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Resumo 

A implementação do conceito de medicina personalizada a tratamentos de cancro, em geral, e 

leucemia em particular, é um objectivo que tem vindo a ser perseguido por médicos e cientistas na 

última década. Este conceito indica que o melhor tratamento para um paciente é aquele que tem em 

consideração o maior número possível de factores/características específicos do próprio paciente. 

Para atingir este objectivo, que irá conduzir à optimização dos tratamentos de quimioterapia, é 

essencial compreender claramente o comportamento das células de leucemia nas diferentes 

condições presentes no corpo humano. Neste trabalho, foi estudado o crescimento e cinética do ciclo 

celular de linhas celulares de leucemia num ambiente que simula a medula óssea humana. 

Especificamente, foi usado um sistema in vitro que imita a medula óssea, que é composto por uma 

espuma de poliuretano revestida com colagénio I, para servir de suporte ao crescimento de duas 

linhas celulares de leucemia (K-562 e MEC-1) sob hipoxia (5% oxigénio) e com diferentes 

concentrações de glucose (0.9g/L, 1.3g/L e 4.3g/L). 

Concluiu-se que a quantidade de glucose disponível é um factor importante que condiciona a 

proliferação e crescimento celulares no ambiente hipóxico estudado. Adicionalmente, há também 

indicações de que a introdução de hipoxia, num microambiente 3D, restringe a progressão do ciclo 

celular com ou sem limitações de glucose. Contudo, foram observadas algumas desvantagens no 

sistema in vitro utilizado que necessitam de ser tomadas em consideração em estudos futuros. 

 

Palavras-chave: Leucemia, biomimetismo da medula óssea, microambiente hematopoiético, 

stress oxidativo, stress por falta de nutrientes. 
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Abstract 

The implementation of the concept of personalized medicine to cancer treatments, in general, 

and leukaemia in particular, is an objective than has been pursued by many researchers and 

physicians in the last decade. This concept simply states that the best treatment for one patient is the 

one that takes into consideration as much patient-specific factors/characteristics as possible. 

To achieve this goal which will further lead to the optimization of chemotherapy treatments, it is 

essential to clearly understand how leukaemia cells behave under the different conditions which are 

present in the human body. In this work the growth and cell cycle kinetics of leukaemia cell lines were 

studied in an environment that mimics the human bone marrow. Specifically, an in vitro bone marrow 

biomimicry system was used, which was composed of a polyurethane foam coated with collagen I, to 

support the growth of two leukaemic cell lines (K-562 and MEC-1) under hypoxia (5% oxygen) and at 

different glucose concentrations (0.9g/L, 1.3g/L and 4.3g/L). 

It was concluded that the glucose availability is an important factor that conditions the cell 

proliferation and growth in the hypoxic environment under study. Additionally, there are also 

indications that hypoxia, in a 3D microenvironment, restricts the cell cycle progression with or without 

glucose limitations. However, some weaknesses in the used in vitro system were observed and need 

to be addressed in future work.  

 

Keywords: Leukaemia, bone marrow biomimicry, haematopoietic microenvironment, oxidative 

stress, starvation stress. 
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Chapter 1 - Introduction 

According to the American Cancer Society, in 2013, 48 610 people will be diagnosed with 

leukaemia in the USA, and about 23 720 people will die due to this disease (American Cancer Society 

2013a). Acute myeloid leukaemia and chronic lymphocytic leukaemia are the most deadly types; being 

responsible for deaths of about 40% and 20% of the leukaemia patients, respectively. The Cancer 

Research UK estimates that 1 in 3 people will be affected with cancer during their lifetime. In particular 

for leukaemia – a neoplasm of the blood and bone marrow – 1 in 71 men and 1 in 105 women will be 

affected, with the incidence sharply rising in adults over the age of 50 (Cancer Research UK 2008). 

Although leukaemia is the most common cancer of childhood, more than 9 in 10 cases are diagnosed 

in adults (Cancer Research UK 2010).  

Nowadays, leukaemia treatments are based on chemotherapy, which aims to stop cancer cells 

from growing and reproducing. The most used cytotoxic drugs for standard leukaemia therapy almost 

exclusively attack the DNA replication process within malignant cells, as these cells are selectively 

sensitive because of their increased proliferation. However, this approach has several limitations. 

Specifically, non-malignant dividing cells are also targeted, inducing a degree of toxicity that precludes 

treatment of some patients and forces premature termination of treatment in others (Estey et al. 2006). 

Furthermore, there is significant evidence, that many tumours harbour rare quiescent clones that are 

resistant to this type of therapies and may be responsible for disease relapse. These quiescent 

clones, since they are not proliferating, are not affected by the conventional treatments, therefore, 

representing an inherent mechanism of tumour resistance. Once the treatments are stopped, these 

cells are able to return the cell cycle and reconstitute the tumour cell population, inducing a relapse of 

the disease (Dean et al. 2005; Moore et al. 2011). 

In the last decade, efforts are being made toward the implementation of the so-called 

personalised medicine (Figure 1.1). Personalized medicine aims at the prescription of specific 

therapeutics that are optimal for a specific individual, taking in account as much factors as it is 

possible from that specific patient, i.e., patient-specific factors such as age, sex, body and genetic 

characteristics. Personalized medicine has been already applied at a research and clinic level for the 

treatment of several diseases such as inflammation, allergies, as well as, cancer (Chan et al. 2011). 

Similarly to other severe diseases, chemotherapy for leukaemia treatment has to be adapted to each 

patient, in order to improve treatment efficiency. Currently, the drug dosage and administration 

schedule are stipulated by the responsible oncologist according to the patient age, weight, height and 

medical and family history (Cancer Research UK 2013; National Cancer Institute 2013). However, 

there are other parameters that should also be considered in order to achieve a more efficient and 

adequate treatment. For example, it is common among patients under chemotherapy treatment to 

develop fever (temperatures above 37°C) given that their immune system is compromised (NHS 2013; 

National Cancer Institute 2012). It is also possible to find variations between glucose concentrations 
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within patients (van de Poll-Franse et al. 2007) or even between body compartments of the same 

patient (Vaupel 2004). Moreover, it is also important to take into account the possible protective effect 

induced by the bone marrow microenvironment in the leukaemic cells, since it is characterized by 

hypoxic conditions (Harrison et al. 2002) and low glucose levels that differ from the standard 

conditions present in the human body (NHS 2013). 

 

Figure 1.1 - Different people respond differently to the same therapy, while one treatment brings about the 
desired success in one group of patients, it does not change the condition of other group or even leads 
to adverse effects. Personalized medicine takes in account individual patterns of cellular and metabolic 
products to design the therapy that best suits each individual (Bayer AG 2012). 

The aim of the current dissertation is to study the growth as well as the cell cycle kinetics under 

several environmental stresses (oxidative and metabolic stresses) through in vitro cultivation of Acute 

Myeloid Leukaemia (AML) and Chronic Lymphoid Leukaemia (CLL) cell lines in a three dimensional 

(3D) scaffolding system. This system has been developed to mimic the human bone marrow structure 

and properties (Mortera-Blanco et al. 2010; Mortera-Blanco et al. 2011). Proliferation, viability, 

metabolites, as well as, cell cycle kinetics analysis were performed to compare the different behaviors 

of the cell lines in response to different levels of environmental, i.e., oxidative and metabolic stresses. 
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Chapter 2 - Background 

Leukaemic cell production by the human body, i.e., leukaemogenesis is a process intrinsically 

correlated with the haematopoietic system. Therefore, in order to understand this process it is crucial 

to know what haematopoiesis is and where it takes place. It is also of great importance to identify and 

characterize the cells that are able to maintain the leukemic cell production, as well as, to identify 

parameters that affect the cell cycle kinetics and proliferation rate of both normal and abnormal, i.e., 

cancerous, haematopoietic cell populations. Recently, the scientific community has also been paying 

attention to the influence of the bone marrow microenvironment in the leukaemic cell cycle and 

treatment resistance (Nwajei et al. 2013; Shiozawa et al. 2008). However, in order to make this type of 

in vitro studies more representative of the in vivo phenomena, the development of an ex vivo culture 

system that reproduces accurately the haematopoietic environment is an inevitable requirement.  

In the following sections of the current chapter, all these issues are going to be briefly reviewed 

in order to have a better understanding of the state of the art. 

2.1 Haematopoiesis 

Haematopoiesis is the process of production of new blood cells (Marshak et al. 2001). In adults, 

marrow-derived haematopoietic stem cells (HSCs) are the principal origin of all mature hematopoietic 

cell phenotypes, such as erythrocytes, macrophages or megakaryocytes. Haematopoiesis is 

considered as a hierarchical process with the cells of greatest differentiation potential or primitiveness 

appearing at the top of the pyramid/hierarchy, and cells that have undergone terminal differentiation at 

the bottom (Figure 2.1). Terminally differentiated blood cells are generally classified as cells derived 

from myeloid progenitors or cells derived from lymphoid progenitors. The first ones include red blood 

cells, platelets and cells responsible for cellular immunity, such as macrophages and granulocytes. 

Cells derived from lymphoid progenitors are the ones that play the principal role in coordinating 

humeral and cellular immunity, and include lymphocytes, plasma cells and natural killer cells 

(Shiozawa et al. 2008). 

Since mature blood cells have predominantly a short life, stem cells are required throughout life 

to replenish multi-lineage progenitors and the precursors committed to individual hematopoietic 

lineages (Orkin et al. 2008). In fact, HSCs are able to performed asymmetric replication. This means 

that they can originate at the same time a more differentiated cell, the hematopoietic cell progenitor, 

as well as, self-replicate, originating a daughter cell with the same differentiation potential as its 

progenitor cell (Shiozawa et al. 2008).  The first one is capable of exponential proliferation as well as 

continuing the process of differentiation. As the differentiation proceeds, a series of progenitor cell 

intermediates are originated and undergo a gradual fate restriction to lead to a specific type of a 
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mature blood cell (see Figure 2.1 and Doulatov et al. 2012). HSCs can be operationally defined by 

their capacity to reconstitute the entire blood system of an individual (Orkin et al. 2008).  

 

Figure 2.1 – Hematopoietic hierarchy (Winslow 2006). 

The first experimental evidence to indicate the existence of HSCs was the isolation of a 

population of clonogenic bone marrow cells capable of generating myelo-erythroid colonies in the 

spleen of lethally irradiated mice. Occasionally, these colonies contained clonogenic cells that could 

be further re-transplanted into secondary lethally irradiated hosts and reconstitute the immune system. 

These cells were identified as HSCs, i.e., cells with essential characteristics of self-renewal and 

differentiation potential for all types of blood cells (Till et al. 1961; Passegué 2003).  

HCSs can be traditionally isolated from several sources, being the most commons bone marrow 

aspirates, umbilical cord blood or mobilized peripheral blood (Winslow 2006). Therefore, HSC activity 

must be tightly regulated so as to meet physiologic demands, but also protect HSCs from oncogenic, 

physical and chemical damage. The environment that regulates self-renewal, proliferation and 

differentiation of HSCs is usually termed as hematopoietic niche (Shiozawa et al. 2008) . 

2.2 Bone Marrow and hematopoietic niche 

The bone marrow is considered to be the primary hematopoietic organ (Zhao et al. 2012; 

Panoskaltsis et al. 2005). The adult bone marrow normally produces approximately 2.5 billion red 

blood cells, 2.5 billion platelets, and 1 billion granulocytes per kilogram of body weight per day. 

However, this rate of production is adjusted to the need and can range from close to zero to many 

times the normal rate (Abboud et al. 2001). 
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The bone marrow can be found within the bones and it is composed by a hematopoietic 

component (parenchyma) and a vascular component (stroma) (Mortera-Blanco et al. 2010). The 

parenchyma includes hematopoietic stem cells and hematopoietic progenitor cells (Zhao et al. 2012). 

The stroma creates a microenvironment that incorporates the 3D bone marrow niches formed by 

stroma cells, such as macrophages, adipocytes and fibroblasts. The stroma cells elaborate 

extracellular matrix proteins including fibronectin, collagen, vibronectin and tenascin, which create 

specialised compartments with localised chemokines and cytokines resulting in the regulation of 

proliferation, differentiation and self-renewal of HSCs. Cytokines and chemokines act on their target 

cells by binding to specific membrane receptors that can be divided into several families based on 

their structure and activity (Quesenberry et al. 2001). 

Li et al. (2010) proposed a model where bone marrow includes two different niches: the 

osteoblastic niche and the vascular niche (Figure 2.2). In the first one, HSCs are maintained in a 

quiescent state under hypoxic conditions and in the second one, stem/progenitor cells proliferation is 

actively induced.  

 

Figure 2.2 – Hematopoietic niches within the bone marrow (Grassel et al. 2007). 

2.3  Leukaemia 

Leukaemia is a severe type of cancer of the blood characterized by the incapacity of blood cell 

progenitors to mature properly, resulting in an abnormal increase of immature white blood cells called 

“blasts” (Panoskaltsis et al. 2003 & 2005). Leukaemia can be considered as a newly formed aberrant 

hematopoietic tissue initiated by tumorigenic leukaemic cells that have kept or reacquired the capacity 

for indefinite proliferation through accumulated mutations (Passegué 2003).  

Leukaemia can be subdivided in different subtypes based on how quickly the disease develops 

and worsens (acute or chronic) and on which kind of blood cells is affected (myeloid of lymphocytic 

cells). In the acute form, the number of leukaemic cells increases rapidly. The progenitor blood cells 
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cannot mature properly, but immature cells continue to reproduce very fast and, as a consequence, 

accumulate.  This accumulation of blasts, makes the bone marrow unable to produce healthy blood 

cells. Due to the latter, in absence of appropriate medical treatment, most patients with acute 

leukaemia would only live a few months due to the insufficient number of mature blood cells to prevent 

anaemia, infection and bleeding. Some types of acute leukaemia respond well to treatment, and many 

patients can be cured. For example, around 25% of AML adult patients survive 3 or more years and 

may be cured. Other types of acute leukaemia have a less favourable outlook (American Cancer 

Society 2013b).  

Another type of leukaemia is the chronic leukaemia. In the chronic form, the blood cell 

progenitors can mature partly but not completely. These cells may look almost normal –

phenotypically-, but they generally do not fight infections as well as normal white blood cells do. 

Chronic leukaemia tends to develop over a longer period of time, and most patients can live for many 

years. However, chronic leukaemia is generally harder to cure than acute leukaemia (American 

Cancer Society 2013b).   

Additionally, this disease can be subdivided according to which kind of lineage is affected. In 

lymphoblastic leukaemia, the mutations leading to cancer take place in a type of hematopoietic 

progenitor cell responsible for the production of the lymphocytic lineage cells.  In myeloid leukaemia, 

the mutations leading to cancer take place in a type of hematopoietic progenitor cell that normally 

differentiates into red blood cells, some other types of white cells (for example, neutrophil, monocytes 

and basofils) and platelets. 

Although some genetic abnormalities related to the development of leukaemia are identified 

(Pedersen-Bjergaard et al. 2006), the exact sequence of events that lead to the development of 

leukaemia is still not well defined. However, it is known that the leukaemic transformation is a 

consequence of the accumulation of mutations in the hematopoietic cell progenitors and occurs at 

some point during the self-renewal or differentiation process of these cells (Lin et al. 2004). These 

processes are conditioned by the bone marrow microenvironment, which is thought to have a crucial 

role in cancer progression and treatment resistance.  

2.3.1 The role of bone marrow microenvironment in leukaemia 

Several studies have pointed out the crucial role of the bone marrow niches on the evolution, 

i.e., proliferation, migration, adhesion, of haematopoietic stem cells, as well as in cancer cells 

(Panoskaltsis et al. 2005). 

On the one hand, there are several evidences that the deregulation of the BM niche can actively 

influence the fate of the stem cells, being able to dictate an abnormal behaviour. For example, Bianco 

(2011) showed that, deregulation of osteo-progenitors in the bone marrow niche dictate HSC 

dysfunction. Raaijmakers et al. (2010) also proved that disruption of micro-RNA regulation in osteo-

progenitors alters the conservative kinetics of HSC self-renewal, leading to a myelodysplastic 



 
 

7 
 

phenotype. Thus, it is clear that disruptions in the haemostasis of the hematopoietic niche can hinder 

the normal haematopoiesis and can even conduce to tumorigenic pathways. 

On the other hand, recently it is been suggested that microenvironmental conditions can have a 

relevant influence in tumour progression as well as resistance to current therapies. For example, Itano 

et al. (2008) reviewed the effect of hyaluronan-rich microenvironment on cancer initiation and 

progression. Hyaluronan is a major constituent of extracellular matrix (ECM) and contributes for the 

assembly of a 3D structure favourable for cell proliferation and migration. In this work, it is stated that 

during cancer progression, hyaluronan assembles an extracellular matrix that is favourable for both 

the motility and proliferation of cancer cells and the recruitment of inflammatory and bone marrow-

derived progenitor cells. Furthermore, Casimiro et al. (2009) proposed that in bone metastatic disease, 

a late-state event of many common cancers, tumour and bone interact in a vicious cycle, where 

tumour-secreted factors stimulate bone cells, which in turn release growth factors and cytokines that 

act back on the tumour cells. These conclusions led to the assumption that tumour growth can be 

effectively inhibited by targeting the bone and its microenvironment rather than the tumour itself alone. 

Chantrain et al. (2008) reviewed the importance of bone marrow microenvironment in tumour 

progression. It was concluded that the relationship between the bone marrow and tumour cells is 

reciprocal. On the one hand, tumour cells leave the primary tumour as they intravasate into the blood 

circulation and are actively recruited into the bone marrow microenvironment. When homed to the 

bone marrow, they disrupt the homeostatic balance between osteogenesis and osteolysis and create 

a microenvironment that favours their growth and survival. On the other hand, bone marrow-derived 

stem cells leave the bone marrow osteoblastic niche to enter the blood circulation and colonize the 

primary tumour, where they contribute to the tumour vasculature and to an inflammatory reaction that 

deeply affects malignant transformation and progression (Coussens et al. 2002). 

Moreover, there are also evidences that cancer progression can induce transformations in BM 

microenvironment. For example, Colmone et al. (2008) showed that leukaemic proliferation in the 

bone marrow alters the normal stromal microenvironment and creates a malignant niche that 

outcompete native hematopoietic progenitor cells (HPCs) niche for CD34+ cell engraftment in severe 

combined immune-deficient (SCID) mice. As a consequence, normal CD34+ cells engaged by 

malignant niches exhibit an abnormal behaviour.   

2.3.2  LSCs vs. HSCs 

Another important feature to take into consideration is the discovery of the existence of 

leukaemic stem cells (LSCs). LSCs can be defined as cancer cells that have the capability of self-

renewal, and, therefore, produce more cancer stem cells as well as more differentiated leukaemic 

blasts (Bonnet et al. 1997). However, it has to be noted that in leukaemia, only a minority of leukaemic 

cells – the LSCs - have the ability to proliferate and form new tumours (Reya et al. 2001). A LSC is a 

functionally defined entity not necessarily named because it arises from a normal stem cell, but 

because it fulfils the same criteria used to define normal stem cells. These cells can undergo self-

renewal, are multipotent, and highly proliferative like normal stem cells (see Table 2.1 and Jordan 
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2007). As a result, it is believed that cancer stem cells are derived either from normal self-renewal 

stem cells or from progenitor cells that have undergone oncogenic mutations (Al-Hajj et al. 2004). The 

origin of the cancer stem cells, such as LSCs, has been the subject of considerable research in recent 

years, however, it is still unclear as multiple mutations are needed for a cell to become cancerous. 

Furthermore, it is improbable that all the mutations occur in the short-lived progenitor cells (Al-Hajj et 

al. 2004). Human LSC populations can be isolated by cell surface markers containing 

CD34+CD38-CD123+ antigens. These cells are almost entirely quiescent, resulting in the inefficiency of 

agents that are active against dividing cells (Jordan 2007). 

Several studies, both in human tissues and various mouse models, have been indicating that 

myeloid leukaemia is developmentally similar to normal haematopoiesis and it is driven by a relatively 

small subset of stem or progenitor cells, the leukaemic stem cells (Dick 2005; Hope et al. 2004; 

Lapidot et al. 1994; Bonnet 1997) (Figure 2.3). HSCs and LSCs share many similarities in terms of 

biological features. For example, both LSCs and HSCs express CD34 but do not express CD38. 

However, while HSCs possess both the machinery for self-renewal and the ability to regulate this 

property, certain LSC classes have a much higher self-renewal capacity than normal HSCs (Wang at 

al. 2005).  However, Karin et al. (2002) demonstrated that the active form of NF-kB, which is 

associated with anti-apoptotic activity in human cancer, is expressed in LSCs but not normal primitive 

hematopoietic cells. LSCs are also able to prevent apoptosis by expression of the oncogene bcl-2 

(Reya et al. 2001).  

 

Figure 2.3 – Model comparing the organization of the normal and AML human hematopoietic system. SL-
IC - SCID leukaemia-initiating cells, SRC – SCID repopulating cells. Adapted from Bonnet et al. (1997). 

The balance between differentiation and self-renewal in HSCs is regulated through the 

combination of several mechanisms that produce the necessary signals to dictate the fate of a given 

stem cell. For example, in the hematopoietic system, Notch signalling and Wnt signalling are known to 

promote HSCs self-renewal in vitro (Reya et al. 2001; Morrison et al. 2008). Notch signalling is used 

by HSCs in their native microenvironment and is downregulated as HSCs differentiate. It was shown 
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that inhibition of Notch signalling leads to accelerated differentiation of HSCs in vitro and depletion of 

HSCs in vivo (Duncan et al. 2005). Furthermore, in vitro studies demonstrated that exposure of mouse 

and human hematopoietic progenitors to conditioned media containing Wnt proteins results in an 

increase in immature colony formation (Austin et al. 1997; Van Den Berg et al. 1998). In the case of 

LSCs, some of these mechanisms are deactivated or modified in order to induce the cancer cells 

proliferation and to block the differentiation (Table 2.1). 

HSCs and LSCs also have several differences in terms of cellular response to DNA replication 

errors (Table 2.1). The cellular response to damaged DNA is complex and includes cell cycle arrest, 

transcription induction and DNA repair mechanisms. These cellular functions aim to repair DNA 

damage and maintain genomic integrity. Failing to repair leads to activation of the apoptotic pathways, 

leading to cell death. The main repair pathways are mismatch repair (MMR), base excision repair 

(BER), nucleotide excision repair (NER) and DNA double strand break repair (Das-Gupta 2000). In 

LSCs, like in other cancer cells, these mechanisms are absent or severely compromised leading to the 

successive accumulation of errors and genetic instability characteristic of the leukaemic cells.  

Table 2.1 – Comparison between HSCs and LSCs. Adapted from Mortera-Blanco (2008). 

 Hematopoietic Stem Cells Leukemic Stem Cells 

Self-Renewal Yes Unlimited 

Feedbak removing mechanism Yes No 

Differentiation Yes No maturation 

DNA replication errors DNA repair mechanisms  
No DNA repair mechanism  

Accumulation of errors 

Beside the differences between HSCs and LSCs, the similarities these types of cells share 

make LSCs capable of outcompete HSCs, hijacking the bone marrow microenvironment and 

subverting it to a more hypoxic condition suitable for their survival and proliferation (Nwajei et al. 

2013). One of the proposed explanations for these is that as bone marrow microenvironment has an 

intrinsic oxygen gradient from the vascular niche to the osteoblastic niche (hypoxic niche), when the 

number of leukaemic blasts increase; the oxygen uptake rate is also increased, lowering steady-state 

oxygen concentrations. Moreover, there are also evidences of a decrease in the microvessel density 

in BM from leukaemia-bearing mice compared to healthy control mice, as well as, abnormal 

morphology, with elongated and distorted vessels (Benito et al. 2011).  

In 1994, Dick et al. were the first to identify a rare population of quiescent cells capable of 

maintaining the leukaemic clone when transplanted into SCID mice. These cells homed to bone 

marrow and proliferated extensively in response to in vivo cytokine treatment, resulting in a pattern of 

dissemination and leukaemic cell morphology similar to the one seen in the original patients. These 

presented a very similar phenotype to that of the normal HSCs, but showed a different expression for 

Thy1 and IL3 receptor α chain. The IL3 receptor is reported to be expressed in cells of myeloid lineage 

as well as hematopoietic malignancies and Thy1 is a well-known HSC marker. In this work, the SCID 
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mice were treated with cells collected from peripheral blood or bone marrow of AML patients together 

with the addition of the cytokine PIXY321 and human mast-cell growth factor (MGF). An increase of 10 

to 100-fold was observed in the number of human cells in the treated mice when compared with the 

control and many morphological and dissemination feature characteristic of the donor’s disease were 

reproduced in the SCID-leukaemia mice (Lapidot et al. 1994). This work was the starting point for the 

realization that proliferation and cell cycle studies are essential for the design of effective treatments 

capable of eliminating completely the leukaemic cells (Lapidot et al. 1994; Bonnet et al. 1997). 

Previously, all the leukaemic treatments were designed in order to eradicate the proliferative cells. 

However, the identification of a quiescent cell population by Lapidot et al. (1994) exposed the 

necessity of rethink these treatments taking in consideration the influence of the cell cycle phase of 

the all cancer cell populations in the applied treatment. 

2.4 Cell cycle 

The cell cycle is a coordinated process that takes place in a cell leading to its division and 

duplication. In this process, the cell grows, replicates and distributes its DNA to daughter cells, ending 

with cell division. The cell cycle can be morphologically subdivided in interphase and stages of mitotic 

phase (M), which include prophase, metaphase, anaphase and telophase. Interphase encompasses 

G1, S and G2 (Figure 2.4 and Table 2.2) (Cooper et al. 2007). 

 

Figure 2.4 – Cell cycle phases. 

The G1 and G2 phases of the cell cycle represent the “gaps” in the cell cycle that occur between 

the two obvious landmarks, i.e., DNA synthesis and mitosis. In the G1 phase, the cell is preparing for 

DNA synthesis. S phase cells are synthesizing DNA and therefore doubling their DNA content. The G2 

phase is the second gap in the cell cycle during which the cell prepares for mitosis. G0 cells are not 

actively cycling. They remain in a quiescent state; however they have the capacity of re-entering the 

cell cycle (Schafer 1998). The M phase is the stage at which the partition of newly replicated 

chromosomes into separate parts of the cell takes place. The physical division of the cytoplasm is 

denominated cytokinesis, yielding two daughter cells (Lodish et al. 2000). 
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Table 2.2 – Cell cycle phases and its respective characteristics. 

State Phase Characteristics 

quiescent/ 

senescent 
G0 A resting phase where the cell has left the cycle and has stopped dividing. 

Interphase 

G1 
Cells increase in size in G1. The G1 checkpoint control mechanism ensures 

that everything is ready for DNA synthesis. 

S 
DNA replication occurs during this phase. The DNA synthesis checkpoint 

ensures that DNA has been replicated correctly. 

G2 

During the gap between DNA synthesis and mitosis, the cell will continue to 

grow. The G2 checkpoint control mechanism ensures that everything is ready 

to enter the M phase and divide. 

Cell 

division 
M 

Cell growth stops at this stage and cellular energy is focused on the orderly 

division into two daughter cells. A checkpoint in the middle of mitosis (spindle 

assembly checkpoint) ensures that the cell is ready to complete cell division. 

Regulation of the cell cycle involves crucial processes to the survival of a cell, including the 

detection and repair of genetic damage as well as the prevention of uncontrolled cell division. Cell 

cycle checkpoints are regulatory pathways that control the order and timing of the cell cycle transitions 

and ensure that critical events such as DNA replication and chromosome segregation are completed 

with high accuracy. These mechanisms respond to damage by arresting the cell cycle to provide time 

for repair and by inducing transcription of genes that facilitate repair (Elledge 1996). The molecular 

events that control the cell cycle are ordered and directional, i.e., each process occurs in a sequential 

fashion and it is impossible to "reverse" the cycle.  

Human cell cycle progression is regulated by the sequential activation or inactivation of a series 

of cyclin-dependent kinases (CDKs) at different phases. The activities of CDKs are activated by 

cyclins and inactivated by cyclin-dependent kinase inhibitors (CDKIs) (Wang et al. 2002). 

Concentrations of CDKs are constant throughout the cell cycle and the oscillations in their activity 

depend primarily on corresponding oscillations in the levels of the regulatory cyclins, which bind tightly 

to CDKs and stimulate their catalytic activity. Different cyclin types (D, E, A, and B) are produced at 

different cell cycle stages (Figure 2.5), resulting in the formation of a series of cyclin-CDK complexes. 

Each cyclin-CDK complex promotes the activation of the next in the sequence, thus ensuring that the 

cycle progresses in ordered fashion. The activity of cyclin-CDK complex is modulated by cyclin 

concentrations, by the addition or removal of inhibitory phosphorylation and by changes in the levels of 

CDKIs (Morgan 2007).  

Two of the major cell cycle checkpoints are induced in response to DNA damage and occur just 

before and after the DNA synthesis during the G1 and G2 phases. Key transducers of these signals are 

the cell cycle checkpoint kinases CHK1 and CHK2, which act directly on CDKs through their ability to 

inhibit the phosphatases that dephosphorylate and activate CDKs (Collins et al. 2005). 
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Figure 2.5 – Fluctuations of cyclins and p27 during the cell cycle (Sherr 1996). 

  The proper segregation of chromosomes that occurs during mitosis is controlled by a spindle 

assembly checkpoint that prevents cell cycle transition to anaphase until a bipolar spindle will be 

assembled and chromosomes will be correctly attached to the spindles through the kinetochore. 

Chromosome segregation is mediated by the anaphase-promoting complex/cyclosome (APC/C), a 

ligase responsible for targeting mitotic cyclins for degradation. Cyclin B is an obligatory target for 

APC/C to switch off CDK1 activity during anaphase and for allowing the cell to exit mitosis (Malumbres 

et al. 2009). 

The majority of cancer cells are characterized for a cell cycle deregulation that leads to an 

uncontrolled proliferation. In spite of this intrinsic high proliferation rate, there is evidence (Viale et al. 

2009; Nwajei et al. 2013)  that LSCs remain in G0 for a longer period of time, being immune to the 

current cancer therapies that are directed to proliferative cells. In fact, it has been demonstrated that 

cell-cycle inhibition is critical for the initiation and maintenance of leukaemogenesis (Viale et al. 2009). 

In that work, it was shown that the expression of the cell cycle inhibitor p21 is indispensable for 

maintaining self-renewal of LSCs by preventing excess DNA-damage accumulation and functional 

exhaustion of LSCs.  

2.5 Cellular Metabolic Activity 

Cellular proliferation and cell cycle progression is conditioned by the metabolic activity of the 

cell. All the cells need to coordinate their metabolism in order to produce energy and synthesise all of 

the end products that meet the needs of the cell. Several decades of research have sought to 

characterize tumour cell metabolism in the hope that tumour specific activities can be exploited in 

cancer treatments. Clinical translations require a good understanding of the cancer metabolism 

singularities in order to identify which factors can be exploited in treatment strategies. 

In metabolic processes, the presence of oxygen is a crucial factor that may affect the enrolment 

of the cell through a specific pathway. The glycolytic pathway is employed by all tissues for the 

breakdown of glucose to provide energy, in the form of ATP (adenosine-5'-triphosphate). Under 

aerobic conditions, glycolysis results in pyruvate formation that is further de-carboxylated to acetyl 

coenzyme A, the major fuel of the tricarboxylic acid (TCA) cycle. In this pathway, the presence of 
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oxygen is required to re-oxidise the NADH, formed during the process, to NAD+ (nicotinamide adenine 

dinucleotide), allowing the pathway to continue. Under anaerobic conditions, glucose is also converted 

to pyruvate. However, due to the lack of oxygen to re-oxidise the NADH formed, this intermediary 

metabolite is further reduced to finally form lactate. A primary function of the TCA cycle is oxidation of 

pyruvate supplied by glycolysis. Energy released from TCA cycle is after fixed in ATP during oxidative 

phosphorylation (Champe et al. 2005). 

Another important indicator of the cellular metabolism is the amino acid metabolism. Amino 

acids are the building blocks of all the proteins and also essential sources of nitrogen to the cell. 

Due to the Warburg effect, characterized as increase in glycolysis pathway in cancer cells, even 

under normoxia (Warburg 1956), cancer cells have to rely in other metabolites, such as the amino acid 

glutamine, to feed into the TCA cycle and replenish its cycle intermediates. In proliferating tumour 

cells, glutamine contributes to the bioenergetics (ATP production), supports cell defences against 

oxidative stress and complements glucose metabolism in the production of macromolecules 

(DeBerardinis et al. 2010). Even when the glycolytic rate is high enough to support most of the need of 

the cell for ATP synthesis, growth requires that the cells produce lipids, proteins and nucleic acids, 

and the building blocks for these molecules are produced in the TCA cycle. The glutamine metabolism 

can supply α-ketoglutarate to the TCA cycle, making possible the cycle progression and the 

production of the other intermediates. The first step of this process is the conversion of glutamine to 

glutamate typically through glutaminase activity, followed by conversion of glutamate to α-

ketoglutarate by either transaminases or glutamate dehydrogenase (Newsholme et al. 2003). This 

process is accompanied with the production of NH4+, a potentially toxic metabolite (Figure 2.6).  

 
 

Figure 2.6 – Relation between glucose and glutamine metabolism in growing tumours (DeBerardinis et al. 
2010). 
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From the above it is understandable that, studying the variation in some metabolites in the 

culture medium can provide valuable information about the cellular metabolic activity. Glucose is 

widely accepted as the primary nutrient for maintenance and promotion of cell function, via glycolytic 

pathway, resulting in lactate accumulation (Newsholme et al. 2003), so the rates of consumption and 

formation of glucose and lactate, respectively, together with the glutamine consumption, can be used 

as indicative of the levels of metabolic activity of the cells. 

2.6 Environmental Stresses 

Several studies have been conducted in order to investigate the effect of environmental factors 

on the evolution of a variety of cancers (Coffey et al. 2001; Ziech et al. 2010; Gillies et al. 2012; Perera 

1997). At this point, it is fairly accepted that environmental conditions can have a preponderant 

influence in cancer appearance.  

Nowadays, traditional clinical diagnosis and further treatment focuses on the individual patient 

characteristics. Especially in the case of AML, no optimal chemotherapy treatment exists, as the 

evolution of the cancer as well as the chemotherapy (pharmaceutical) metabolism is highly dependent 

on patient characteristics such as age, weight, height, medical and family history as well as on a 

variety of unknown factors/parameters. 

Moreover, the absorption and metabolism of a chemotherapy drug can highly vary within the 

same patient, depending on the condition of the patient during chemotherapy. For example when the 

body temperature is higher than the normal (37°C), the liquid tumour will experience a temperature 

stress, thus altering on the one hand the leukaemia metabolism and on the other hand the 

chemotherapy absorption. It is important to note that this is a very likely scenario in the case of AML 

patients due to their altered immune system (Caras et al. 2004). 

Another important issue is the variability of parameters such as oxygen or glucose 

concentration among different body compartments. For example, the oxygen concentration in the 

bone marrow is much lower than in the peripheral blood (NHS 2013; National Cancer Institute 2012; 

Harrison et al. 2002), or the glucose blood concentration differs among organs (Vaupel 2004) as well 

as among patients (van de Poll-Franse et al. 2007) or even within the same patient, i.e., many patients 

suffer from hypoglycaemia or hyperglycaemia conditions. 

The alteration of these three environmental factors (temperature, glucose concentration, oxygen 

concentration) can be experienced as a severe environmental stress by the cancer cellular population 

affecting both the cancer growth/inactivation kinetics, the cell cycle and the efficiency of the 

chemotherapy drug. 

For the above reasons, several studies have been conducted in order to achieve a better 

understanding of the role of the microenvironment variations in cancer. In the current study, particular 

focus is given on the effect of starvation and oxidative stresses on the evolution, i.e., growth and cell 

cycle kinetics, of AML and CLL cell lines.  
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2.6.1 Oxidative and Starvation Stresses 

Oxidative stress is generally defined as an imbalance between the generation of reactive 

oxygen species (ROS) and impaired antioxidant defence systems (Zhou et al. 2010).  ROS consist of 

molecules with unpaired electrons such as superoxide (O2˙), hydrogen peroxide (H2O2), hydroxyl 

radical (OH-), nitric oxide (˙NO), peroxynitrite (ONOO-) and nitrogen dioxide radical (˙NO2) (Halliwell 

1991).  

The occurrence of chronic oxidative stress has been demonstrated in several studies of 

different types of cancer, including hematopoietic malignancies such as ALL, CML and AML (Sallmyr 

et al. 2008). The correlation between oxidative stress and malignancy is not well understood at this 

point. However, some studies indicated that tumour-derived ROS might induce cell survival (Clerkin et 

al. 2008), migration and metastasis (Nishikawa 2008), proliferation (Arnold et al. 2007) and drug-

resistance (Trachootham et al. 2009) in some types of cancer. These data suggest that oxidative 

stress may change the normal roles of ROS in order to benefit the malignant clone (Hole et al. 2011). 

In healthy conditions, ROS are usually involved in the defence against infectious agents, in the 

function of a number of cellular signalling pathways and in the induction of mitogenic responses (Valko 

et al. 2007). 

Benito et al. (2011) evaluated the role of hypoxia in the leukaemic microenvironment, with 

special focus on its relation with resistance to chemotherapy of leukaemic cells. To determine whether 

hypoxia influenced the sensitivity of leukaemic cells to chemotherapy, in vitro experiments were 

performed to compare the effects of standard chemotherapeutic agents at different oxygen levels 

(21% and 1%). In in vivo mouse models xenografted with human and murine leukaemic cells, it was 

shown that the BM becomes highly hypoxic in advanced stages of the leukaemia process. Their report 

indicates that the expansion of hypoxic areas is one of the essential characteristics of the leukaemic 

microenvironment. They suggested as a possible explanation that the accumulation of leukaemic 

blasts in the BM leads to increased oxygen consumption, lowering steady-state oxygen 

concentrations. Their work showed that, in vitro, 1% O2 levels conferred resistance against selective 

chemotherapeutic agents in the ALL cell lines tested.  

Fecteau et al. (2013)  showed that the maintenance of CLL cell cultures enhance cell survival 

when co-cultured with MSC in 5% O2 versus 21% O2, because of the increased MSC proliferation and 

production of pro-survival factors. Their results indicated that atmospheric O2 can induce MSC 

senescence, compromising their capacity of secretion of pro-survival factors, such as CXCL12.  

There is also evidence that reduced oxygen levels (1-3%) affects cellular metabolism and 

microenvironment (Denko 2008; Moreno-Sánchez et al. 2007). For example, under hypoxic 

conditions, glycolysis is enhanced via the increased activity of glucose transporters and glycolytic 

enzymes, ultimately inducing an increased lactate production and decreased pH levels. This 

represents a difference from the normoxic conditions where both the TCA cycle and glycolysis play 

essential roles in cellular energy provision (Liu et al. 2009).  
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Lodi et al. (2011) studied the effect of the anti-cancer drug indomethacin, in K-562 and KG1 cell 

lines, in order to understand the metabolic changes that result in the anti-leukemic activities of this 

drug, as well as the effects of the local microenvironment (normoxic vs hypoxic conditions) on the 

outcome of treatment. It was observed that the hypoxic environment causes a significant increase in 

the concentrations of branched amino acids (valine, leucine and isoleucine), lactate, alanine among 

others. In contraste, proline, citrate, glutamate, glutathione and aspartate are significantly decreased 

in this condition. However, despite the great alterations in the metabolome of myeloid cells grown 

under hypoxia when compared with the ones grown under normoxia, the TCA cycle is relatively 

preserved. This was confirmed by the concentrations of TCA cycle intermediates (apart from citrate) 

whose concentration remain unaltered. However, the TCA cycle becomes deregulated in the presence 

of indomethacin both in hypoxic and normoxic conditions. 

Zhou et al. (2010) correlated the levels of oxidative stress with the relapse of AML in 102 patient 

samples. This work was based in the knowledge that, in humans, the appropriate redox balance is 

maintained via the combined action of antioxidant enzymes, among which superoxide dismutase 

(SOD), glutathione (GSH), peroxidase (GSH-Px) and monoamine oxidase (MAO) are particularly 

important. Additionally, Malondi-aldehyde (MDA) is one of the most popular markers of lipid 

peroxidation and TRX is a thiol redutase that functions as an antiapoptosis or cell death factor by 

inhibiting apoptosis signal-regulating kinase-1, which is a critical factor in stress-induced cell death, as 

well as, by neutralizing ROS. The enzyme indoleamine 2,3-dioxygenase (IDO) is one of the numerous 

mediators contributing to tumours not being affected by the applicable immune response of the host. 

IDO converts tryptophan into kynurenine, blocking T-cell activation and inducing immunosuppression. 

In this study, the oxidative stress-related parameters (total antioxidant capacity, SOD, GSH-Px, 

adenosine deaminase, xantine oxidase and MAO activities and MDA levels) and the expression of the 

genes that code for IDO and TRX were monitored, in the 102 patients’ blood samples. An increased 

activity of adenosine deaminase and xanthine oxidase was observed in the relapse condition; whereas 

the total antioxidant capacity and the activities of GSH-Px, MAO and SOD were lower than in the 

primary and control conditions. These results suggested a strong association between oxidative stress 

and the incidence of disease relapse, as shown by the decrease in antioxidant activity and, therefore, 

indicating that this type of stress is a very important feature of the disease. An up-regulation of TRX 

and IDO expressions was also observed. These factors are strongly associated with aggressive 

tumour growth and were significantly correlated with a shorter relapse interval.  

Wilkinson et al. (2012) stated that chronic oxidative stress may contribute to increased 

resistance of lymphoma patients to chemotherapeutic treatments. It was shown that cells with 

increased resistance to oxidative stress also have increased resistance to chemotheraphy-induced 

apoptosis. This is due to specific alterations of the mitochondria that finally lead to an increased 

resistance to apoptosis. Like many chemotherapeutic agents, oxidants can work through the 

mitochondrial pathway and enhance apoptosis. In this pathway, apoptotic signals lead to 

permeabilization of the outer mitochondrial membrane and release of cytochrome c and other 

apoptotic factors into the cytosol, with the subsequent degradation of key cellular components. It was 
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shown that in oxidative stress-resistant cells, the cytochrome c release was inhibited duo to altered 

outer membrane permeability, leading to increased resistance to apoptosis. 

As mentioned before (see section 2.5), glycolysis and TCA cycle are two fundamental 

processes in energy production of the cell and they can be distinguished by the rate of the glucose 

consumed by the cells. In glycolysis, the glucose is converted to pyruvate, which is then converted to 

lactate as an end product. While in the TCA cycle, the pyruvate produced in the glycolysis enters this 

cycle in the form of coenzyme-A. To assess the metabolic state of a cell culture is common to 

measure the glucose consumption and the lactate production, since the higher the amount of lactate, 

the more likely the metabolic state to be anaerobic (Bubulya 2012; Bronk 1999). From 1930 up to 

date, an increase in glycolysis pathway has been observed in almost all types of cancer, even under 

normoxia, and this phenomenon is known as Warburg effect (Warburg 1956). However, the molecular 

insights of this shift are still not clear. Some studies suggest that this change may be caused by 

altered intermediates during glycolysis and TCA cycle. Blockade of the TCA cycle by hypoxia, 

uncoupling of oxidative phosphorylation, and genetic inactivation of key enzymes such as succinate 

dehydrogenase should enhance cellular reliance upon glycolysis and select for cells demonstrating 

activation of this pathway. Several studies have been suggesting the existence of an impaired TCA 

cycle and blocked oxidative phosphorylation in cancer cells (Xu et al. 2005; Selak et al. 2005; Pugh & 

Ratcliffe 2003). These are supported by several evidences indicating the overexpression of glycolytic 

enzymes and glucose transporters in rodent and human models of different types of cancer, such as, 

breast cancer (MCF-7 and T47D), brain (A-172 and H4) tumours, as well as, leukaemias (Jurkat, 

HL60, U937 and U1) (Medina et al. 2002; Wood et al. 2003). Additionally, there are also reports of 

abnormal expression of electron transport-associated proteins in L1210 mouse leukaemia and in HeLa 

and kidney carcinomas (Moreno-Sánchez et al. 2007). Another studies also indicate the hypoxia-

induced factor (HIF) as a potential control element, since HIF plays an essential role in sustaining 

glycolytic metabolism by activating several key substrates and enzymes in the glycolytic pathway (Liu 

et al. 2009). 

Herst et al. (2011) assessed the glycolytic metabolism of myeloblast from 26 BM aspirates of 

newly diagnosed and relapsed AML patients and correlated it with the blast resistance to apoptosis 

induced by the chemotherapeutic agents ATRA (All-Trans Retinoic Acid) and ATO (Arsenic Trioxide), 

in vivo. It was concluded that highly glycolytic blasts were significantly more resistant to combined 

ATRA and ATO treatment compared with moderately glycolytic blasts. However, highly glycolytic 

metabolism was associated with improved patient prognosis. Seven out of eight patients with highly 

glycolytic AML treated with remission induction therapy achieved complete remission while, in 

opposite, just five out of fourteen patients with moderately glycolytic AML achieved complete 

remission with the same therapy. Highly glycolytic cells have a limited energy reserve, which is 

sensitive to starvation stress. It was suggested that this type of blasts can be sensitized to 

chemotherapy-induced apoptosis as a result of their localization in the hypoxic and nutrient-poor BM 

microenvironment, leading to the conclusion that starvation stress makes glycolytic leukaemic blasts 

more sensitive to drug treatments.  
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Giuntoli et al. (2011) studied the correlation between glucose availability in the environment and 

growth of CML cells in hypoxic conditions. It was shown that glucose shortage, in hypoxia, emerged 

as the crucial environmental condition for the selection of cells exhibiting stem cell properties and 

complete refractoriness to imatinib-mesylate. Imatinib-mesylate is a tyrosine kinase inhibitor 

commonly used in several cancer treatments, including CML treatments. Glucose availability turned 

out to be the crucial condition to growth because culture expansion in hypoxia was possible until 

glucose was no longer available in culture medium. 

Deorosan et al. (2011) evaluated the effect of the glucose level on the metabolic state of MSCs 

cultivated in vitro in a collagen-based 3-dimensional, i.e. 3D gel, matrix and compared it with the 2D 

system. They showed that the initial glucose level highly affects the metabolic state of the cells, 

throughout 6 days of culture. In particular, they characterized the metabolic state of the MSCs via the 

change in lactate and pyruvate levels. It was shown that in the 2D culture, starting with higher glucose 

levels, the production of lactate was increased, indicating that the cellular metabolic state was 

anaerobic, compared to lower initial levels of glucose, for which the ratio lactate-to-pyruvate was 

lower. In the 3D system, no systematic trend of the lactate-to-pyruvate ratio was observed, although it 

became clear that glucose level conditions the cellular viability (with higher glucose level, the viability 

is higher). Generally, they also observed that the lactate-to-pyruvate ratios were much lower in 3D 

cultures than for the 2D cultures, indicating that 3D cultures were less anaerobic. 

2.6.2 Stress response mechanisms 

In response to stress stimuli, the cell activates specific cellular pathways that are essential for 

the adaptation to adverse conditions or, in alternative, the cell triggers cell suicide mechanisms, such 

as apoptosis, in order to eliminate damaged or potentially dangerous cells (mainly due to genomic 

instability that can lead to a malignant phenotypes). Apoptosis is a mechanism of programmed cell 

death that involves the activation of proteases and nucleases within an intact plasma membrane. The 

characteristic hallmarks of apoptosis include chromatin condensation, chromosomal DNA 

fragmentation, cell-surface blebbing and detachment, cell shrinkage and cellular decomposition into 

membrane-bound apoptotic bodies that are substrates for phagocytosis (Pollard et al. 2004; Lodish et 

al. 2000). 

Metabolic stress, the so-called starvation, occurs in absence of sufficient amounts of crucial 

nutrients. When the cells undergo metabolic stress, there is a higher demand for energy production. 

This type of stress activates autophagy that is a mechanism whose function is to maintain the cellular 

metabolism by recycling of cellular components when the availability of external nutrient sources is 

limited and/or restricted. In the macro-autophagy process (hereafter referred as autophagy), 

membrane vesicles (autophagosomes) form and engulf proteins, protein aggregates and organelles, 

delivering them to lysosomes, where they are degraded (White et al. 2009) (Figure 2.7). 

Macroautophagy is distinguished from several autophagy subtypes, such as, microautophagy, which 

involves the direct assimilation of cargo (mainly cytosolic proteins) into lysosomes by invagination of 
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the membrane without the formation of autophagosomes, and chaperone-mediated autophagy, where 

molecular chaperones facilitate the transfer of proteins to the lysosomes (Choi et al. 2013). 

 

Figure 2.7 – Phases of the autophagic pathway. Choi et al. (2013). 

Stress resulting from oxidative damage (for example, due to aging or hypoxic conditions) can 

also result in proteins and organelles damage that require autophagic elimination. 

In cancer cells, autophagy plays a similar role as in normal cells. However, as cancer cells 

usually experience higher levels of stress than normal cells (due to the high levels of ROS produced), 

their dependence on the autophagic mechanism may be more substantial. Some studies suggest that 

autophagy is a survival pathway utilized to sustain viability during periods of nutrient limitation in 

tumour cells. This statement is based on in vitro work with apoptosis-defective tumour cells done by 

Degenhardt et al. (2006), where a substantial impairment of cell survival in metabolic stress conditions 

was observed, when autophagy is purposely inhibited (by knocking down the essential autophagy 

gene beclin1). Paradoxically in other studies, defects in autophagy are also associated with increased 

tumourigenesis (Liang et al. 1999). Studies in mutant mice with targeted inactivation of essential 

autophagy genes have demonstrated that defects in this mechanism result in accumulation of 

ubiquitinated proteins that promote cellular degeneration. Pointing in the same direction, there is clear 

evidence of the role of autophagy in elimination of damaged or malfunctioning organelles which is 

critical to maintaining the cell homeostasis. 

To solve this duality, Jin et al. (2007) proposed that autophagy has a triple function in cancer 

cells: maintenance of homeostasis, protein and organelle quality control and limiting necrosis and 

inflammation.  

Under stress conditions, the rate of production of damaged proteins and organelles may be high 

and the failure of the elimination of these dysfunctional cell constituents by autophagy leads either 

directly or indirectly to genome damage that promotes tumourigenesis. It is known that autophagy 

facilitates the adaptation to metabolic stress in normal and Cancer Stem Cells (CSCs). The inability to 

adapt to stress conditions can result in insufficient ATP generation leading to genome damage. In 

tumour cells where both apoptosis and autophagy quality control mechanisms are disabled, the 

tumourigenic process can be highly exacerbated due to lack of control of genetic instability caused by 

metabolic stress. However, the failure of energy homeostasis and cellular and intracellular quality 

control confers cells susceptibility to metabolic stress. Unable to undergo apoptosis, cells under 

metabolic stress are forced to activate necrosis. Necrosis is a process of unprogrammed cell death 
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that results from irreversible injury of the cell. Cell membranes swell and become permeable, lytic 

enzymes destroy the cellular contents, which leak out (Pollard et al. 2004; Lodish et al. 2000). This is 

a way to activate alternative death pathways in apoptotic-defective cells that can be exploited 

therapeutically (Figure 2.8).  

 

Figure 2.8 – Model of the role of apoptosis and autophagy in tumour progression (Jin et al. 2007). 

2.7 Hematopoietic cell culture systems 

2.7.1 2D systems 

In the past years, several types of culture systems that support leukaemic cell growth have 

been developed. These cells are traditionally cultured in two-dimensional (2D) systems, usually  in 

tissue culture flasks or plates (see as example Dexter et al. (1977)). These systems have been crucial 

for the elucidation of the molecular determinants of leukaemogenesis, however, the study of the 

cellular and microenvironmental elements that enhance leukaemia growth and protect the LSCs from 

chemotherapy is not possible. This problem arises from two principal limitations of the 2D systems:  

1. They are not able to support long-term primary leukemic cell growth without 

exogenous growth factors or stromal feeder layers (the presence of which create an 

artefact in the laboratory cultures). For example, the use of cytokines for proliferation 

and maturation of hematopoietic progenitor cells are associated with the exit from G0 

quiescence and entrance into active cell cycling (Tanaka et al. 1995; Banu et al. 

2001). This occurrence makes cells more receptive to treatments that affect 

proliferative cells, such as chemotherapeutic drugs, leading to inaccurate conclusions 

about the efficacy of this type of drugs. 
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2. They cannot successfully provide the structure of the native hematopoietic 

microenvironment for leukaemic cells, especially the 3D niches that protect the LSCs. 

2.7.2 3D systems 

In order to develop a better understanding of leukaemia mechanisms and find possible 

treatments, it is necessary to have experimental platforms in which primary patient samples as well as 

human cell lines can be cultured and express similar growth patterns to the ones in vivo. The 

development of an ex vivo 3D mimicry of human hematopoietic microenvironment for leukaemia 

studies appeared to be the perfect solution to overcome these challenges (Mortera-Blanco et al. 

2010). This system provides a platform to culture hematopoietic cells similar to the in vivo 

hematopoietic microenvironment without the need of expensive animal facilities and expertise, 

avoiding, at the same time, the problems raised by the genomic and metabolic differences between 

human and animal cells (see also section 2.7.4 and Kim et al. 2004). 

3D scaffolds have to be fabricated with specific properties in order to mimic the human 

hematopoietic microenvironment. Some examples of characteristics that should be considered are the 

pore size and surface area to volume ratio through the presence of a network of channels and 

interconnected pores which will make the penetration by cells possible as well as the formation of 

cellular associations (Mortera-Blanco 2008). Moreover, polymeric scaffolds have to be biocompatible 

and should provide biorecognition signals that enhance cellular growth and tissue formation through, 

probably, hybridisation with Extracellular Cell Matrix (ECM) proteins (Mortera-Blanco et al. 2010).  

In the past few years, several methods have been reported to culture hematopoietic cells in 3D 

systems. Tu et al. (2003) developed a culture system employing packed, highly 

porous bovine collagen microspheres as the matrix support for bone marrow cell growth. A 3D 

tantalum-coated porous biomaterial (TCPB) with topographical properties similar to the bone marrow 

microenvironment was also developed (Rosenzweig et al. 1997). Banu et al. (2001) developed a 3D, 

porous, tissue biomatrix termed Cellfoam capable of sustain in vitro expansion of haematopoietic 

progenitor cells with no cytokines or low concentrations of early-acting cytokines (such as SCF and 

Flk-2/Flt-3 ligand). This biomatrix is composed of a solid tantalum metal that is vaporized and 

precipitated as a thin layer onto a carbon lattice and coated with fibronectin. 

A more complete but non-exhaustive list of 3D culture systems can be found in Table 2.3. 

Despite all the advantages clearly inherent to 3D cultures in scaffolds, there are also several 

drawbacks in terms of design and fabrication of the scaffolds. The definition, reproducibility and 

standardization of the scaffold structure, and the subsequent scale-up, monitoring, and sampling of 

the cultures are issues that need to be considered for a more broad range of applications of such 

systems, as well as, for the use of these systems in clinical applications (Panoskaltsis et al. 2005).   

  

http://europepmc.org/abstract/MED/7995368/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=27592&lvl=0
http://europepmc.org/abstract/MED/7995368/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0005581
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Table 2.3 – Summary of 3D culture systems used for hematopoetic cell culture. Adapted from Nicki 
Panoskaltsis et al. (2005). 

Culture system Scaffold material Scaffold properties 

Pa
ck

ed
-b

ed
 re

ac
to

r 

Murine BM and human 

BM MNCs 

Porous cellulose microspheres 

(Mantalaris et al. 1998; 

Mantalaris et al. 2004) 

Surface treatment not reported 

Porosity: 95% 

Pore size: 300µm 

Murine BM and human 

CD34+ cells in co-culture 

with the murine S1/S1 

stromal cell line 

Macroporous collagen carriers 

(Jelinek et al. 2002) 

Surface treatment not reported 

Porosity:85% 

Pore size:100-200µm or 50 µm 

St
irr

ed
 fl

as
k 

Human BM stroma and 

MNCs 

Porous gelatine microspheres 

(CultiSphere G) (Xiong et al. 

2002) 

Surface treatment not reported 

Porosity: not reported 

Pore size: 5-15µm 

St
at

ic
 c

ul
tu

re
 

Murine BM cells 
Porous polyvinyl formal (PVF) 

(Tun et al. 2002) 

Surface treatment: collagen 

type I 

Porosity: 90% 

Pore size: 130µm 

Human CB MNCs and 

CD34+ cells 

Nonwoven polyethylene 

terephthalate (PET) fabric (Li et 

al. 2001) 

Surface treatment: hydrolysis 

step to improve adhesion 

Porosity: 85% 

Pore size: 10-60µm 

Human BM CD34+ cells 

Porous biomatrix (Cellfoam) or 

Tantalum coated porous 

biomaterial (TCPB) (Bagley et al. 

1999; Banu et al. 2001; 

Rosenzweig et al. 1997) 

Surface treatment: tantalum 

and fibronectin or collagen 

Porosity: 90% 

Pore size: 300µm 

Human BM MNCs 
Nylon filtration screen 

(Naughtonb et al. 1955) 

Surface treatment: collagen 

Porosity: not reported 

Pore size: 210µm 

 

Murine BM stroma and 

MNCs 

Polyester nonwoven fabric 

porous disc carriers (Fibra-cel) 

(Sasaki et al. 2003) 

Surface treatment: positively 

charged, plasma electric 

discharge 

Disc diameter/thickness: 6mm; 

0.7mm 

Surface area: 0.12m2g-1; 

6.5cm2/disc 

 

  



 
 

23 
 

Table 2.3 – Summary of 3D culture systems used for hematopoetic cell culture. Adapted from Nicki 
Panoskaltsis et al. (2005). (Continuation) 

Culture system Scaffold material Scaffold properties 

St
at

ic
 c

ul
tu

re
 

Human CB MNCs and 

AML cell lines 

Porous polyurethane scaffolds 

(Mortera-Blanco et al. 2010; 

Mortera-Blanco et al. 2011)  

Surface treatment: collagen 

type I 

Porosity: 85,6% 

Pore size: 100-250μm 

HSCs and HPCs in 

co-culture with MSCs 

from BM or UC 

Collagen gel (Leisten et al. 

2012; Schneider et al. 2010) 

Surface treatment: not 

reported 

Porosity: non-porous  

 

2.7.3 BSEL 3D biomimicry system  

With the aim to develop a system able to accurately resemble the BM microenvironment and 

support ex vivo studies of AML in its native 3D niche, the Biological Systems Engineering Laboratory, 

leaded by Professor Athanasios Mantalaris, dedicated a team to fabricate and optimise a suitable 

biomimetic scaffolding system for culturing leukaemic cells ex vivo.  

After testing six, FDA-approved, biodegradable and non-biodegradable materials, i.e., L-lactic-

co-glycolitic acid, polyurethane, poly (methyl-methacrylate), poly(D,L-lactate), poly (caprolactone) and 

polystyrene, it was concluded that a highly porous scaffold made of polyurethane would be the best 

choice for the majority of the leukaemia subtype-specific cell lines (Mortera-Blanco et al. 2010). These 

scaffolds generate a foam-like material with pores sizes ranging from 100 to 250 μm and a porosity of 

approximately 90% (Safinia et al. 2005). To overcome the challenge of the hydrophobic surfaces and 

to provide bio-recognition signals on the surface of support matrices, the scaffolds were coated with 

62.5μg/mL collagen type I, an Extracellular Cell Matrix (ECM) protein (Mortera-Blanco et al. 2010). 

The motivation behind this step is to achieve a BM-like structure without co-culture and its 

complexities. The collagen is responsible for a strong mechanical contact between the scaffold 

material and the cells.     

These scaffolds are produced using a thermally-induced phase separation system (TIPS) using 

1,4-dioxane as the solvent. This technique is based on changes in the thermal energy to induce the 

de-mixing of a homogeneous polymer solution into a multi-phase system domain in which, in this 

case, one phase is solid and the other phase is volatile. The vapour phase is removed and sublimated 

afterwards, and it is, therefore, removed from the polymeric phase. This process makes possible to 

obtain a network of interconnected channels inside the polymeric phase (Wislet-Gendebien 2011). 

This system was shown to be able of sustaining leukemic cell lines growth without the addition 

of exogenous cytokines (Mortera-Blanco et al. 2010). The possible support of cord blood mononuclear 

cells in the developed 3D system was also tested. Experimental work confirmed that these cells can 

also be expanded without exogenous cytokines for over four weeks (Mortera-Blanco et al. 2011). 
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2.7.4 Animal models 

Animal models have also been used as a better alternative to 2D systems. These models have 

the advantage of providing an in vivo system that reproduces the complexity of the human body. 

Moreover, they do not express the behaviour of an isolated cell but the response of the organism as a 

whole to the conditions and stimuli under study. This can be very valuable for testing the response of 

the organism to a new drug, allowing for the prediction of undesired effects (Dick et al. 1991). 

However, they are not able to completely replicate the human microenvironment and require extensive 

animal facilities and expertise for use (Mortera-Blanco et al. 2010). Besides that, the use of animals in 

scientific research is always associated with ethical issues and should be avoided if possible. 
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Chapter 3 – Materials and Methods 

3.1 Scaffolds Production 

3.1.1 Foams preparation 

In order to fabricate highly porous foams with desired mechanical properties such as pore size, 

shape and distribution, the thermally-induced phase separation (TIPS) of a polyurethane (PU) 

solution, 5% weight in 1,4-dioxane (99.8% pure, Sigma-Aldrich, Dorset, UK) was used with 

subsequent solvent sublimation via freezing drying. The PU solution was transferred to a lyophilisation 

flask, cooled to -86°C and kept at that temperature for, at least, 3 hours. Afterwards, the solvent was 

removed by freeze-drying for 48h, at -15°C, in a cryostat bath (Safinia et al. 2005). The resulting 

scaffolds had a spongy texture and were previously characterized as having pore sizes from 100 to 

250 μm and a porosity of roughly 90% (Safinia et al. 2006) (Figure 3.1). In order to achieve the 

minimum variability possible in the culture conditions the scaffolds were cut into cubes of a standard 

5x5x5 mm3 by freezing them in liquid nitrogen and quickly slicing the desired pieces with razor blades, 

discarding the outside edges of the disc. 

 

Figure 3.1 – Foam production process and TIPS apparatus. 

3.1.2 Collagen coating 

The first step of the scaffolds coating process was dipping the cubes in 30 mL of ethanol at 70% 

for 1 min followed by rinsing them in phosphate buffered saline (PBS) for 10 min to remove most of 

the ethanol. This step is necessary due the high hydrophobicity of the polyurethane that requires a 

previous wetting of its structure. After that, they were centrifuged for 10 min at 2500 rpm. Meanwhile, a 

calf skin-derived collagen type I (Sigma-Aldrich, Gillingham, UK) solution, with a concentration of 

62.5 µg/mL, was prepared in acetic acid 0,1 M (Fisher Scientific, UK). This solution was obtained by 

diluting a concentrated stock solution in deionised water from a NANOpure (Barnstead, Duque, IA, 

conductivity 1.83 MΩ/cm). Once centrifugation cycle was finished, the scaffolds were transferred into a 

new centrifuge tube with 30 mL of the collagen type I solution previously prepared and centrifuged for 

20 min at 2000 rpm. Then, the scaffolds were transferred to a new tube with 30mL of PBS and 

centrifuged for 10 min at 1500rpm, clearing the pores of the surface from obstructions that could 
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hinder a deep penetration of the cell into the structure (Mortera-Blanco et al. 2010). The cubes were 

subsequently distributed into individual wells in 24 well plates under sterile conditions for subsequent 

sterilization. 

3.1.3 Scaffolds sterilization 

In a first step, the cubes were sterilized by dipping each one of them in 2 mL of ethanol 70% for 

3h. After that, they were washed twice by adding 2 mL of sterilized PBS to each well and leaving it 

emerged for 15 min. The complete sterilization was then achieved by UV light exposure (230 V, 50 Hz, 

0.14 A, Kendro Laboratory Products UK) for 8 min. Finally, 2 mL of PBS were added to each well and 

the plates were stored inside the incubator. 

Later on the wells were filled with 10% Fetal Bovine Serum-containing (FBS heat inactivated; 

GIBCO Invitrogen, Paisley, UK) Dulbecco’s Modified Eagle Medium (DMEN; Invitrogen Ltd, UK) 

supplemented with 1% Penicillin and Streptomycin (Pen/Strep; Gibco, Invitrogen Ltd) and 0.6 g/L of 

glucose. The plates were incubated for 24h in a humidified environment at 37°C and 5% CO2 to 

assure a successful sterilization. If the media looks clear and nothing has grown during the incubation 

time the scaffolds were deemed safe to use in the subsequent cell culture. 

3.2 Cell culture 

Two well-characterised human leukaemic cell lines were used in this work: K-562 (human 

erythromyeloblastoid leukaemia cell line ATCC®, UK; CCL-243TM), originally derived from a patient 

with blast crisis of chronic myeloid leukaemia, and MEC-1 (human chronic B leukaemia cell line ACC 

497, Italy), initially isolated from the peripheral blood of a patient diagnosed with B-chronic lymphocytic 

leukaemia (B-CLL). These particular cell lines were choose to represent the two types of leukaemia 

(myeloid and lymphocytic) lineages, as well as, the acute and chronic types of this disease. Despite of 

both cell lines were initially isolated from chronic patients, the K-562 cell line underwent 

transformations that lead to its universal acceptation as acute cell line.  

Both cell lines were expanded in Iscove's Modified Dulbecco's Medium (IMDM; Invitrogen Ltd, 

UK) supplemented with 10% of FBS and 1% Pen/Strep to achieve the desired number of cells to start 

the experiments in an incubator at 37°C and 5% CO2. 
During the experiment, the cells were cultivated in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% of FBS, 1% Pen/Strep and glucose. The glucose was, afterwards, added 

depending on the desired conditions: 4.30g/L (control), 1.30g/L (high glucose) and 0.6g/L (low 

glucose). During the experiment, it was used a hypoxic incubator which was set to 5% O2, 5% CO2, 

90% N2, at 37°C and with a humidified environment. 

The coated and sterile scaffolds were placed in 24-well tissue culture plaques and seeded with 

0.6 million of cells ressuspended in 100μL of the respective medium. After the seeding, the scaffolds 

are placed in the incubator for 15 min and then, filled with 1.5mL of the respective medium.  
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The cells were cultured in the referred conditions for 13 days and, every day, samples for cell 

analysis were taken (viability, cell proliferation, DNA quantification and flow cytometry). 

3.3 Cell extraction 

Since the cells were cultured inside the scaffold it was necessary to extract them for further 

processing and analysis. The process of cell extraction consists of removing the cube from its 

corresponding well with sterile tweezers and setting them in a sterile 6-well plate. There, the cells were 

aspirated with a syringe in order to remove all the media containing the cells. When the cube looked 

completely dried, it was discarded and the cells placed in the centrifuge tube, waiting for further 

treatment. 

3.4 Bioprocessing analysis 

3.4.1 Cell viability 

After extraction, the cells were counted using the haemocytometer (improved Neubauer 

haemocytometer; Marienfeld Superior, Lauda-Königshofen, Germany). To do that, a 20 μL sample of 

extracted cells were taken and stained with Erythrosin B (ATCC®, Manassas, VA) using the 

appropriated dilution and 10 μL of this solution was used to fill both chambers of the haemocytometer, 

making sure there were no air bubbles. Under light microscope (Leica DM microscope, Milton Keynes, 

UK) the number of viable (unstained) and non-viable (stained red) cells was counted in five 4x4 

squares (or 0.1 cm2 area). The total number the cells was extrapolated directly from Equation 1 and 

the viability calculated according to Equation 2.  

𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑜. 𝑜𝑓 𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 0.1 𝑐𝑚2 𝑎𝑟𝑒𝑎 × 104 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 Equation 1 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 × 100 
Equation 2 

 

3.4.2 Cell proliferation (MTS) 

Cell proliferation is commonly quantified through a MTS assay. This is a colorimetric assay that 

measures the reduction of the tetrazolium compound by the cells into a purple coloured formazan 

product that is soluble in tissue culture media (Figure 3.2). The amount of formazan produced, 

quantified through its absorbance value, is directly proportional to the number of living cells in culture 

(Promega Corporation 2012).  
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Figure 3.2 – Structure of the MTS tretazolium and its formazan product (Promega Corporation 2012). 

The quantity of metabolically active cells on the scaffolds were directly determined (without 

extracting the cells from the scaffolds) using the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium, inner salt (MTS, Promega, CellTiter96R 

AQueous One Solution Cell Proliferation Assay).  

The seeded scaffolds cultured were transferred to a new 24-well tissue culture plate, where 

200μL of MTS solution were added to each well. After that, each well was filled with 1 mL of the 

appropriated culture medium and incubated for 3h at the same conditions of the experiment. The 

absorbance of the coloured product was recorded at 490 nm using a 96-well plate reader (Elx 808, 

Ultra Microplate Reader, Bio-TEK Instruments, Inc., Bath, UK). 

3.4.3 DNA quantification 

Another way to indirectly evaluate the increase in cell number is to measure the total DNA 

content. This method is performed using an ultra-sensitive fluorescent nucleic acid stain to quantify 

double-stranded DNA (dsDNA) in solution (Anon 2008). 

The total DNA content of the cells was measured using Quant-iT PicoGreen dsDNA Reagent Kit 

(Invitrogen, UK). The scaffolds were removed from the culture medium an placed in an eppendorf 

tube, in which was added 1mL of  proteinase-K (Sigma-Aldrich), 50 μg/mL, in 100 mM dibasic 

potassium phosphate solution, pH 8,0 (K2HPO4; Sigma-Aldrich)  and incubated overnight at 37°C. 

Proteinase-K was then inactivated at 90°C for 10 minutes and cooled down to the ambient 

temperature. Before further processing the tubes are stored at -80°C. 

To further analysis, the samples were defrosted and diluted 200-fold with TE buffer (10 mM 

Tris-HCl, 1 mM EDTA, pH 7.5; Invitrogen). 0.5 mL of Quant-it PicoGreen reagent was added to 0.5 mL 

of diluted sample and incubated for 2-5min. The samples were read using a spectrofluorometer 

(Fluoromax-4, Horiba Scientific) with the excitation wavelength set at 480 nm and the emission 

wavelength at 520 nm. 

The amount of total DNA produced from the cultured cells was enumerated as an absorbance 

value in order to calibrate the number of cells per sample based on a DNA content curve. 
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3.4.4 Cell cycle analysis (flow cytometry) 

Flow cytometry is another broadly used technique to study the cell cycle. This analysis can be 

either univariate, generally based on measurement of cellular DNA content, or multivariate when in 

addition to DNA content another cell attribute is measured. The additional attribute is usually a 

metabolic or molecular feature that correlates with a rate of cell progression through the cycle or is a 

marker of the cell proliferative potential or quiescence. Cyclins are frequently used for this purpose 

since their expression is variable throughout the cell cycle (Figure 2.5).  A single time-point 

measurement reveals the percentage of cells in G1 vs. S vs. G2/M, making possible the estimative of 

the duration of each phase from the percentage of cells in this phase (if the duration of the cell cycle is 

known) (Pozarowski & Darzynkiewicz 2004). In Figure 3.3, it is shown an example of a typical DNA 

content histogram obtained from cells stained with propidium iodide (PI). In A, the control histogram is 

presented while in B it is shown a typical histogram of cultures treated with drugs that induce 

apoptosis. PI binds to DNA by intercalating between the bases with little or no sequence preference 

and with a stoichiometry of one dye per 4–5 base pairs of DNA (Moore et al. 1998). 

 

Figure 3.3 – Standard DNA content frequency histograms representing cells from the untreated cultures 
(A) and from cultures treated with drugs that affect the cell cycle distribution and induce apoptosis 
(Pozarowski & Darzynkiewicz 2004). 

In order to be analysed by flow cytometry, the extracted cells were diluted in 500μL of PBS and 

fixed with 4.5 mL of ethanol 70% at -20°C overnight. After that, the ethanol-suspended cells were 

centrifuged for 3 min at 300g and the pellet ressuspended in 3mL of PBS. About 5 min after the 

ressuspension, the cells were centrifuged for 5 min at 200g. Meanwhile, a propidium iodide (PI) 

solution was prepared adding 10 μg/mL of PI (Sigma-Aldrich) 0.1% (v/v) Triton X-100 (Sigma-Aldrich) 

and 100μg/mL DNase-free RNase A (Ribonublease A from bovine pancreas, Sigma-Aldrich) in PBS. 

This time, the pellet was ressuspended in 500μL of the PI solution previously prepared and kept in the 

dark, under agitation, at room temperature for at least 45min.  

After the incubation time, the samples were transferred to the flow cytometer (BD Fortessa 

Analyser) and the cell florescence measured. The maximum excitation of PI bound to DNA is at 

536nm and emission is at 617nm. 
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3.4.5 Metabolic analysis (bioprofiler) 

Samples of the exhausted media were taken in the feeding days and stored at -20°C. 

Afterwards, the samples were defrosted and analysed with the Bioprofile 400 (Nova Biomedical). The 

values of glucose, lactate, glutamine, glutamate, NH4+, Na+ and K+ in each sample were registered. 

3.4.6 Morphology (Scanning Electron Microscopy) 

The cells cultured on the scaffold were also examined by Scanning Electron Microscopy (SEM) 

at day 9. After removing the scaffolds with cells from the media, they were dehydrated in graded 

series of ethanol solutions (25%, 30%, 50%, 80%, 90%, 95%), each for 5 min, and left to dry overnight 

in an aseptic environment. 

 The scaffolds were sectioned in the middles in order to obtain a flat surface in the interior 

region and coated with gold for 2 min in an argon atmosphere at 25mA. Using an acceleration voltage 

of 15 kV the images were captured by the microscope (JEOL JSM-5610LV, JEOL Ltd., Welwyn 

Garden City, U.K.) and saved for posterior analysis. 

3.5 Statistical analysis 

The experiments evaluating the two cell line cultures where performed in duplicate (n=2 

replicates per experiment) in two different occasions (N=2 separated experiments). Statistical 

significance of the results was evaluated using SigmaState v3.5 (Dundas Software LTD, Germany) 

using two-way analysis of variance (Two Way ANOVA) with a level of significance p<0,05. 
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Chapter 4 - Results 

4.1 Cell growth kinetics 

The viability of the extracted cells was measured approximately on a daily basis over the culture 

time for each condition and the viability of the cells in the supernatant of the control condition was 

measured three times per week. The cell counts and viability values of the extracted cells can be 

found in Figure 4.1 for K-562 and in Figure 4.2 for MEC-1. The viability of the cells in the supernatant 

was variable between 54% and 93% for the K-562 cell line and between 40% and 75% for MEC-1. No 

correlation was found between the viability and the time point of the experiment. 

The viability of both the cell lines seems to decrease over time in the beginning of the 

experiment (until day 3 for K-562 and until day 4 for MEC-1). After this period, the viability values, as 

an overall, do not express any detectable tendency.  

Generally, the viability was always higher in the supernatant than in the extracted cells for K-

562, while, for MEC-1 this tendency was not clear.  

For both cell lines, the number of cells does not show the expected exponential increase over 

time. However, for K-562, comparing day 0 with day 13, an increase in the cell number is observed. 

For MEC-1, it is also possible to observe an increase in cell number, comparing day 0 with day 11. On 

day 13, there was an unexpected severe reduction in cell number in both high and low glucose 

conditions.  

In both cases, the number of cells extracted at day 0 is highly inferior to the number of cells 

seeded (approximately 21% for K-562 and 36% for MEC-1). 
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Figure 4.1 – Cell counts (A) and viability (B) of K-562 over the time of the experiment. 

 

 

Figure 4.2 – Cell counts (A) and viability (B) for MEC-1 over the time of the experiment. 
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Cellular proliferation in the scaffolds was evaluated approximately daily over the culture time for 

each condition using the MTS assay, which measures the absorbance correspondent to the number of 

metabolically active cells (see also section 3.4.2). The absorbance measurements over time are 

shown in Figure 4.3 for both cell lines. 

For the K-562 cell line, it was observed that from day 2 to day 13, the control condition shows 

significantly higher absorbance values than the others (p<0.05) and, from day 4 to day 13, the low 

glucose condition is the one with the smallest absorbance values.  At days 1 and 2 both high and low 

glucose conditions are significantly distinct from the control, but not from each other. It is also possible 

to notice a pronounced reduction in proliferation in days 2 and 3, in both high and low glucose 

conditions (around 50%). 

For the MEC-1 cell line, it was observed that the absorbance values in the control condition are 

significantly higher than the others, from day 4 to day 13. After day 7, it is also verified that the 

proliferation values of the low glucose condition are significantly lower than the other conditions. At 

day 4, it is possible to notice a severe reduction in proliferation, in all conditions. This reduction has 

particular relevance for the low and high glucose conditions (around 50% and 20%, respectively). At 

the beginning of the experiment (days 1 and 2) the values of absorbance were statistically indifferent 

in all cases. 

In both cell lines, after day 7, the proliferation seems to be constant, except for low glucose in 

the MEC-1 cell line in which some variability is observed. 

Generally, the K-562 cell line exhibited higher values of absorbance than the MEC-1, for the 

same condition and time point. 
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Figure 4.3 – Cell proliferation (MTS assay) of the K-562 (A) and MEC-1 (B) cell lines over 13 days. The 
columns show the growth of the cells over time when fed with three different glucose concentrations: 
4.30 g/L (Control Glucose), 1.30 g/L (High Glucose) and 0.6g/L (Low Glucose). The results are plotted after 
normalisation with control scaffolds (scaffolds without cells at the same time point of culture). *p=0.05, 
compared within culture day. 

The DNA was quantified using PicoGreen fluorescent dye that undergoes a huge fluorescence 

enhancement upon binding to double stranded DNA, which be measured using a spectrofluorometer. 

The Figure 4.4 shows the DNA quantification results in terms of cell number (the DNA quantification 

calibration curves can be found in Appendix I).  

For the K-562 cell line, in days 3, 4, 6, 7, 9 and 13, it is possible to significantly distinguish 

(p<0,05) between the high and low glucose conditions from the control condition, being the cell 

number in the last one always higher than in the others. It may seem that the high glucose condition 

tends to be higher than the low glucose. However, it is not possible to significantly differentiate them in 

these data. 

For the MEC-1 cell line, the cell number in the control glucose condition is statistically higher 

than in the other conditions at days 4, 6, 7, 9 and 13. At day 3, the number of cells in the low glucose 

condition is significantly lower than in the control condition. In this case, the distinction between the 

cell number in low and high glucose conditions is never possible. 

Generally, the cell number of the K-562 cell line is higher than the MEC-1, comparing the same 

condition at the same time point. 
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Figure 4.4 - DNA quantification of cultures of the K-562 (A) and MEC-1 (B) cell lines over 13 days. The 
columns show the cell number over time when fed with three different glucose concentrations: 4.30 g/L 
(Control Glucose), 1.30 g/L (High Glucose) and 0.6g/L (Low Glucose). The results are averages with n=2 
replicates per experiment, N=2 separate experiments. *p=0.05, compared within culture day. 

4.2 Cell cycle analysis 

Flow cytometry was used to assess the cell cycle kinetics during the culture period. The cells 

were stained with PI, which intercalates between the DNA bases with no sequence preference. The PI 

histograms obtained made it possible to estimate the percentage of the cell population in each phase 
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of the cell cycle. These data are presented in Figure 4.5 and Figure 4.6 for the K-562 and MEC-1 cell 

lines, respectively; the PI histograms can be found in Appendix II. 

For the K-562 cell line, it is possible to observe that the majority of the cells are in the G1 phase 

for all the conditions (between 45% and 65% of the cell population). The percentage of cells in G2/M 

remained approximately constant during the time of the experiment and did not differ considerably 

between conditions (around 15%). For all the conditions, it is possible to notice that the percentage of 

cell in G1 evolves through a sequence of a valley and a peak, having a minimum at day 3 and a 

maximum at day 10. The percentage of cells in the S phase follows an inverted trend, which is similar 

for all the conditions. 

It can also be suggested that the ratio G1/S is higher for the low glucose condition (Figure 4.7 A) 

in almost every day of the experiment. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 – Cell cycle analysis of flow cytometry data comparing the percentage of cells in each phase of 
the cell cycle, cultured in high glucose (A), low glucose (B) and control glucose (C) concentrations for the 
K-562 cell line. 
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For the MEC-1 cell line, it is also observed that the majority of the cells are in the G1 phase in all 

the conditions (between 49% and 67% of the cell population).  The percentage of cells in G2 remained 

approximately constant in all the conditions (around 10%) during the experiment and no important 

differences between them are observed. For the high glucose condition, the percentage of cells in G1 

has a maximum at days 6 (with a correspondent minimum in the percentage of cells in S). For high 

glucose, there was an increase of the percentage of cells in G1 until day 6, followed by a stabilization 

of this percentage. For low glucose, a slight decrease of the percentage of cells in G1 was registered 

over time.  

Oppositely to K-562, for MEC-1, the ratio G1/S seems to be higher for the control glucose 

condition (Figure 4.7 B) from day 4 to day 13 (except on day 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 - Cell cycle analysis of flow cytometry data comparing the percentage of cells in each phase of 
the cell cycle, cultured in high glucose (A), low glucose (B) and control glucose (C) concentrations for the 
MEC-1 cell line. 
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Figure 4.7 - Ratio between the percentage of cells in G1 and the percentage of cells in S phase for K-562 
and MEC-1 cell lines (A and B, respectively). 

4.3 Metabolic analysis 

The metabolic profiles were obtained through the analysis of the exhausted culture media 

collected in the feeding days.  

For both cell lines, it is possible to observe that the glucose concentrations are below the 

detection limit of the measurement instrument (1.10 mmol/L) for both the low and high glucose 

conditions. The production of lactate is also observed as a result of the cells’ glycolytic metabolism. 

Different levels of lactate production were registered for the different conditions studied.  

For the K-562 cell line, the lactate production for the high glucose condition is around 2 times 

higher than the lactate production for the low glucose condition and it remains approximately constant 

during the time of the experiment. In the control glucose condition, it is possible to observe a slight 

increase of the lactate concentration throughout time. In this condition, the concentration of lactate 

registered is around 5 times higher than in the low glucose condition and around 1.5 times higher than 

in the high glucose condition. It is also observed that the glucose concentration in the control condition 

has a severe reduction from day 0 to day 2, being consumed approximately 12 mmol/L during this 

time. After that, it decreases over time, reaching values close to the limit of detection of the instrument 

at day 12. 

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 6 7 8 9 10 11 12 13

%
G

1/%
S 

Day 

Low Glucose High Glucose Control Glucose

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 6 7 8 9 10 12 13
%

G
1/%

S 
Day 

Low Glucose High Glucose Control Glucose
B 

A 



 
 

39 
 

 

Figure 4.8 – Variations of glucose (A) and lactate (B) concentration during the time of the experiments for 
the K-562 cell line. 

 Regarding the amino acids glutamine and glutamate for the K-562 cell line, it is possible to 

verify the consumption of glutamine (approximately 1.5 mmol/L every two days) during the time of the 

experiment. Differences in glutamine consumption between conditions are not verified. Low levels of 

glutamate production were also registered during the experiment for all conditions.   

 

 

 

 

 

 

 

 

 

 

Figure 4.9 – Variation of glutamine (A) and glutamate (B) concentrations during the time of the 
experiments for the K-562 cell line.  

For both cell lines, the Na+ and K+ concentrations remained approximately constant during the 

time of the experiments (Figure 4.10 and Figure 4.13). 

Regarding the NH4
+ concentration, it seems to increase slightly for the K-562 cell line, while for 

MEC-1, it is possible to distinguish a minimum at day 4 and a maximum at day 10 for the low glucose 

condition. The remaining conditions seem to present minor variations over time. 
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Figure 4.10 – Variation of NH4
+, Na+ and K+ concentrations (graphs A, B and C, respectively) during the 

time of the experiment for the K-562 cell line. 

For the MEC-1 cell line, the glucose concentration in the control conditon suffers a severe 

reduction from day 0 to day 2, being consumed approximately 9 mmol/L. After that, the concentration 

of glucose in the exhausted medium seems to be stable over time. The lactate production for the high 

glucose condition is also around 2 times higher than the lactate production for the low glucose 

condition and it remains approximately constant during the time of the experiment. In the control 

condition, the lactate production is similar to the one in the high glucose condition until day 6, but after 

that it increases, reaching values almost 2 times higher.  
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Figure 4.11 – Variations of glucose (A) and lactate (B) concentration during the time of the experiments 
for the MEC-1 cell line. 

The consumption of glutamine in MEC-1 is smaller than in K-562 (around 1 mmol/L every two 

days) and constant for the length of the experiment. The glutamate production is very small or 

inexistent. It was not possible to distinguish between conditions in the measurements of the 

concentrations of these amino acids. 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 - Variation of glutamine (A) and glutamate (B) concentrations during the time of the 
experiments for the MEC-1 cell line. 
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Figure 4.13 - Variation of NH4
+, Na+ and K+ concentrations (graphs A, B and C, respectively) during the 

time of the experiment for the MEC-1 cell line. 

4.4 Morphology analysis 

In order to confirm the topography of the scaffolds, as well as the cellular morphology on their 

interior, SEM was performed in sectioned halves of the 3D cubes. In Figure 4.14, images of scaffold 

sections are shown for the high glucose condition at day 9 for both cell lines under study. It was 

noticed that the cells do not cover the majority of the surface of the scaffolds, with plenty of surface 

area remaining available. It was also not possible to find big clusters of cells, but only groups of 

around 2 to 6 cells. Both cell lines displayed the normal round-shape morphology. 

As expected, the scaffolds presented an interconnected net of pores with different sizes, as it is 

verified in Figure 4.15.  
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Figure 4.14- K-562 (A) and MEC-1 (B) cells’ morphology at day 9 of culture in the high glucose condition 
obtained through SEM imaging.   

 

Figure 4.15 – Scaffold topology obtained through SEM imaging. 
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Chapter 5 – Discussion 

This work was performed as sequence of several successful experiments performed within the 

BSEL, specifically, the development of a 3D scaffold system to biomimic the bone marrow 

microenvironment. This system is composed of a polyurethane foam coated with collagen type I and 

had previous been shown to be able to support the growth of AML cell lines for at least 8 weeks 

without the addition of external cytokines (Mortera-Blanco et al. 2010).   

In this work, this system was used to support the growth of AML and CLL cell lines in order to 

understand the effect of oxidative and starvation stresses in the behaviour of these two type of blood 

malignancies. The importance of these studies was highlighted after several works in which the stress 

resistance of blood cancers was correlated with the resistance to chemotherapeutics. However, in 

most of these studies, a reliable system that resembles accurately the hematopoietic environment was 

missing.  

The conditions under study were chosen in order to reproduce the microenvironment present in 

the human body. It was decided to perform the experiments in 5% oxygen because it was reported 

(Harrison et al. 2002) that it is approximately the percentage of oxygen in the hematopoietic niche of 

the bone marrow. That is an important factor in the regulation of leukaemic cell behaviour (Lodi et al. 

2011; Zhou et al. 2010; Benito et al. 2011). To precisely understand the level of influence that the 

hypoxic condition represents here, it will be necessary to compare them with experiments at 

atmospheric oxygen levels. The levels of glucose chosen were the concentration of glucose in the 

human blood in states of hypoglycaemia (low condition), hyperglycaemia (high condition) and the 

optimal glucose concentration indicated by the cell lines supplier (control condition) that is commonly 

used in the culture of these cell lines. Moreover, similar glucose conditions (1 and 4.5 g/L) were also 

previous reported in stress studies for the K-562 cell line in a 2D system (Giuntoli et al. 2011).  

Although the chosen conditions were meant to reproduce the conditions of stress the leukaemic cells 

undergo in the human body, it is essential to be aware of the limitations within this approximation 

since, in this case, the cells are not exposed to a continuous nutrient and oxygen flow as it happens in 

the human body. Another important aspect to consider is the utilization of cell lines, which are used as 

models for AML and CLL studies, but do not mimic completely the behaviour of primary leukaemic 

cells. These cells underwent several modifications in order to be immortalized which, unavoidably, 

lead to some changes in their behaviour. Ideally, this study should be performed with primary cells; 

however, this was not possible due to the large number of cells required and the low availability on the 

one hand of primary cells and on the other hand due to the very low number of cells per patient 

sample (approximately 60 million cells).   

Another limitation that is necessary to take into consideration is the maintenance of the hypoxic 

environment. Due to the sample schedule, the culture plates where exposed to atmospheric 

environment around 10 minutes per day and, in the feeding days, around 20 minutes (every two days). 
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These exposures were unavoidable due to the necessity to take the plates out of the incubator to 

proceed with the necessary handling. However, special care was taken in order to reduce these 

exposure times to the minimum; it cannot be ignored that they can influence in some way the results 

obtained.    

Both the leukaemia models were successfully cultivated in the 3D system for 13 days under the 

studied conditions. It was observed that both the cell lines proliferate during this period. As would be 

expected, the proliferation is lower under severe starvation conditions (low glucose) in both the cell 

lines. For both cell lines, the control glucose condition is the one that shows higher proliferation. This 

fact is not surprising since, according to the selling company, these cell lines were developed and 

optimized to be cultured at this glucose level. Together, these data indicates that glucose availability in 

the media is a factor that critically conditions cellular proliferation, at least under hypoxia. 

A severe decrease of proliferation in both cell lines was also observed, for K-562 at day 2 and 

for MEC-1 at day 4, which is probably, caused by the introduction of the stress factors (hypoxia and 

glucose starvation). In K-562, this decrease is equally noticed in low and high glucose conditions 

(approximately 50%) while in the control glucose condition it is almost inexistent (6%). In MEC-1, the 

proliferation is reduced in 50% in the low glucose condition and in 20% for high and control glucose 

conditions. These differences both in the duration of the lag phase as in the intensity of the decrease 

can be justified by the different cancer metabolism. The lag phase corresponds to an adaptation 

phase in which the cell is synthesizing all the proteins and cellular components it needs to face the 

new environmental conditions, being characterized by a very slow or absent growth (Bubulya 2012). 

While the K-562 has a fast metabolism that will easily be affected by changes in the environment, the 

MEC-1 has a slower metabolism that will take more time to respond to environmental changes.   

The K-562 cell line, being a model for acute leukaemia with a doubling time of around 12h 

(Koeffler et al. 1980), showed an overall higher proliferation than the MEC-1 cell line, which is a model 

of chronic leukaemia and has a doubling time of approximately 40h (Stacchini et al. 1999). This is a 

direct consequence of the nature of the cancer that these cell lines reproduce. As mentioned in 

subsection 2.3, acute leukaemia is characterized by a fast increase in the number of leukaemic blasts 

that duplicate in a short period, while in chronic leukaemia the increase in the number of leukaemic 

blasts is slower.  

Regarding the cell cycle analysis of the extracted cells, the majority of the cell population was 

stacked at G0/G1 in both cell lines, most probably, as consequence of the induced stress in all the 

studied conditions. For K-562, it is observed that the percentage of cells in G0/G1 and S phases 

follows a trend of peaks and valleys that suggest that the cells are exposed to cycles of adaptation 

and steady-state followed by a new adaptation period. In adaptation periods, the percentage of cells in 

S phase is reduced in the beginning and increases with time, reaching a peak that correspond to a 

steady-state. The opposite happens with the percentage of cells in G0/G1 phase, which is higher in the 

beginning of the adaptation phase and decreases when the culture is evolving towards the steady-

state. For MEC-1, the observed trend is slightly different. In that case, it is possible to observe that for 

the high glucose condition the percentage of cells in G0/G1 increases until day 6, in which it has a 
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maximum, and starts to decrease during the following days, while the percentage of cells in S followed 

an inverted trend. For the low glucose condition, the percentage of cells in each one of the cell cycle 

phases remained approximately constant. Finally, in the control glucose condition, the percentage of 

cells in G0/G1 increased until day 6 and remained approximately constant after that. Consequently, the 

percentage of cells in S followed an inverted trend.  The percentage of cells in G2/M is similar between 

the conditions and it does not show considerable variations over time.  

For both cell lines, it was calculated the ration between the percentage of cells in G0/G1 and the 

percentage of cells in S in order to verify if this ratio is influenced by the glucose availability in the 

medium. It was verified that for K-562, this ratio is higher for the low glucose condition in most days. 

This result was expected because if the cell does not have the required amount of glucose available to 

fulfil its nutritional needs, it will not be able to progress in the cell cycle, being staked in G1 or adopting 

a quiescent state (G0). Surprisingly, the opposite was observed for MEC-1. The ratio between the 

percentage of cells in G1 and the percentage of cells in S was higher for the control condition in most 

days. It was not possible to find any data in the literature that supported this observation. 

However, it is important to notice that PI staining does not allow the G1 and G0 phases to be 

distinguished, being impossible to state clearly which fraction of cell population is really quiescent (i.e., 

in G0 phase) and which fraction of cells are in the cell cycle besides being stacked in G1. In future 

studies, it would be more elucidative to use a complementary staining such as staining for the Ki-67 

protein, which is a nuclear protein, present during all active phases of the cell cycle (G1, S, G2, and 

mitosis), but almost absent in quiescent cells (G0) (Scholzen & Gerdes 2000). 

In spite of the present conclusions, it is not possible to ignore the variability observed, which is 

most probably, due to the culture system and extraction method, and also the percentage of the cells 

used for the cell cycle analysis. During the time of the experiment, an increase in the number of debris 

among the total population analysed by flow cytometry was evident. This may lead to an 

unrepresentative analysis of the cells’ behaviour and to biased conclusions if the live cell population is 

too small. 

Daily cell counts of the extracted cells were also performed and the respective viability was 

calculated. For both cell lines, it was not observed the typical exponential growth curve reported in 2D 

cell growths. However, an overall increase in cell number was registered for all the conditions in both 

cell lines. These measurements seem to be very variable, presenting enormous differences between 

scaffolds.  In both cases, the number of cells extracted at day 0 is highly inferior to the number of cells 

seeded. This can indicate that the seeding efficiency is low, i.e., a big fraction of the seeded cells did 

not attach properly to the scaffold. Alternatively, the extraction process may not be efficient. 

Comparing the values of cell number obtained from the direct counts in the haemocytometer with the 

values estimated by the DNA quantification, it becomes evident that the ones estimated by DNA 

quantification are systematically higher for both the cell lines. As DNA quantification is an in situ 

method that does not require the extraction of the cells out of the scaffolds, it supports the hypothesis 

that the extraction process was not successful. 
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The viability of both cell lines seems to decrease over time in the beginning of the experiment 

(until day 3 for K-562 and until day 4 for MEC-1). After this period, any trend was identified in the 

measured values. Once again, these values of viability are most likely a consequence of the extraction 

process and not a realistic measurement of the cell population within the scaffolds since a decrease in 

proliferation or DNA quantity over time is not observed. According with (Giuntoli et al. 2011), 

incubation of leukaemia cells under hypoxia (0.1% O2) results in a time-dependent reduction of the 

number of viable cells and consequent enrichment of subsets of immature hypoxia-resistant cells, 

exhibiting different metabolic, phenotypical and expansion proprieties from the original population. 

Besides the differences in the culture systems used (3D vs. 2D) and culture conditions (5% O2 vs. 

0.1% O2) it would be expected to observe a similar trend, i.e., a progressive reduction of the cells 

viability. However, in this case, a time-dependent trend in the evolution of the viability values was 

observed only in the first days of the experiment. 

 Until now, it was not possible to find a reliable method that enables the extraction of the large 

majority of the cultured cells from the scaffolds without inducing damages that would compromise the 

subsequent conclusions. For this reason, in spite of the execution of methods that required the cell 

extraction, as for instance the viability measurements, the ones that were shown to be more 

elucidative were the in situ methods.  

Giuntoli et al. (2011) also verified that under hypoxic conditions, glucose shortage determines 

cell death. Besides the differences in the degree of hypoxia imposed (5% O2 vs. 0.1% O2), it is 

possible that this effect also happens in the low and high glucose conditions studied here, since the 

concentrations of glucose measured in the exhausted media are null (or very small). To verify this 

hypothesis, it would be interesting to investigate the expression of specific apoptotic markers, such as 

the caspases activity (Holdenrieder et al. 2004). 

Regarding the cell metabolism, in all the conditions the main metabolic pathway for obtaining 

ATP is probably glycolysis due to the restrictions in oxygen availability. This conclusion is supported 

by the measurement of elevated concentrations of lactate in the exhausted medium.  

For both cell lines, it was not possible to detect the concentration of glucose in high and low 

glucose conditions at a time point just before feeding since it was below the detection limit of the 

instrument (1.1 mmol/L). For this reason and considering the feeding schedule, it can be proposed 

that the cells were under a period of extreme glucose starvation. It would be elucidative to understand 

the extension of this period because its large length could represent too much stress and compromise 

irreparably the viability of the cells. 

Together the metabolic data can indicate that the glucose consumed by cells in high and low 

glucose conditions are mainly being used to cell maintenance while, in control condition, there were 

enough glucose available to use it in the cell growth. This suggestion can be supported by the 

significant difference in the cell number and proliferation of the high and low glucose conditions when 

compared with the control condition. It can be speculated that the small proliferation observed in these 

two conditions is mainly supported by the glutamine metabolism (particularly in the K-562 cell line in 

which high glutamine consumption is observed). This idea is also supported by Lodi et al. (2011), in 
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which it was demonstrated that in hypoxic conditions (1% O2) the glycolysis is enhanced, but the 

concentrations of metabolites within the TCA cycle are, except for citrate, not significantly altered in 

the K-562 cell line. Tanking these results into account and the consumption of glutamine observed 

here, it can be speculated that glutamine is being transformed into α-ketoglutarate, which then feeds 

the TCA cycle, allowing for the production of the other intermediates. This is a common observation 

among cancer cells, in which the glutamine represents a fundamental substrate in cases of glucose 

starvation (DeBerardinis et al. 2010).  

Another possible speculation is that the low productions of NH4+ observed can be related to a 

more efficient cell internal mechanism to balance ammonia accumulation due to the glutamine 

consumption under hypoxia, i.e., the ammonium ion released in the conversion of glutamine in 

α-ketoglutarate is transferred to oxaloacetate to form aspartate or to pyruvate to form alanine. 

Consequently, the ammonia concentration never reached inhibitory values (Dos Santos et al. 2010; 

Gódia et al. 2006). 

Another aspect that would be necessary to evaluate is the fraction of cells that spontaneously 

detach from the scaffolds. If this fraction is representative, it is not be possible to guarantee that the 

conclusions taken from the analysis of the exhausted media are accurate because they will be biased 

by the behaviour of these cells that are not exposed to the 3D microenvironment. 

Finally an unexpected low number of cells was observed in the scaffolds through scanning 

electron microscopy. This was probably caused by a problem in the fixation process that led to the 

loss of the majority of the cells. It is less probable that it reflected the true occupancy of the scaffold at 

day 9 of the experiment since the remaining results (cell counts, DNA quantification and MTS) do not 

indicate the absence of cells at this point. Additionally, it was confirmed the expected structure of the 

scaffolds characterized as an interconnected net of channels that provides the 3D support for the cell 

growth. Here it was not possible to proceed with the complete characterization of the properties of the 

produced scaffolds. However, it was assumed that they have similar characteristics to the ones 

reported in Mortera-Blanco et al. (2010) which showed to be suitable to growth of AML cell lines. This 

assumption is probably very close to reality since the production protocol remained unaltered. 

Finally, it would be interesting to perform 2D experiments that would allow the distinction 

between the environmental stress and the effect of the 3D microenvironment on the cells. Additionally, 

it would also be interesting to perform an experiment with an intermediate level of glucose –for 

example around 2g/L- in order to investigate the effect of mild glucose stress on the cellular evolution 

without partial starvation exposure. Furthermore, future experiments should be conducted under 

normoxic conditions, i.e., 20% oxygen, in order to isolate the effect of the oxygen concentration in the 

behaviour of the cells. 
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Chapter 6 – Conclusions and Future Work 

In summary, this work showed that it is possible to culture two cell lines (AML and CLL) in the 

3D polyurethane scaffold-system previously developed, under oxygen and glucose restrictions, for 13 

days.  

Although the several advantages associated to the use of this 3D system, due its BM-mimicking 

structure, there are also some technical limitations that raise various issues in the conclusions 

obtained. These technical limitations may explain the absence in the literature of alternative 3D 

systems able to be used as platforms to perform leukaemic studies. 

Despite the limitations, it was proven that glucose availability is a crucial factor for cell 

proliferation and growth under hypoxic environment. One natural extrapolation would be that, in 

hypoxic nutrient-poor regions of the BM, a similar behaviour would be expected, leading to the 

existence of leukaemic populations with reduced (or inexistent) proliferation. 

 Another important hint that arises from this work is that hypoxia, in a 3D microenvironment, 

restricts the cell cycle progression, with or without glucose limitations. However, this idea has to be 

confirmed in further studies.  

In conclusion, this work contributed to the understanding of the effect of the oxidative and 

starvation stress in leukaemia simultaneously with the elucidation of the limitations of the system used. 

In future studies, it is mandatory to optimize the extraction method to allow for the further 

analysis of the cultured cells. It would also be important to understand the isolated effect of the studied 

stresses. This would require the reproduction of this work in normoxic conditions as well as in a 

traditional 2D system to clearly expose the contribution of the several factors under study in this work 

(i.e., the 3D microenvironment, the hypoxic atmosphere and the glucose starvation).  
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Appendix I – DNA quantification calibration curves 

 

Figure I.1 - DNA quantification calibration curve in terms of cell concentration for the K-562 cell line at 
520nm. The corrected intensity is the intensity of the samples subtracted of the intensity of the blank. 
Courtesy of Ms. Maria Fuentes Garí and Dr. Eirini Velliou. 

 

 

Figure I.2 – DNA quantification calibration curve in terms of cell concentration for the MEC-1 cell line at 
520nm. The corrected intensity is the intensity of the samples subtracted of the intensity of the blank.  
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Appendix II – Flow Cytometry Histograms 

To perform the cell cycle analysis of the flow cytometry data, it was used the software FlowJo to 

gate the live cells in the total cell population, excluding the debris. After that, it was gated the PI 

population in which was applied the cell cycle analysis. As example, it is shown in Figure II.1 the gated 

population of a sample from the K-562 cell line cultured in 2D. The percentages of this populations, as 

wells as, all the final histograms can be found above.  

       

Figure II.1 – Flow cytometry graph with live cell gated and respective PI histogram. 

K-562 cell line – 1st experiment 

Table II.1 – Flow cytometry data for the first experiment using the K-562 cell line. 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

2D  98.2 86.8 26.1 49.0 24.4 
0  70.7 5.58 48.7 25.1 25.2 
1 Control 72.6 6.55 38.2 45.6 14.0 
1 High 79.7 1.22 52.4 36.6 6.55 
1 Low 80.0 4.40 51.0 30.8 17.6 
2 Control 74.7 1.95 47.5 50.5 2.96 
2 High 80.8 3.80 46.5 41.7 8.23 
2 Low 81.9 1.67 45.6 48.9 6.49 
3 Control 83.4 2.43 44.7 40.2 16.2 
3 High 79.2 1.74 68.9 39.3 9.96 
3 Low 75.9 2.96 61.5 19.3 18.1 
4 Control 76.9 9.36 47.1 24.0 26.5 
4 High 76.0 5.48 45.2 40.8 13.2 
4 Low 83.4 2.42 44.7 41.1 16.0 
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Table II.1 – Flow cytometry data for the first experiment using the K-562 cell line. (Continuation) 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

6 Control 82.0 2.48 52.0 34.6 9.04 
6 High 76.4 3.60 54.6 30.4 15.2 
6 Low 83.8 1.82 45.2 47.3 8.06 
7 Control 96.2 6.31 46.0 39.0 11.9 
7 High 92.9 6.56 55.2 31.8 12.5 
7 Low 96.0 8.92 55.3 33.2 8.74 
8 Control 95.9 9.43 40.1 45.8 13.0 
8 High 95.5 19.9 48.5 40.1 10.8 
8 Low 65.3 1.32 74.4 28.2 2.95 
9 Control 71.9 4.11 52.3 36.8 10.3 
9 High 93.2 11.9 56.2 28 14.7 
9 Low 78.6 2.06 57.5 35.2 8.05 

10 Control 95.7 19.8 49.2 38.9 10.5 
10 High 96.5 24.5 52.0 36.0 10.7 
10 Low 70.7 5.08 63.8 27.8 7.92 
12 Control 93.2 41.1 34.2 55.0 8.45 
12 High 94.2 23.0 53.4 36.8 8.48 
12 Low 46.9 1.11 67.6 25.7 5.70 
13 Control 66.3 10.9 54.2 35.9 8.40 
13 High 94.5 28.2 52.8 34.5 11.9 
13 Low 87.6 3.08 73.5 20.8 8.73 
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K-562 cell line – 2st experiment 

Table II.2 - Flow cytometry data for the second experiment using the K-562 cell line. 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

0  66.8 19.8 40.8 39.4 19.0 
1 Control 96.4 28.7 48.0 37.4 14.0 
1 High 88.5 49.3 49.6 41.8 8.24 
1 Low 61.3 28.3 52.7 34.4 8.70 
2 Control 98.4 30.5 38.1 47.5 12.2 
2 High 95.1 60.8 45.5 44.2 9.83 
2 Low 56.5 2.90 50.2 34.7 18.9 
3 Control 98.6 31.2 44.2 40.4 14.4 
3 High 81.5 25.3 45.1 42.8 12.0 
3 Low 72.6 20.8 50.2 31.4 17.8 
4 Control 98.0 34.6 41.7 46.2 12.0 
4 High 75.4 26.7 50.5 36.7 12.8 
4 Low 72.9 13.7 50.4 34.6 14.0 
6 Control 91.7 13.1 40.2 36.6 22.2 
6 High 98.5 31.6 45.2 39.0 14.8 
6 Low 96.9 34.3 51.5 34.4 13.1 
7 Control 98.8 28.7 44.6 39.8 13.8 
7 High 97.4 17.9 53.4 36.3 8.94 
7 Low 90.4 14.6 51.6 30.4 17.2 
8 Control 94.5 34.0 52.0 23.8 20.7 
8 High 73.6 12.8 42.3 38.4 17.4 
8 Low 86.0 15.4 48.0 36.2 13.8 
9 Control 87.6 18.6 67.7 23.3 4.72 
9 High 68.7 11.0 53.7 33.2 20.6 
9 Low 99.8 1.88 63.0 45.8 0.00 

10 Control 82.4 18.5 48.0 39.0 11.3 
10 High 84.9 20.6 62.7 24.8 12.2 
10 Low 84.4 19.4 66.5 18.9 13.6 
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Table II.2 - Flow cytometry data for the second experiment using the K-562 cell line. (Continuation) 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

12 Control 90.2 1.90 32.2 52.4 19.7 
12 High 84.7 6.61 62.7 32.1 6.45 
12 Low 78.5 4.32 53.9 35.5 8.68 
13 Control 88.9 2.87 43.3 41.9 20.6 
13 High 88.3 2.17 41.7 42.8 16.7 
13 Low 88.1 1.34 37.9 40.8 22.2 
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MEC-1 cell line – 1st experiment 

Table II.3 - Flow cytometry data for the first experiment using the MEC-1 cell line. 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

2D 
 

85.9 82.5 45.1 38.8 13.9 
0 

 
83.7 27.2 48.2 36.2 12.6 

1 Control 88.7 46.7 58.1 31.3 8.72 
1 High 86.1 35.7 53.0 31.9 13.5 
1 Low 82.4 26.8 60.4 28.0 6.58 
2 Control 89.0 48.7 60.6 31.5 6.85 
2 High 83.2 21.7 57.7 30.9 9.05 
2 Low 82.3 29.6 46.0 38.3 13.4 
3 Control 81.4 23 64.8 27.4 3.51 
3 High 79.2 15.2 61.9 23.1 11.8 
3 Low 82.2 18.5 52.0 30.5 10.5 
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Table II.3 - Flow cytometry data for the first experiment using the MEC-1 cell line. (Continuation) 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

4 Control 83.6 22.4 66.9 23.4 5.90 
4 High 90.5 41.4 52.6 25.0 18.4 
4 Low 92.5 30.6 53.4 31.5 7.77 
6 Control 87.4 35.5 68.0 21.7 8.46 
6 High 83.1 33.2 62.2 24.2 9.67 
6 Low 85.6 25.4 57.3 25.1 12.6 
7 Control 85.2 10.9 57.0 27.7 10.2 
7 High 85.8 7.53 6.94 8.86 3.68 
7 Low 85.9 9.04 68.5 21.0 6.92 
8 Control 89.0 19.6 71.3 21.9 5.85 
8 High 86.2 11.6 62.8 24.3 7.15 
8 Low 89.1 5.94 54.4 24.9 18.8 
9 Control 91.7 29.4 67.8 25.2 6.11 
9 High 89.2 12.1 63.4 27.8 2.12 
9 Low 89.6 11.0 62.6 24.9 5.22 

10 Control 88.7 21.1 72.1 18.1 6.91 
10 High 92.0 15.5 60.6 23.4 11.3 
10 Low 90.3 7.77 50.6 27.4 17.6 
12 Control 92.3 35.4 71.4 20.6 6.66 
12 High 90.3 14.2 67.8 21.5 9.50 
12 Low 93.1 17.5 57.3 25.1 11.2 
13 Control 90.4 10.4 63.6 27.6 4.69 
13 High 92.1 12.1 53.1 30.8 6.39 
13 Low 91.2 12.7 52.4 29.5 11.0 
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MEC-1 cell line – 2st experiment 

Table II.4 - Flow cytometry data for the second experiment using the MEC-1 cell line. 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

2D   85.9 58.8 48.8 34.4 11.9 
0   67.3 25.5 56.2 32.6 6.32 
1 Control 86.5 40.3 50.2 37.4 7.92 
1 High 82.1 24.5 59.5 30.5 7.26 
1 Low 96.5 70.9 51.4 38 8.23 
2 Control 80.6 25.5 60.9 29.4 4.06 
2 High 78.9 30.9 64.2 27.7 8.7 
2 Low 91.4 23.8 59.4 28.1 11.2 
3 Control 89.4 15.3 54.4 35.2 7.67 
3 High 92.4 21.8 58.4 32.0 7.57 
3 Low 92.7 20.2 62.6 29.2 6.60 
4 Control 90.4 14.9 59.4 30.0 3.53 
4 High 90.6 14.4 56.6 27.8 10.1 
4 Low 96.0 43.6 48.7 37.1 12.5 
6 Control 94.4 38.7 60.1 30.1 9.42 
6 High 90.6 19.6 57.6 31.1 10.8 
6 Low 70.8 24.3 45.7 36.8 7.39 
7 Control 97.2 2.08 43.7 35.7 19.6 
7 High 98.1 11.5 52.0 37.50 5.88 
7 Low 75.6 5.37 50.9 34.63 10.1 
8 Control 99.9 14.1 62.2 31.6 3.77 
8 High 82.0 34.4 60.4 27.3 12.5 
8 Low 94.1 12.1 42.9 40.4 15.4 
9 Control 97.0 25.8 60.8 29.7 7.47 
9 High 73.7 20.4 50.0 37.30 10.10 
9 Low 87.1 24.8 50.8 37.2 7.74 

10 Control 96.5 31.0 59.0 34.0 4.90 
10 High 98.2 38.0 46.9 39.2 12.4 
10 Low 95.2 16.3 49.1 35.4 11.2 
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Table II.4 - Flow cytometry data for the second experiment using the MEC-1 cell line. (Continuation) 

Day Glucose 
concentration % of live cells % PI cells in the 

live population %G0/G1 %S %G2/S 

12 Control 98.1 40.1 63.0 25.4 9.02 
12 High 86.4 19.2 46.7 36.0 11.2 
12 Low 88.9 20.1 49.1 36.8 11.8 
13 Control 89.3 13.3 65.7 26.2 7.18 
13 High 87.7 9.27 48.3 38.0 6.87 
13 Low 82.7 9.55 42.1 41.4 12.6 
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