecco’s Medium (IMDM) was supplemented with 15% ES-FBS, 2 

mM L-Glutamine, 0.45 mM Monothioglycerol (MTG), 10 mg/mL bovine insulin, 5,5 mg/mL human 

transferrin, 5 ng/mL sodium selenite (ITS supplement), 50 µg/ml ascorbic acid and 40 ng/mL mouse 

stem cell factor (mSCF). Only ES-FBS, L-glutamine and Pen/Strep were added to the bottle of media, 

as the rest of the components were added freshly. 

  Hematopoietic differentiation media 

mESC early differentiation medium was supplemented with 10 ng/mL of mouse Interleukin 3 (IL-3) and 

3 U/mL of human erythropoietin (hEPO). 

  Semi-solid Methylcellulose media 

IMDM was supplemented with 1% basic Methylcellulose (Stem Cell Technologies), 15% ES-FBS, 2mM 

L-glutamine, 150 µM MTG, 1% bovine serum albumin, 10 µg/mL Insuline, 200 µg/mL human transferrin 

(BIT supplement, Stem Cell Technologies), 150 ng/mL mSCF, 30 ng/mL mIL-3 and 30 ng/mL mouse 

interleukin 6 (mIL-6). 

4.3. Cell culture methods 

 Expansion in 2D 

mESC were grown in adherent culture and were initially expanded in T75 culture flasks coated with 

0.1% gelatine in mESC maintenance medium (see 4.2.1). The media was changed every day and the 

cells were split after reaching confluence by incubating them at 37ºC for 1 to 3 minutes with a 0.05% 

Trypsin/EDTA solution, after washing with PBS. The reaction was stopped by adding 2 volumes of 

maintenance medium (which contained FBS to inactivate the trypsin). The cells were then centrifuged 

at 300 RCF for 5 minutes, ressuspended in an appropriate amount of medium and plated on gelatine 

coated T75 flasks, using a cell density of 4x104cells/cm2. 

4.3.1.1. Removal of feeder layers 

It is important to mention that WT and URE cells were frozen together with feeder layers, namely mouse 

embryonic fibroblasts (MEFs). If these are not maintained, they tend to disappear from the culture as 

the cells are passaged, since they are mitotically inactivated. In order to assure a maximum elimination 

of the MEFs, when the cells were passaged they were ressuspended in an appropriate amount of media 

and plated onto uncoated tissue culture flasks. They were then incubated for half an hour at 37ºC, where 

the MEFs were expected to adhere to the flask and the mESCs to stay in suspension. The cells and 
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media in suspension were then retrieved and plated back on a gelatine coated flask and the expansion 

was carried on normally.  

 Culture in 3D 

After being expanded in 2D and having reached the adequate number for encapsulation (1x106 cells) 

the cells were encapsulated in calcium alginate and transferred to the bioreactor. In the bioreactor the 

cells were cultured for 21 days, starting with 3 days in Hep-G2 conditioned media (see 4.2.4), followed 

by 8 days in early differentiation media (see 4.2.5) and finally 10 days in hematopoietic differentiation 

media (see 4.2.6), after which the cells were decapsulated and plated back on 2D, in semi-solid 

methylcellulose media (see 4.2.7). 

4.3.2.1. Calcium chloride solution 

The process of calcium alginate encapsulation comprises the interaction between a calcium chloride 

solution and an alginate solution. The first solution is composed of 100 mM CaCl2 (Sigma), 10 mM 

HEPES and 0.01% Tween 20 (Sigma). This solution is prepared in deionized water, sterilised by filtration 

through a 0.2 µm filter and kept at room temperature. 

4.3.2.2. Alginate solution 

The cells to be encapsulated are mixed with an alginate solution, composed of 1.1% alginate and 0.1% 

gelatine, both prepared in PBS, sterilized with a 0.2 filter and kept at 4ºC for no longer than a month. 

4.3.2.3. Bioreactor sterilization and conditioning 

Before the cells were encapsulated, the bioreactor vessel was sterilised by UV light exposure (230 V, 

50 Hz, 0.14 A, Kendro Laboratory Products UK) for 8 minutes. The vessel was then incubated with 70% 

ethanol for 2 hours, following incubation with sterile PBS for another 2 hours and then incubation with 

DMEM medium overnight. This process was used to insure the sterilisation inside the bioreactor. 

4.3.2.4. Depolymerisation buffer 

In order to release the cells from the calcium alginate beads, the polymer is dissolved by incubation with 

a depolymerisation buffer. This solution was composed of 50 mM tri-sodium citrate dehydrate, 77mM 

Sodium Chloride and 10 mM HEPES, but after being experienced some interference with another 

analytic techniques, namely metabolomics analysis through GC-MS, the buffer was changed to 55 mM 

EDTA and 10 mM HEPES. It is important to state that both buffers were used in the same volumes and 

in the same process in order to release the cells from the beads and have in no way proven to have 

altered following results. In order to dissolve the beads, these were washed once with PBS and 

incubated in depolymerisation buffer at 37ºC with occasional agitation for 10-20 minutes. Once the 

structure of the bead was no longer visible and a viscous solution had been formed, the sample was 

centrifuged at 300 RCF for 5 minutes and was further analysed or pated.  

4.3.2.5. Encapsulation method 

Previous to the encapsulation process all components (except for the pump itself) were autoclaved and 

the tubes were washed with 70% ethanol and PBS. 
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To encapsulate the cells, they were split from the flasks as previously explained, centrifuged and 

counted through the erythrosine B exclusion assay. Each bead should have approximately 2x104 cells 

so since the reactor was to hold, in this case, 500 beads, 1x107 cells were centrifuged and mixed with 

4 mL of the alginate solution. This mixture then passes through a peristaltic pump with a controlled 

speed and finally through a 25 Gauge needle, located 3 cm from the surface of an agitated calcium 

chloride solution (30 mL). This process causes the cells in the alginate solution to fall into the calcium 

solution in a droplet shape, which gels immediately to a bead-like shape (approximate diameter 2.3 

mm). The beads were then left in the agitated solution for 6 minutes at room temperature and after were 

washed twice with PBS, before being placed in static culture for one day in normal mESC maintenance 

media.  

4.3.2.6. Post-decapsulation 2D culture 

In order to increase the viability of the cells after the process of decapsulation, in some occasions the 

cells were plated on uncoated tissue culture flasks, before conducting any further analysis. The cells 

were cultured in IMDM without cytokines for 2 days without any media change and were then analysed, 

both adherent and suspension cells. 

4.4. Cellular output measurements 

  Erythrosin B exclusion assay for viability 

In order to assure the correct cell seeding densities and to assess the viability of the cultures, cells were 

routinely counted using a haemacytometer under the Leica DM-IL inverted phase microscope. Cell 

viability was determined by a dye-exclusion method using Erythrosin-B stain solution (ATCC) which 

stains only dead cells reddish-pink.  

  MTS proliferation assay 

For 2D and 3D proliferation assays it was used the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega). This kit contains a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling 

reagent (phenazine ethosulfate; PES). The MTS tetrazolium compound (Owen’s reagent) is bioreduced 

by cells into a coloured formazan product that is soluble in the culture medium. This conversion is 

presumably accomplished by NADPH or NADH produced by dehydrogenase enzymes in metabolically 

active cells. 

 

 

 

 

 

Figure 8 - Chemical reaction of MTS reduction (Promega Corporation 2012) 
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Assays were performed by adding a 1:5 reagent to culture media directly into well and incubating for 3 

hours, then recording the absorbance at 490nm with a 96-well plate reader (Glomax Microplate reader, 

Promega). The quantity of formazan product measured by absorbance at 490nm is directly proportional 

to the number of living cells in culture (Huang, Chen, and Walker 2004) 

 Cell titer glo proliferation assay 

After some experimental evidence supporting already published evidence (Huang et al. 2004), that the 

MTS assay may not be the most reliable and optimized proliferation assay for 3D cultures, the CellTiter-

Glo® 3D Cell Viability Assay (Promega) was used. This method determines the number of viable cells 

in 3D cell culture based on the quantitation of the present ATP, which indicates the presence of 

metabolically active cells. This kit is formulated with more robust lytic capacity than the original Cell-titer 

Glo and is designed for use with microtissues produced in 3D cell culture, although it is similar in 

performance to the classic reagent when assaying monolayers of cells produced in 2D cell culture. To 

perform the assay the reagent was added to culture media in a 1:1 ratio, incubated with mixing for 30 

minutes at room temperature in the dark and then luminosity was measured (Glomax Microplate reader, 

Promega) (Promega Corporation 2014). 

Figure 9 - Luciferin reaction with ATP (Promega Corporation 2014) 

 Live/ Dead viability assay 

Viability of cells inside the hydrogels was evaluated using the LIVE/DEAD Viability/Cytotoxicity Kit 

(Invitrogen). Briefly, the membrane-permanent compound 3’,6’-Di(O-acetyl)-2’,7’-bis 

[N,Nbis(carboxymethyl) aminomethyl] fluorescein, tetraacetoxymethyl ester (calcein AM) is cleaved in 

live cells by esterases to yield cytoplasmic green fluorescence, whereas membrane-impermanent 

ethidium homodimer-1 (EthD-1) labels the nucleic acids of membrane-compromised cells with red 

fluorescence. Calcium alginate beads were extracted from the bioreactor, washed once with PBS and 

incubated in a solution of 4mM calcein AM and 2mM EthD-1 in PBS at 4ºC in the dark for 30 minutes. 

After the incubation period, the beads were washed twice with PBS and their fluorescence was observed 

through a Leica DM IL inverted phase microscope (Leica, Weitzlar, Germany) and record using 

analysisD sofware (Olympus, Munich, Germany). 

  Gene expression studies 

In order to collect samples for PCR, beads were extracted from the bioreactor and incubated with 

depolymerisation buffer in order to release the cells. In order to insure a cell number between 3x106 and 
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4x106 cells/sample, 5 to 10 beads were collected for each sample, using triplicate samples for each time 

point. After incubation, the solution containing the dissolved beads was centrifuged at 300 RCF for 5 

minutes, washed once with PBS, centrifuged again for 3 minutes and the pellet was stored at -80ºC until 

RNA extraction. 

4.4.5.1. RNA extraction 

Samples of RNAs from mESCs were extracted using three kits supplied by Qiagen:  QIAshredder kit, 

RNeasy Mini Kit and RNase-Free DNase set, according to manufacturer’s instructions. Samples were 

taken from -80ºC and thawed on ice. After thawing the samples, buffer RLT and 1% β-Mercaptoethanol 

were added to each sample. Samples were vortexed or pipetted until no cell clumps were visible and 

the lysate was loaded onto a QIAshredder spin column and centrifuged for 2 minutes at maximum 

speed. Ethanol was then added to the lysate to promote binding to the membrane of the RNeasy column. 

The mixture was added to the column, centrifuged for 15 seconds at 10000 RPM discarding the flow-

through. Dnase I and buffer RDD, both from RNase-Free DNase set from Quiagen were added to the 

column for RNase digestion, incubating at room temperature for 15 minutes. Afterwards, buffer RW1 

was added once and buffer RPE twice to the column, centrifuging and discarding flow-through in 

between, to wash the membrane-bound RNA. The column was then transferred to a collection tube and 

RNA was eluted using RNase-free water. RNA quantification was then performed on a UV spectrometer 

in triplicates for each sample and making sure that the A260/A280 ratio was higher than 1.7, to ensure 

the purity of the RNA sample. 

4.4.5.2. cDNA synthesis by reverse transcriptase (RT) 

reaction 

After extraction and RNA quantification, total RNA was reversed transcribed into complementary DNA 

(cDNA) using the Reverse Transcription System (Promega, Southampton, UK) following the 

manufacturer’s recommendations. As a first step, total RNA samples containing 1µg of RNA were 

heated at 70ºC for 10 minutes to denaturate RNA secondary structure and allow for a better annealing 

of the primers to the RNA. At the same time, a mastermix for cDNA synthesis was prepared by mixing 

5 mM MgCl2, 1 mM of 2’-deoxynucleoside 5’-triphosphate (dNTP mixture), 1 unit/µl recombinant RNasin 

ribonuclease inhibitor, 5 units/µl AMV reverse transcriptase and 0.5 mg/µl random primers. Total RNA, 

mastermix and RNase-free water were mixed, to a total volume of 20 µL and incubated at room 

temperature for 10 minutes to allow extension of the primers so they remain hybridized when the 

temperature is raised. Following this, the reverse transcription reaction was performed at 42ºC for 30 

minutes followed by inactivation of RT at 95ºC for 5 minutes and a cooling step at 4ºC for 5 minutes. 

The cDNA samples were then used immediately for PCR or frozen at -20ºC. 

4.4.5.3. PCR reaction 

To perform PCR amplification on the cDNA samples previously synthesised, the Sensifast SYBR HI 

ROX Kit from Bioline was used, following the manufacturer’s instructions. The first step was to design 

the experiment, regarding how many samples there were and how many genes were to be tested for 

each sample, always including a housekeeping gene. For each gene to test in each sample, a PCR 
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mastermix was added, composed of 2x SensiFAST SYBR Hi-ROX Mix, 10 µM forward primer, 10 µM 

reverse primer, template cDNA and DNase-free water as required to a final volume of 20 µL per sample. 

Each sample was added onto a 96-well PCR plate and the strands were amplified for 1 cycle at 95ºC 

for 2 minutes for polymerase activation and 40 cycles of 5 seconds at 95ºC for denaturation, 10 seconds 

at 60ºC for annealing and 15 seconds at 72ºC for extension. Acquisition was made after each extension 

step. RT-PCR results were then analysed using the comparative CT method (Applied Biosystems 2008; 

Schmittgen and Livak 2008).  

The primers used to assess the expression of genes related to the differentiation process were ordered 

from Invitrogen according to literature data. Their sequence can be found in Table III. 

Table III - List of primers used for RT-PCR analysis 

Genes Forward sequence 3’-5’ Reverse sequence 5’-3’ Length 

GAPDH AGCCACATCGCTCAGACACC GTACTCAGCGGCCAGCATCG 20 bp 

PU.1 AGAGCATACCAACGTCCAATGC GTGCGGAGAAATCCCAGTAGTG 22 bp 

Gata-2 CCCTAAGCAGCGCAGCAAGAC TGACTTCTCCTGCATGCACT 21 bp 

Flk-1 CAACAAAGCGGAGAGGAG ATGACGATGGACAAGTACCC 18 bp 

 

  Flow cytometry 

In order to analyse samples through flow cytometry, cells were either trypsinised from a flask or collected 

from alginate beads after incubation with depolymerisation buffer as previously explained (see 4.3.2.4). 

Cells were then counted and samples containing up to 1x106 cells were prepared, washed once with 

PBS and centrifuged at 2000 RPM for 5 minutes. Cells were then fixed by incubation with 4% 

paraformaldehyde (PFA) in PBS at a concentration of 1x106 cells/mL for 20 minutes at room 

temperature. After incubation, cells were washed twice with BD Perm/Wash buffer, including 

centrifugation steps at 2000 RPM for 5 minutes between each wash. Cells can then be stored at 4ºC in 

PBS at a concentration of 1x107 cells/mL for up to 48 hours. Immediately before staining, if intracellular 

markers such as Oct3/4 were to be used, the cells were permeabilized by incubation in BD Perm/Wash 

buffer at a concentration of 1x106 cells/mL for 10 minutes at room temperature. When staining the cells, 

a concentration of 1x107 cells/mL in BD Perm/Wash buffer was mixed with 5-10 µL of either the antibody 

or the isotype control, following the manufacturer’s instructions. There was also a sample with no 

addition of antibody or isotype control that was used as an unstained control. At the same time, 

compensation beads were prepared, using negative and positive beads mixed with each of the 

antibodies used separately, also including a negative control only with negative beads. Both the beads 

and the cells were then incubated in the dark at 4ºC for 30 minutes. After the incubation period, beads 

and cells were washed twice with BD Perm/Wash buffer and resuspended in 500 µL of BD Pharmigen 

stain buffer containing FBS. 

Samples were then read in the BD LSRFortessa analyser, compensation parameters were establish 

using the beads and recorded results were analysed using the software FlowJo.  
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Table IV - List of antibodies used for flowcytometry analysis  

 

Marker Antibody Isotype 

Oct 3/4 
PerCP-Cy5.5 Mouse anti-

Oct3/4 (BD Biosciences n.d.) 

PerCP-Cy5.5 Mouse IgG1, k 

Isotype Control (BD 

Biosciences n.d.) 

SSEA-1 
PE Mouse anti-SSEA-1 (BD 

Biosciences n.d.) 

PE Mouse IgM, k Isotype 

Control (BD Biosciences n.d.) 

SSEA-4 
Alexa Fluor 647 Mouse anti-

SSEA-4 (BD Biosciences n.d.) 

Alexa Fluor 647 Mouse IgG3, k 

Isotype Control (BD 

Biosciences n.d.) 

c-kit (CD117) 
Mouse c-Kit (CD117) PE 

(Biosciences n.d.) 

Rat IgG2b, κ Isotype Control 

PE  

Sca-1 Mouse Sca-1 PE-Cy7 
Rat IgG2a, κ Isotype Control 

PE-Cy7 

CD34 Mouse CD34 FITC 
Rat IgG2a, κ Isotype Control 

FITC 

Lin Mouse APC Lineage Cocktail 
Rat/Hamster Isotype Control 

Cocktail APC 

 

 Immunocytochemistry 

In order to confirm the pluripotency of mESCs, immunocytochemistry assays were performed. For this 

purpose, cells were trypsinised, counted and plated onto gelatinised 4-well chamberslides at a density 

of 5×104 cells/cm2 in mESC maintenance media or WT and URE maintenance media. The cells were 

then left to adhere for 3 days, with media changes every day. On the third day, the cells were washed 

once with PBS and fixed by incubation with 4% PFA for 20 minutes at room temperature. This process 

was followed by permeabilisation of the cells by incubation with 0.2% Triton-X-100 (VWR International 

Ltd.) for 20 minutes at room temperature. The samples were then washed twice with PBS and incubated 

with 3% blocking goat serum (Santa Cruz Biotechnology, Heidelberg, Germany) diluted in primary 

diluent (0.05% bovine serum albumin (BSA) (Sigma) and 0.01% sodium azide (NaN3) (Sigma) in PBS) 

for 30 minutes at room temperature. Immediately prior to the staining of the cells, the primary and 

secondary antibodies were diluted in primary and secondary diluents (0.05% BSA in PBS) respectively 

to prepare working solutions, to the concentrations listed in Table V. Following the blocking process, the 

samples were incubated with primary antibody at 4ºC overnight. The following day the cells were washed 

once with PBS and incubated with the secondary antibodies for 1 hour at room temperature in the dark. 

If double staining was performed, the steps since incubation with the primary antibody were repeated 

until here. The samples were then washed with PBS and mounted using Vectashield with 1.5 mg/mL 

40,6 diamidino-2-phenylindole (DAPI) (Vector Laboratories, Peterborough, UK) fluorescence was 
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observed using the Olympus BX51 microscope (Olympus UK Ltd) and images were captured using the 

DP50 camera (Olympus UK Ltd). 

Table V - Antibodies and dilutions used in Immunostaining 

Antigen Primary antibody Secondary antibody 

Oct-4 1:80 Rabbit polyclonal (Santa 

Cruz Biotech) 

1:80 goat anti-rabbit FITC 

(Santa Cruz Biotech) 

SSEA-1 1:200 Mouse monoclonal 

(Santa Cruz Biotech) 

1:200 Goat anti-mouse Texas 

Red (Santa Cruz Biotech)   

 

 

 Wright-Giemsa staining 

Morphology of the cultured cells was observed on a cytospin. Cells were collected from the flask and 

approximately 2x105 cells were loaded into the well of an assembled cytospin cytocentrifuge set. Cells 

were then centrifuged for 3 minutes at 100g. The cuvette and filter in the cytospin cytocentrifuge set 

were carefully removed and the slide was air-dried for up to 2 hours. Cells were stained with Wright 

Giemsa stain (Sigma-Aldrich) in a Coplin jar via dip-method for nuclear-cytoplasmic differentiation. 

Slides were dipped for 30 seconds in 50% Wright-Giemsa stain and subsequently dipped in deionised 

(DI) water for approximately 10 minutes to wash the stain. Cells were then visualised on the Olympus 

BX51 microscope (Olympus UK Ltd) and images were captured using the DP50 camera (Olympus UK 

Ltd).  

  Colony forming assays 

In vitro clonogenic assays for formation of erythroid progenitors (colony-forming unit-erythroid; CFU-E 

and burst-forming unit-erythroid; BFU-E), granulocyte-macrophage progenitors (colony-forming unit 

granulocyte-macrophage; CFU-GM), and multi-lineage progenitors (colony-forming unit-granulocyte 

erythroid-monocyte-macrophage; CFU-GEMM) were performed using methylcellulose-based media, 

ES-Cult M3120 (Stem Cell Technologies) which was supplemented with recombinant mouse SCF (150 

ng/ml), recombinant mouse IL-3 (30 ng/ml), human IL-6 (30 ng/ml), and human-EPO (3 U/ml) (all from 

R and D Systems). A number of 1-5 x 105 cells/ml cells were seeded onto 35 mm culture plate (VWR 

International) and the seeding densities were optimised according to the clonogenic ability of the cells 

as recommended by the manufacturer’s technical manual (Stem Cell Technologies). All assays were 

performed in triplicates. Types of hematopoietic colonies were scored after 14-17 days of incubation in 

a fully humidified chamber at 37ºC.       
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5. Results 

5.1. Effect of HepG2 conditioned media in the culture of 

mESCs encapsulated in hydrogel and cultured in a HARV 

bioreactor 

On a first stage, the aim was to validate a protocol previously established in the laboratory (Fauzi, 

Panoskaltsis, and Mantalaris 2014), culturing E14Tg2α cells for 21 days in calcium alginate beads in a 

HARV bioreactor, using HepG2 conditioned media and lineage specific growth factors to induce the  

differentiation of mESCs towards the hematopoietic lineage. 

  Proliferation and viability assessment 

First, the proliferation rates of the cells were measured over 5 days in the bioreactor, comparing normal 

maintenance media with HepG2 conditioned media (see Figure 10). For this, the MTS proliferation assay 

was used (see 4.4.2). 

 

Figure 10 – Proliferation rates of encapsulated cells culture for 5 days in the bioreactor in mESC 

maintenance media and HepG2 conditioned media 

The correlation between the absorbance and the number of cells per bead was calculate with the help 

of a standard curve (see Appendix I).  

Based on the measured values, the doubling time for the cells when cultured in normal media is of 23.4 

hours and in HepG2 of 11.5 hours. According to the literature, the normal doubling time of mESC in vitro 

is of 10-14 hours (Pauklin, Pedersen, and Vallier 2011), but the growth rate of the cells in 3D is 

significantly lower, confirming that although hydrogels maintain a high viability of cells they do impair 

their proliferation (Hassan, Dong, and Wang 2013). These results are consistent with previous reports 

of enhanced proliferation when using HepG2 media verified in 2D (Hwang et al. 2006) and in 3D cultures 
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(Fauzi et al. 2012). In the pictures below (see Figure 11) we can see the viability of the cells inside the 

beads after 7 days in the bioreactor, from staining with the Live/Dead assay (see 4.4.4). 

 

 

 

 

 

 

 

 

 

Figure 11 - Live/Dead assay on cells inside the beads on the bioreactor at days A - 1, B - 4 and C - 7 of 

culture in HepG2 conditioned media. Live cells are stained in green and dead cells are stained in red. 

Magnification: 10x. 

From Figure 11 it is possible to observe that culturing the cells in this system and including the use of 

HepG2 CM allows them to proliferate and to maintain a high viability in culture, exhibiting the formation 

of increasingly larger colonies inside the hydrogels. 

  Analysis of nutrient consumption and metabolite production 

Next, the consumption of nutrients and the production of metabolites and how they accumulated in the 

media throughout the experiment was measured in samples of the exhausted media. The values of pH 

and osmolality were also measured to assess if the conditioned media could have negative extreme 

impacts on these values (see Figure 12). 

Studies performed with mESC in order to evaluate the effects of changes in pH and osmolality in culture 

during differentiation show that although a reduction of the pH levels to 6.8 does negatively impact the 

number of embryoid bodies produced at the end of the culture, it also shows the upregulation of 

pluripotency genes Nanog and Oct-4 when compared to higher pH values (Chaudhry, Bowen, and Piret 

2009). 

A B 

C 
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Figure 12 – pH and osmolality values registered throughout the culture period in mESC maintenance 
media and HepG2 CM 

From this analysis, it was possible to conclude that although the pH levels verified in the culture with 

HepG2 conditioned media were lower, they oscillated between 6.8 and 7.8. The different media showed 

no significant differences in the osmolality values measured. 

To further assess changes caused in cell metabolism by the culture with HepG2 CM, the levels of the 

two main energy sources and mainly produced metabolites were measured. It is shown in Figure 13 the 

plotting of the levels of glucose and lactate in the two different media and in Figure 14 the levels of 

glutamine, glutamate and ammonium present in the exhausted media. 

 

Figure 13 - Comparison between glucose and lactate levels in mESC maintenance media and HepG2 CM 

From the graph presented in Figure 13 it is possible to observe that the use of HepG2 CM lowers the 

amount of nutrients available in the media, which is explained by the fact that 50% of its composition 

consisting of already exhausted media from the culture of HepG2 cells. Logically, the media from the 
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culture of those cells would already be lower in nutrients when compared to the fresh media, since the 

cells would have used them for their own metabolism. The same explanation can account for the higher 

value of metabolites found in the HepG2 CM measurements. The initial glucose concentration present 

in DMEM is of 22 mM (see Appendix II) and is expected to be lower in HepG2, meaning that the initial 

concentration values are be concordant to the ones plotted here. 

Apart from glucose, glutamine is another critical energy source that contributes with 30%–65% of the 

energy needed for mammalian cell growth and is required by the cells also as a precursor for nucleic 

acid synthesis. Glutamine cannot be substituted by glucose when it is depleted and reduced levels can 

induce apoptosis. It has been shown that the supplementation of hybridoma cell cultures with glutamine 

results in increased cell density and antibody production (Chen et al. 2010). Hybridoma studies also 

show that ammonium production can vary depending on the type of culture utilised, reporting 2-3 mM in 

microcarriers and 4.5-5.5 mM in suspension cultures.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - Concentration levels of A - glutamine; B - glutamate and C - ammonium throughout the culture 

period in mESC maintenance media and HepG2 conditioned media 
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When comparing these results with the initial values of glutamine found in the media, DMEM is expected 

to exhibit an initial concentration of 3 to 5 mM (see Appendix II) The results obtained are in concordance 

with these initial levels. It is also noticeable that cells in HepG2 consume glutamine at a higher rate than 

cells cultured in mESC maintenace media. In further experiments, in order to correctly calculate the 

ratios between glucose consumption and lactate production and glutamine consumption and ammonium 

production, it will be necessary to measure not only the exhausted media but also to compare it with the 

fresh media that was supplemented, as media components can undergo oxidation through processes 

other than cell consumption, for instance due to light, temperature or different oxygen concentrations. 

To further validate these results, alongside with these measurements, a correct measurement of the cell 

number should also be performed, perhaps using a method that is not dependent on cell metabolism 

(as MTS and Cell Titer Glo methods are), for instance just normal viable cell count using a 

haemocytometer and Erythrosin-B exclusion.  

  Expression of pluripotency markers 

The next assay conducted aimed for the assessment of the expression of pluripotency markers by the 

cells after 5 days of culture in HepG2 CM. For this, the cells were analysed with flowcytometry for the 

expression of Oct3/4, SSEA1 and SSEA4 (see Figure 15).   

 

 

 

Figure 15 - Flow cytometry results for pluripotency assessment in HepG2 media 

mESCs are known to express the nuclear markers Oct3/4 and the surface marker SSEA1 (Cui et al. 

2004) in their undifferentiated state, and start to express SSEA4 once they start to differentiate (Abcam 

2015; Gang, Bosnakovski, and Figueiredo 2007). From the analysis of Figure 15 it is possible to 

conclude that after 7 days of culture, the cells are capable to maintain the expression of pluripotency 

markers over 50%, but do start to show signs of differentiation which can be seen from a transition of 

the expression of SSEA-1 to SSEA-4. 
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5.2. Effect of the feeding schedule on the culture of mESCs 

encapsulated in hydrogel and cultured in a HARV bioreactor 

One of the disadvantages of the protocol earlier developed in the lab was that media changes every 3 

days led to the acumulation of toxic metabolites in the media at very high concentrations (Fauzi 2011), 

which were considered inhibitory (for example, lactate concentration was of 50 mmol/L) and also to the 

depletion of nutrients (glucose and glutamine concentrations were very close to 0 mM). To determine 

the influence of altering the feeding schedule from every 3 days to every 2 days, the protocol was 

followed intirely in two independent experiments.  

  Proliferation and viability assessment 

To compare the two feeding strategies, the first thing was to assess changes in proliferation and viability 

of the cells inside the beads. The fact that the bioreactor had its media changed in different days resulted 

in the measurement of this values to be conducted not always on the same culture day, but still the trend 

could be observed and compared (see Figure 16). 

 
Figure 16 - Absolute values from measuring cell proliferation using CellTiter Glo over a 21 day culture 

period in the bioreactor, performing media changes every 2 days or every 3 days 

Changing the feeding schedule cannot be considered to affect proliferation rates since the values are 

not statistically different from each other (p value of 0.724 for day 12 and of 0.251 for day 21), indicating 

that the differences between these values are not big enough to be significant, thus can be atributed to 

random sampling variabillity. It is relevant to notice that although the proliferation rates seem to differ in 

the beginning of the experiment (this is, until day 4), this cannot be atributed to the feeding strategy, 

since the use of HepG2 CM requires the media to be changed every day. On another hand, this can be 

related to the HepG2 CM variability associated with different batches, because even though the 

techniques associated with its production are meticulosely reproduced, there is no way to control the 
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behaviour of the cells and the final components present in the media. One way to assure that the 

proliferation and viability results are associated with the feeding strategy or with the media components 

would be to perform an analysis on every batch of HepG2 produced or to mix all the collected media 

before filtration (which was done in every occasion possible to reduce variability to the minimum). 

Following, the viability of the cells inside the beads was tested using the Live/Dead assay (see 4.4.4), 

for days 4, 12 and 21 of culture in the bioreactor, in the 2 different feeding schedules tested (see Figure 

17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 - Cells inside beads stained with Live/Dead assay. A, B and C – every 2 day feeding strategy, 
samples from days 4, 14 and 21 respectively; D, E and F – every 3 day feeding strategy, samples from 

days 4, 12 and 21 respectively 

Conducting this assay allowed to observe that changing the media more frequently enhances the 

formation of bigger colonies inside the beads. Despite these results, this is not significant enough to 

conclude on the efficiency of the methods applied. Once again, it is not known if these results are 

attributed to the feeding strategy or to the batch of HepG2 used, since the presence of bigger colonies 

in the experiment where the media was changed every two days is noticeable from day 4, at the end of 

the culture with HepG2 CM. 

  Analysis of nutrient consumption and metabolite production 

In order to obtain further insight to the influence of the feeding strategy on the conditions of the media, 

the exhausted media was sampled and tested for values of pH, osmolality and concentration of nutrients 

and metabolites. On Figure 18 it is possible to compare the alterations observed in the values of pH and 

osmolality througout the culture with the different feeding schedules. 
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Figure 18 – A- pH and B- osmolality levels in the exhausted media for 21 day differentiation in the 
bioreactor with media changes every 2 days and every 3 days 

From the analysis of Figure 18 it is possible to observe that the pH values range from 6.5-7.5 and show 

no statistically relevant differences between the two conditions (p value>0.05). When analysing 

osmolality, the values do differ between the two conditions, resulting in values 100 mOsm/L lower when 

the media was changed every 3 days. On a first stage, it is possible to relate this difference with the 

HepG2 media utilised, since the values differ from the beginning of the culture, but still remain between 

300-400 mOsm/L.  

Furthermore, variations in the concentrations of main nutrients and metabolites were evaluated (see 

Figure 19 and Figure 20). 

 

Figure 19 – Concentrations of glucose and lactate present in the exhausted media throughout 21 days of 
culture performing every 2 day or every 3 day feeding 

From the observation of Figure 19 it is important to notice that there was never a complete depletion of 

glucose in the media, being that even though changing the media every 3 days did result in lower levels 

of glucose present, the lowest value observed was still of 4 mmol/L. From this data it is possible to 

conclude that the more frequently the cells are fed with glucose, the more they will consume and produce 
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lactate, which is explained by the fact that there is no threshold for glucose consumption in high 

proliferative cells. Although the cells are producing more energy in the 2 day feeding, it is not possible 

to see a difference in proliferation probably due to having reached a high cell density inside the beads. 

Previous studies have revealed that over 17 mM of lactate in the media would result in inhibition of 

mESC growth, particularly observed in batch cultures (Ouyang, Ng, and Yang 2007), which could also 

be the reason for the stagnation of their proliferation, although this is present in both strategies, so 

changing the feeding for every 2 days does not show an advantage for this aspect. 

 In order to fully analyse the behaviour of the cells with the changes in the feeding schedule it is also 

necessary to analyse changes in the levels of glutamine (see Figure 20). 

 

 

 

Figure 20 - Concentration levels of A - glutamine; B - glutamate and C - ammonium throughout the culture 
period performing every 2 day or every 3 day changes of the culture media 

By analysing Figure 20, the changes in glutamine values are significantly different when comparing the 

two strategies, although there are no significant changes in the values of glutamate or ammonium. A 

possible explanation for this may reside in the biology of the cells and the differentiation state in which 

the cells in culture are found in the two experiments. The energetic requirements of stem cells and their 

progeny differ, since differentiated cells no longer need to sustain high rates of replication and thus have 
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lower anabolic demands; on the other hand they require large amounts of energy to fuel the processes 

of cellular homeostasis and increasingly specialized functions of the progeny (Folmes et al. 2012). Also, 

it is definitely evident that glutaminolysis is active and that the apparent lower consumption of glutamine 

seen when feeding every 2 days is explained by the existence of a threshold in glutamine consumption, 

as in the cells can only consume as much, so feeding them more regularly is often not relevant, as 

shown. Regarding possible inhibitory factors, ammonium concentrations have been reported to be 

inhibitory for mammalian cells at concentrations over 4mM (Fernandes et al. 2007), levels which have 

not been reported even for the every 3 day change strategy. 

These results suggest that changing the media every 3 days is enough to maintain cell proliferation and 

viability at satisfactory levels and that the nutrients are not fully depleted from the media at any point in 

culture. On another hand, there was no analysis performed on the levels of cytokines still remaining in 

the media, so it is not possible to know if the differentiation cues being supplied to the cells are enough 

to guaranty an efficient differentiation of the cells. 

This experiment was mainly conducted because previous results suggested that changing the media 

every 3 days was resulting in the accumulation of toxic metabolites at levels that were considered 

inhibitory for the cells, which was not verified in this experiment. Also, previous results showed a 

complete depletion in nutrients, such as glucose and glutamine, which was also not reflected be these 

experiments. These results suggest that a change to a 2 day feeding strategy will not be necessary as 

the comparison with the 3 day feeding strategy does not show significant improvements. Furthermore, 

changing the media more sparsely will result in an overall reduction of the cost of the experiment, as 

less media and in particular less expensive growth factors will be consumed over the course of each 

run.  

The fact that these results differ from the ones previously published might suggest that this is an 

experimental artefact, but the following studies using different cell lines support what is shown in this 

point. A possible explanation for this is that there was a significantly higher sampling rate carried out in 

the experiments contemplated in this report, for proliferation, Live/Dead and PCR assays, which were 

not conducted as often in previous reports. This high sampling of cells from the bioreactor obviously 

resulted in a constant reduction of the number of beads and cells present in the bioreactor that never 

allowed for a complete exhaustion of the nutrients in the media. This difference is explained by the 

opposite goals of the two projects, since the previous one had the purpose of artificial blood production 

and aimed for a high number of cells at the end of culture, whereas the present one aimed for a time-

study of the culture, which would naturally involve different assays being carried out and a high number 

of cells being sacrificed for this purpose throughout the 21 days, as long as there were enough cells at 

the end of the culture to perform the remaining assays.  

After deciding to use media replenishments every 3 days, the results from the experiment were analysed 

to assess the efficacy of the differentiation protocol comparing different time points of the bioreactor 

culture.  
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5.3.  Analysis of differentiation efficacy in E14Tg2α 

To provide certainty that the protocol developed was in fact reproducible and efficient, a differential 

analysis of the expression of haematopoietic markers was performed using flow cytometry, on days 12 

and 21 of culture. Cells were screened for their expression of the markers C-kit, Sca-1 and CD34. 

To increase viability of the cells to guaranty sufficient numbers for the analysis, after decapsulation the 

cells were plated for 2 days as mentioned earlier (see 4.3.2.6) and both cells in suspension and attached 

were collected for analysis. The results can be seen in Figure 21 and Figure 22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 - Flow cytometry results of Tg2α cells after 12 days of differentiation in the bioreactor. A and B 
– adherent cells, C and D – suspension cells 

The c-kit receptor and its ligand stem cell factor (SCF) play an important role in the maintenance and 

differentiation of hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) (Rönnstrand 

2004). Also, this surface marker is also known as the phenotypic hallmark of HSCs and early 

hematopoietic progenitors (Shin et al. 2014). Studies analysing cells of the bone marrow of mice have 

showed that c-kit+Sca1+ cells are primitive haematopoietic progenitors. Although c-kit has been found 

to be expressed from primitive HSCs to more committed progenitors, Sca1+ cells are more primitive 

and respond better to haematopoietic factors, such as SCF, in comparison to Sca-1- cells (Okada et al. 

1992). Since virtually all the potential to reconstitute the haematopoietic system has been found to reside 

in this double positive population, this subset can be further divided and the expression CD34 can be 
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analysed. Short-term stem and progenitor cell activities have been suggested to reside within the c-

kit+Sca1+CD34+ but other studies have shown controversial results concerning this marker, since most 

of the haematopoietic cells residing in the murine bone marrow are negative for its expression. Finally 

it is suggested that, unlike humans, the long-term reconstituting haematopoietic cells in mice reside in 

the c-kit+Sca1+CD34- fraction (Osawa et al. 1996; Yang et al. 2009). 

When analysing the results from day 12 of culture, the cells retrieved from the suspension seem to be 

showing different characteristics in the expression of the markers when compared to the adherent cells. 

For instance, as adherent cells show 24% C-kit+Sca-1+ and very low expression of CD34+, suspension 

cells show over 70% C-kit+Sca-1+ and of CD34+ expression as well. This suggests a difference in the 

types of populations derived from this protocol, in terms of differentiation state and of long-term vs. short-

term HSCs. It is expected in the use of these protocols that not all cells differentiate with the same 

efficiency and to the same degree, particularly since not all of the encapsulated cells showed pluripotent 

characteristics, which would be considered the ideal stage to respond to the differentiation protocol. 

Also, it seems from these results that some of the cells are now able to grow in suspension, a very 

interesting result adding to the confirmation of their differentiation into the haematopoietic lineage and 

also very interesting in the way that the cells after 12 days of culture in this system are starting to show 

differences in their behaviour.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 - Flow cytometry results of Tg2α cells after 21 days of differentiation in the bioreactor. A and B 
– adherent cells, C and D – suspension cells 
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When comparing these results with the ones from day 12, it is visible that even the adherent cells now 

show high expressions of c-kit and sca1, indicating an overall higher degree of differentiation. It is difficult 

to draw any conclusions from the cells in suspension, since there were not enough cells in suspension 

to properly conduct the assay. This unfortunate event was a result of operator failure and does not imply 

that after 21 days the cells produced no longer grow in suspension. Although the cells in suspension 

may seem to be losing the expression of the markers they presented on day 12, this may suggest that 

they have further differentiated into more committed haematopoietic progenitors.  

Overall, it is suggested that this protocol does result in the differentiation of mESCs into haematopoietic 

stem and progenitor cells, thus validating its application for the study of the mutated cell lines as well.  

5.4. Comparative analysis of Tg2α, WT and URE mESCs using 

HepG2 CM, 3 day feeding schedule and alginate 

encapsulation in a HARV bioreactor 

After assessing the effects of the culture in HepG2 CM, deciding on the feeding schedule and confirming 

the applicability of the protocol in the differentiation of Tg2α cells, the protocol was aimed to be replicated 

with WT and URE cells. In this experiment the main goal was to search for any differences in the 

behaviour of the cells throughout the differentiation process and also to assess changes in the final 

results. 

  Expression of pluripotency markers 

On a first stage, the cells were directly thawed and stained for flow cytometry with pluripotency markers 

Oct-4 and SSEA1 and also with SSEA4.  

5.4.1.1. Tg2α 

 

Figure 23 - Flow cytometry analysis of Day 0 of E14Tg2α culture 

The results shown in Figure 23 represent Tg2α cells immediately after thawing. Here it is possible to 

see that the percentage of double-positive pluripotent cells (Oct4+ SSEA1+) is very similar to the one 

verified in a previous experiment (see 5.1.3). It is also evident the low percentage of cells expressing 

SSEA4, indicating that the cells have not started to differentiate and maintain their pluripotent state, 

which is expected in cells of such a lower passage (passage<10). Furthermore, these results were 
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confirmed by immunostaining of the cells with the same pluripotency markers. The cells were stained 

with DAPI, Oct3/4 and SSEA1 (see Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 - Immunostaining of Tg2α cells for pluripotency markers. A - Staining with DAPI. Blue colour stains 

for the nucleus of the cells. B - Staining with FITC for Oct3/4 expression. Green colour stains the nucleus of cells 
expressing the pluripotency marker Oct3/4. C – Staining with TEXAS RED for SSEA1 expression. Red colour stains 
the membrane of cells expressing the pluripotency marker SSEA1. 

From the analysis of the images it is possible to verify that the cells show a high expression of the 

nuclear marker Oct3/4. It is possible to affirm this especially since DAPI was used and the cells stain for 

DAPI and Oct3/4 in a similar way, confirming the expression of the pluripotency marker in the nucleous 

of the cells. As for SSEA1, although it is possible to see its expression the signal is very weak. This 

might have been caused by incorrect staining or low quality of the image, since the expression of this 

marker should be high and on should be detected on the surface of the cells.  

5.4.1.2. WT and URE 

 

 

 

 

 

 

 
 

Figure 25 - Flow cytometry analysis of WT at day 0 

FSC-A 

S
S

C
-A

 

Oct3/4 

S
S

E
A

1
 

SSEA4 

S
S

E
A

1
 

A 

B C 



47 
 

 

Figure 26 - Flow cytometry analysis of URE at day 0 

The results shown in Figures 25 and 26 are clear examples of how important it is to culture mESCs in 

2D before any differentiation protocol or 3D culture can be initiated, since the cells have experienced 

the stressful effects of freezing and thawing and are clearly not expressing high levels of pluripotency 

markers. When culturing and expanding adherent cells, in this case ESCs, It is recommended for the 

cells to be cultured in gelatinized plates and passaged at least once before encapsulation.  

In Figures 27 and 28 the expression of the same markers can be seen after the maintenance period, at 

the day encapsulation took place. Since results from the analysis of day 0 from URE and WT were not 

up showing over 50% of double positive expression of pluripotency markers, another analysis was 

performed on the day the cells were encapsulated, after 2-3 passages of the cells, representing day 0 

of the culture in the bioreactor. 

These results were considered to be more satisfactory, as it is possible to verify that both cells express 

more than 50% of Oct4+SSEA1+. 

 

 

 

 

 

 

 

Figure 27 - Flow cytometry analysis of WT on the day of encapsulation 
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Figure 28 - Flow cytometry analysis of URE on the day of encapsulation 

Once again, URE cells were also stained for the expression of the same pluripotency markers through 

immunostaining. The results can be seen in Figure 29. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 - Immunostaining of URE cells for pluripotency markers. A - Staining with DAPI. Blue colour stains 

for the nucleus of the cells. B - Staining with FITC for Oct3/4 expression.. Green colour stains the nucleus of cells 
expressing the pluripotency marker Oct3/4. C – Staining with TEXAS RED for SSEA1 expression. Red colour stains 
the membrane of cells expressing the pluripotency marker SSEA1. 

From the analysis of these cells it is possible to see that, on one hand that the expression is better 

represented in these pictures. Also, the expression of the pluripotency markers is evident. Analogous 

results were observed for the staining of WT cells. 
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  Proliferation and viability assessment 

 

 
Figure 30 - Absolute values from measuring cell proliferation using Cell titer glo over a 21 day culture 

period in the bioreactor using Tg2α, WT or URE cells 

The observation of the absolute values obtained from the proliferation assay and its direct proportionality 

to the number of cells in culture, suggest from figure 30 that the 3 types of cells exhibit exponential 

growth on the first 7 days of culture. This exponential phase is followed by a stagnation in proliferation 

and by day 21 a decrease in cell numbers is observable for Tg2α and WT, but not significantly for URE 

(p>0.05). It is important to state that these measurements are also very dependent on the metabolism 

of the cells, since they are obtained through the measurement of the amount of ATP produced (see 

4.4.3). For this reason, it is recommended that, on following experiments, the use of this proliferation 

assay is accompanied by a systematic count of the number of cells per bead using a haemocytometer 

and an exclusion method (see 4.4.1). This way, it will be possible to rule out any interference to the 

method caused by changes in the metabolism of the cells while they were differentiating.  

Alongside with the proliferation assay, a viability assay was conducted at different time points in the 3 

types of cells, using the Live/Dead assay (see 4.4.4). The results can be seen in Figure 31. 
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Figure 31 - Live/Dead staining of cells from A, B and C - Tg2α, D, E and F - WT and G, H and I - URE at days 
A, D and G- 4, B, E and H - 15 and C, F and I – 21. Live cells stained with green and dead cells stained in red. 

Magnification: 4x. 

The analysis of these images allows to confirm that the 3 types of cells maintain a high viability in this 

culture system. It is possible to notice from the images that cells from Tg2α and WT seem to present 

very similar colony sizes, as URE shows an earlier development of larger colonies, noted even at day 

4. While at day 21 the colonies from Tg2α and WT seem to show a distribution in their size, in the URE 

culture they seem to be mostly large colonies, so large that it is possible to see most of them trying to 

escape the bead, a phenomena that occurs once cell density is too high. This may be an explanation to 

why the cell numbers seem to be lower at the end of the culture, since the cells may be leaving from the 

beads through the pores and being washed away when the media is replaced. Also, on another note, it 

is practically impossible to see any red cells, meaning dead cells, inside the beads, which should not be 

the reflection of the real scenario. Usually, the beads present dead single cells on the outside and the 

explanation for not observing that here may be that the amount and the size of live colonies and green 

fluorescence overpowers the red fluorescence in this magnification and dead cells may be better 

observed at a higher magnification. Even so, this suggests that cell morbidity inside the beads is not 

significant, which is a very satisfactory result.  
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  Analysis of nutrient consumption and metabolite production 

As the experiments were conducted, samples of the exhausted media were analysed for their pH, 

osmolality and concentration of nutrients and metabolites, to assess for differences between the 3 types 

of cells. The results obtained are shown as follows.  

 

 

Figure 32 – A - pH and B - osmolality values throughout 21 days of culture for E14Tg2α, WT and URE cells 

Analysing the graphs in Figure 32, it is possible to conclude that no major changes in the pH levels were 

observed between the different cells. The pH was once again maintained between values of 6.5 and 

7.5, showing a significant decrease upon the change to IMDM media and a longer period without media 

changes, which was previously verified in the experiment with Tg2α cells alone (see 5.2.2). 

 
Figure 33 - Glucose and lactate levels throughout 21 days of culture in the bioreactor of E14Tg2α, WT and 

URE cells 
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From the analysis of Figure 33, it is evident that the 3 cell types show a similar consumption of glucose 

throughout the culture in differentiation media, but as Tg2α and WT show similar lactate production, 

URE presents much higher levels (on the order of 30 mM). Moreover, Tg2α and WT show a similar trend 

in their lactate production, while URE just exhibits a constant level of production throughout the culture 

period. Once again, it is necessary to compare these results with the glutamine consumption to search 

for any possible correlations and a further insight to the metabolic pathways of the cells. 

 

 

 

 

 

 

 

 

 

 

Figure 34 – A - glutamine, B – ammonium and C - glutamate concentrations of Tg2α, WT and URE cells 
throughout 21 days of culture in the bioreactor 

The analysis of the graphs in Figure 34 show for Tg2α and WT the same trend in the consumption of 

glutamine and production of ammonium that is found in the previous figure for the production of lactate, 

suggesting a probable correlation between the two. The same is observable for URE, as the levels of 

glutamine and ammonium present in the media remain constant. The difference here is found in 

glutamate levels, which do not comply with this pattern for URE cells. URE cells appear to produce high 

levels of glutamate when cultured in HepG2 media. Although this may be caused by a variation in a 

particular batch of HepG2 media, which should be analysed along with the analysis of the exhausted 

culture media in future experiments, this may also imply that these cells behave differently than non-

mutated cells when in contact with this media. In future experiments, it would be interesting to also 

culture these cells in HepG2 for 5-7 days to see how they behave. 

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20

C
o

n
ce

n
tr

at
io

n
 (

m
m

o
l/

L)

Time in bioreactor (days)

Tg2a

URE

WT

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10 20

C
o

n
ce

n
tr

at
io

n
 (

m
m

o
l/

L)

Time in bioreactor (days)

Tg2a

URE

WT

B C 

A 

0

0.5

1

1.5

2

2.5

0 10 20

C
o

n
ce

n
tr

at
io

n
 (

m
m

o
l/

L)

Time in bioreactor (days)

Tg2a

URE

WT



53 
 

These results seem to suggest that non-mutated cells, as Tg2α and WT, may experience a shift in their 

metabolism during the culture period, as implied by the changes in the levels of metabolites in the media. 

The results also suggest that the same shift is not found in URE cells, but they do present changes in 

their glutamate production. This would be interesting to further delve into, as it is known that mutated 

cells do exhibit different metabolic requirements, in particular cancerous cells. These results may 

suggest the existence of an early metabolic print on a deficient haematopoietic process. Further 

experiments on this subject may include the use of gas chromatography mass spectrometry techniques 

that can be performed in the laboratory and can produce a full metabolic profile of the cells, at different 

time points of the culture. As previously mentioned, one of the objectives of this project was to allow for 

a time-lapse study of an abnormal process of haematopoietic development, which these preliminary 

results come to suggest may be possible and very interesting.  

  Analysis of differentiation efficacy 

After 21 days of culture in the bioreactor, all 3 types of cells were stained with haematopoietic markers 

to assess the success of the differentiation protocol. The results are presented as follows. 

 

 

Figure 35 - Flow cytometry analysis of Tg2α cells after 21 days of differentiation in the bioreactor 

 

Figure 36 - Flow cytometry analysis of WT cells after 21 days of differentiation in the bioreactor 
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Figure 37 - Flow cytometry analysis of URE cells after 21 days of differentiation in the bioreactor 

One of the main aspects that can be seen from the graphs is that it is very difficult to identify a clear 

population of cells in the forward and side scatter plot. This may be a manifestation of the heterogeneous 

population resulting from the application of this protocol, but can also be a negative consequence of the 

direct decapsulation of the cells and immediate analysis. In the previous experiment, the cells were 

plated back because after decapsulation their viability was in fact lower that 50%, which resulted in not 

generating enough cells to analyse by flow cytometry and the need for this intermediate step. Since that 

was not a problem in these experiments, it was decided to just analyse the cells as they were, since 

their viability was over 50%. The poor forward vs. side scatter plots suggest that it would better to either 

replate the cells on 2D or to instead include a viability dye in the staining process, in order to distinguish 

dead cells from the cells of interest.   

From the analysis of the Tg2α cells, it is evident that most of the cells express c-kit, 45% are c-kit+Sca1+ 

and not even up to 2% express CD34. The lack of expression of CD34 suggests that in this experiment, 

where the cells were fed every 3 days, by day 21 the cells were not as differentiated as were the cells 

cultured with the 2 day feeding strategy (see 5.3). Further insight into this may arise from the previously 

suggested analysis of the growth factors in the media, to see if these are being completely depleted.  

It was expected that the WT cells behaved very similarly to the Tg2α cells, since both cell types are 

derived from normal non-mutated laboratory mice, but WT cells seem to present a lower degree of 

haematopoietic differentiation than Tg2α. In these cells, only 10% show c-kit+Sca1+ and the majority of 

the cells do not express Sca1 at all. It is not possible to say if they have expressed it before and have 

lost the expression at this point, since no previous analysis was conducted with these cells, which should 

be performed on a next experiment. Similarly to what Tg2α cells show, only 3% of the cells express 

CD34, meaning that the cells are in fact showing a lower degree of haematopoietic differentiation that it 

was before shown to be obtainable with this protocol.  

Observing the results from the analysis of the URE cells, even lower differentiation results can be seen. 

Most of the cells do not express Sca1 at all, similarly to WT cells, but in this case not even up to 2% of 

the cells express c-kit+Sca1+. Once again, the expression of CD34 is very low and close to 3%.  
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These results suggest that the different cells are not exhibiting the same differentiation patterns and do 

not express haematopoietic markers in the same way after culture in the same conditions. On a first 

note, the experiments should be repeated and it should be ascertained why are WT cells behaving 

unequally from Tg2α cells. Moreover, these results suggest that it would be interesting to see the 

expression of these haematopoietic markers along the culture, for instance at day 12, to verify if they 

are being expressed before and not anymore at the end of the 21 days. Also, it would be interesting to 

plate the cells at day 12 and distinguish between adherent and suspension and maybe check their 

morphology as well.  

  Gene expression analysis 

Throughout the experiment, samples were collected to be analysed for the expression of the mesoderm 

marker Flk-1 and for the expression of PU.1 and GATA2, to verify if their expression was opposed. 

These was determined by PCR and the results are shown in Figure 38. 

 

 

 

 

 

 

 

 

Figure 38 - A - Flk1, B – PU.1 and C – GATA2 expression levels on Tg2α, WT and URE cells on days 15, 18 
and 21 of culture in the bioreactor 

For Flk1 expression in Tg2α, the expression on day 21 is significantly lower than on the previous days 

(p<0.05) but the expression of the previous days is not significant between each other. For the 

expression in WT none of the values are significantly different from each other neither for URE. Although 

the expression levels of Flk1 do not appear to change between days for WT and URE they are 

significantly different between each other, apart from day 15, suggesting that they express the Flk-1 

gene at different levels, and URE expresses it at higher levels. Flk-1 is a mesoderm marker, so the fact 
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that URE cells express high levels of it are consistent to the previous flow cytometry results, suggesting 

that these cells have yet to fully differentiate to haematopoietic progenitors and are at a more primitive 

stage than the other cell types. 

For PU.1 expression, there is a significant increase in expression in Tg2α on the last day of culture but 

for the other cell types the changes in expression are not significant. No significant differences between 

PU.1 expression were found between WT and URE in any of the days, although a 20% reduction in 

expression was expected in URE. Despite this, the expression values of PU.1 on day 21 are significantly 

lower in URE than in Tg2α. 

Regarding GATA2 expression, there is a significant decrease in expression in Tg2α on day 21, 

confirming that as PU.1 expression increases, GATA2 expression decreases. The difference in the 

expression values is not significant for WT but there is a significant increase of expression in URE from 

day 18 to day 21 of culture. Unfortunately, once again it is not possible to see a clear difference between 

the expression levels of WT and URE cells, although the expression levels on day 21 are significantly 

different between URE and Tg2α, meaning that the cells from the mutant model are expressing higher 

levels of GATA2.  

The cells have been verified for the deletion of the URE region of the PU.1 gene, but the fact that cells 

in the bone marrow show an 80% reduction in the expression of PU.1 comparing to normal cells does 

not necessary mean that the cells analysed need to express PU.1 to the same percentages. Actually, 

cells from WT and URE were probably not in the same differentiation state, as the flow cytometry results 

suggest, so it is actually difficult to predict what their PU.1 expression should be. 

What we can conclude for URE cells is mainly significant just for day 21, as it is evident that these cells 

express lower levels of PU.1 and express higher levels of GATA2, proving their antagonic expression 

patterns. Further experiments should be conducted to evaluate if there really are no differences between 

the expression in WT and URE cells throughout the culture, and these results would be of particular 

interest if they were to be obtained on day 0 as well, which should be considered in a follow up 

experiment.  

  Wright Giemsa staining 

To further characterize the cells from the URE/URE mutant, after 21 days of culture in the bioreactor, 

the cells were cultured for 2 days in a T75 flask in IMDM media without cytokines and the cells found in 

suspension were collected and stained with Wright-Giemsa. The pictures taken of the stained slides can 

be seen in Figure 39. 
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Figure 39 - Pictures of Wright-Giemsa stain on URE cells after 21 days of culture in the bioreactor. Scale: 
10 µm 

When comparing with literature (Mcgarry, Protheroe, and Lee 2010), it is possible to identify from the 

image cells with morphology similar to erythroid progenitors, indicating that after 21 days of 

differentiation the URE cells are exhibiting signs of haematopoietic differentiation and a shift towards 

the erythroid lineage. This is very interesting, because these results come to suggest that the cells are 

able to differentiate only through the 3D culture. This indicates that it would be interesting to analyse the 

morphology and the types of cells that are being produced after the bioreactor culture. On further 

experiments it would be interesting to compare these results with the results from WT and Tg2α after 

21 days, to see what are the differences regarding the type of progenitors that are being formed.  

When culturing the cells on 2D after the differentiation in the bioreactor, it was found that not only most 

of the cells were growing in suspension, but after one and two days of culture the adherent cells were 

starting to detach from the flask. On Figure 40 it is possible to see the differences in the morphology of 

the cells before encapsulation and after the culture period in the bioreactor.  

After the 21 day culture period, it is noticeable that the cells no longer show an undifferentiated 

morphology and also, it is suggested that different types of cells are present in culture, since the picture 

displays a rather heterogeneous population.  

To proceed with the analysis of the differentiation stage of the cells, cells from the 3 groups were plated 

on methylcellulose haematopoietic differentiation media and the morphology of the colonies formed was 

further studied. 
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Figure 40 – Morphology of URE cells after 21 days of culture in the bioreactor 

 Analysis of the colony forming assay  

After 21 days of culture in the bioreactor, the cells were decapsulated and plated on methylcellulose 

semi-solid haematopoietic differentiation media to assess their capacity to form haematopoietic 

progenitors. The colonies formed were observed throughout serveral time points and were scored and 

photographed on day 14. 

 

 

 

 

 

Figure 41 - Colonies formed on methylcellulose after 14 days of culture of decapsulated Tg2α cells 

 

 

 

 

 

 

Figure 42 - Colonies formed on methylcellulose after 14 days of culture of decapsulated WT cells 

From the analysis of the methylcellulose plates it was found that for Tg2α, there were some EB-like 

colonies present but there were also some BFU-E identifiable. Moreover, some of the BFU-E colonies 

showed signs of haemoglobinization (see Figure 41).  
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Figure 43 - Colonies formed on methylcellulose after 14 days of culture of decapsulated URE cells 

When comparing WT results with the ones observed for Tg2α, it is possible to see that these cells have 

not matured as much, since no pink-redish collonies can be observed. Also, there was a higher number 

of EB-like colonies found instead of erythroid progenitors.  

Analysing the results found in the culture of URE in methylcellulose, the morphology of the colonies 

formed is very interesting and distinct from the ones found in the other two cell types. Most of the cells 

were found to display a morphology that is not characteristic to any type of normal haematopoietic 

progenitor or an embryoid body like colony, reason for which these colonies should be further studied 

in following experiments. It would be advised to stain these colonies for the expression of certain cellular 

markers in order to characterize them. 

It is important to state that the maximum magnification to be used in the observation of the colonies was 

of 20x and that in following experiments, a higher magnification should be used, in order to better 

distinguish between different types of progenitors.  

From this assay, it is possible to conclude that WT and URE cells show the presence of very immature 

cells that still result in the formation of EB-like colonies.  
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6. Conclusions and future work 

 

From the first stage of this project, it was possible to conclude and confirm the efficacy of the use of 

HepG2 CM as an early haematopoietic differentiation enhancer on E14Tg2α cells. It was observed that 

the cells maintain a high viability in culture even after 7 days and that the proliferation rates inside 

alginate beads and a HARV bioreactor are actually increased in HepG2 CM when compared to regular 

mESC maintenance media. It would be interesting to assess the effects of this conditioned media on 

different cell types in following experiments, especially in the WT and URE cells studied in this project, 

in order to determine the influence of this approach on the final differentiation efficacy of the protocol.  

Another experiment conducted in this study has compared two different feeding strategies and the 

influence that they had on the biochemical characteristics of the cells’ environment throughout the 

culture period in the bioreactor. This has led to the conclusion that changing the media of the cells less 

regularly, as in every three days, did not cause the accumulation of extreme concentrations of toxic 

metabolites when compared to the media change every two days and did not affect cell proliferation. It 

was also concluded that the employment of this strategy did not lead to the complete depletion of the 

main nutrients required for cell maintenance and proliferation, as previous studies suggested. These 

results, coupled with the ones gathered from the comparison of HepG2 CM and mESC maintenance 

media led to the reasoning that the best approach to use for the differentiation of ESCs derived from the 

normal and PU.1 mutated mouse models should be the use of HepG2 CM, calcium alginate 

encapsulation and culture in a HARV bioreactor, using the protocol previously established in the 

laboratory and media changes every 3 days.  

Finally, this project aimed to develop a platform for a time wise study of the progression of leukaemia, 

by studying the in vitro differentiation process of wild-type mESCs and PU.1 mutated mESCs and 

comparing the results between them. As a control, these results were also compared with the E14Tg2α 

cell line, for which the protocol was initially established for. From this comparative study, it was possible 

to observe that the differentiation efficacy shown for Tg2α cells was not the same for WT cells, which 

were expected to have shown similar results. Although this seems to be the case, only one experiment 

was conducted with each cell type, so it is advised that they be repeated as to confirm these results. 

One of the interesting results coming from this project was to verify that the reduced expression of PU.1 

in the cells of the mutated model express higher levels of GATA2 during the process of haematopoietic 

differentiation. These results suggest that when conducting following experiments it would be very 

interesting to follow the expression of PU.1 and GATA genes from the embryonic stage of the cells onto 

their differentiated state and not just on the final stage of the bioreactor culture. The results drawn from 

the flow cytometry analysis suggest that it would also be interesting to follow the changes in the 

expression of surface markers associated with mesoderm and haematopoietic differentiation throughout 

the culture period in the bioreactor. Also, one of the most interesting results from these experiments was 

the fact that it was shown that it is possible to induce the differentiation of the cells into a haematopoietic 

and erythroid fate in the 21 day culture period by the Wright-Giemsa results, without requiring the 
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following step of culture in semi-solid methylcellulose media. This staining procedure should be repeated 

for Tg2α and WT cells at this period of the culture.  

To summarise, this work has provided initial results promising the application of this model to the study 

of the development of leukaemia, by following the differentiation process of mutated cells and comparing 

it with non-mutated ones. It is a simple, controlled model that allows for easy and multiple time point 

analysis, making it useful for the establishment of time wise changes in the characteristics of the cells. 

Overall, it was possible to show that mESCs comprising a mutation in the URE of the PU.1 gene show 

differences in their haematopoietic differentiation process and validated the continued study and 

analysis of this mutation.  
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Appendix I - Cell proliferation calibration curve 

In order to apply the MTS proliferation assay (see 4.4.2), a calibration curve was design from the culture 

of a known number of cells in 2D and the application of the protocol. This way, since the absorvance 

measured is proportional to the number of cells and this number is known, using this curve it is possible 

to correlate further measurements of the assay with the number of cells inside each alginate bead. It is 

important to state that this absorvance is a corrected absorvance, since the assay was also applied to 

the media without cells, to subtract the interference of this result to the samples with cells. The resulting 

curve can be seen in Figure 44. 

 

 

Figure 44 – Cell proliferation calibration curve utilised for the calculation of numbers of cells in culture 
using the MTS proliferation assay 
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Appendix II - Nutrient concentration in the different 

culture media 

For the experiments conducted in this project, different types of media were utilised, including DMEM, 

KO-DMEM, HepG2CM and IMDM. The different media exhibited variations in the concentrations of 

nutrients, either from the differences in the initial values or resulting from the different dilutions performed 

(as in the addition of more components to the media will further result in a lower concentration of the 

initial nutrients). These variations might have contributed to some of the different metabolic profiles 

shown in the results and to the different levels of these nutrients in the culture media throughout the 

culture period. For this reason, Table VI states the concentration of the main nutrients included in the 

media and also the results from the bioprofiler analysis of a DMEM sample that was fed to the bioreactor.  

Table VI - Concentrations of nutrients and metabolites in the media utilised 

Metabolites 
Concentration 

in DMEM (mM) 
Concentration in 
KO DMEM (mM) 

Concentration 
in IMDM (mM) 

Concentration 
in analysed 

DMEM (mM) 

Glutamine 5.52 2 5.32 3.22 

Glutamate - - - 0.265 

Glucose 22 20.5 20.75 22.4 

Lactate - - - 2.75 

Ammonium - - - 2.005 

Osmolality - - - 393.4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix III - Flow cytometry plots 

 

To correctly analyse the data resulting from the flowcytometry analysis, multiple sequential gating steps 

were performed. In the Results section of this dissertation it is possible to find the representation of the 

FSC vs. SSC and the gates applied to the cells, selecting the desired population through its represented 

characteristics, namely size (represented in the FSC) and internal complexity (represented in the SSC). 

However, following this gate, the unstained and isotype control samples were observed and gated in 

quadrants, isolating a population that is negative for both the markers represented. The cells were gated 

based on the population represented in the isotype controls, in order to exclude any unspecific binding 

of the antibodies, and was then applied to the unstained control and to the sample stained with all the 

markers. Following are presented the unstained and isotype plots utilised for the gating of each sample 

analysed. 

 

 

Figure 45 - Unstained and Isotype control plots of cells cultured for 7 days in HepG2 CM 
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Figure 46 - Unstained and Isotype control plots of cells cultured for 12 days in the bioreactor 

 

 

 

 

 

 

 

Figure 47 - Unstained and single isotype controls plots of Tg2α cells cultured for 21 days in the 
bioreactor.  
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Figure 48 - Unstained and Isotype controls for day zero analysis of Tg2α cells 

 

 

 

Figure 49 - Unstained and Isotype controls for day zero analysis of WT cells 
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Figure 50 - Unstained and Isotype controls for day zero analysis of URE cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51 - Unstained and Isotype controls for encapsulation day analysis of WT cells 
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Figure 52 - Unstained and Isotype controls for encapsulation day analysis of URE cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53 - Unstained and Isotype controls for differentiation analysis of Tg2α cells 
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Figure 54 - Unstained and Isotype controls for differentiation analysis of WT cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55 - Unstained and Isotype controls for differentiation analysis of URE cells 
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