
 

 

UNIVERSIDADE DE LISBOA 

INSTITUTO SUPERIOR TÉCNICO 

 

 

 

 

 

Stem cell engineering approaches towards angiogenic cell therapy 

for ischemic diseases 

 

Márcia Andreia Faria da Mata 

 

 

Supervisor: Doctor Cláudia Alexandra Martins Lobato da Silva 

Co-supervisor: Doctor Marco Costa 

                 

 

 

Thesis approved in public session to obtain the PhD Degree in 
Biotechnology and Biosciences 

 

Jury final classification: Pass with Distinction 

 
 

2018



 



 

 

UNIVERSIDADE DE LISBOA 

INSTITUTO SUPERIOR TÉCNICO 

 

 

Stem cell engineering approaches towards angiogenic cell therapy 

for ischemic diseases 

Márcia Andreia Faria da Mata 

 

Supervisor: Doctor Cláudia Alexandra Martins Lobato da Silva 

Co-supervisor: Doctor Marco Costa 

                 

Thesis approved in public session to obtain the PhD Degree in 
Biotechnology and Biosciences 

Jury final classification: Pass with Distinction 

Jury: 
Chairperson: Doctor Joaquim Manuel Sampaio Cabral, Instituto Superior Técnico, Universidade de 
Lisboa 

Members of the Committee: 

Doctor Joaquim Manuel Sampaio Cabral, Instituto Superior Técnico, Universidade de Lisboa 

Doctor Gabriel António Amaro Monteiro, Instituto Superior Técnico, Universidade de Lisboa 

Doctor Cláudia Alexandra Martins Lobato da Silva, Instituto Superior Técnico, Universidade de Lisboa 

Doctor Raquel Madeira Gonçalves, Instituto de Investigação e Inovação em Saúde, Instituto Nacional 
de Engenharia Biomédica, Porto 

Doctor Teresa Catarina Páscoa Madeira, Nova Medical School, Faculdade de Ciências Médicas da 
Universidade Nova de Lisboa 

Doctor António José Calhabrês Fiarresga, Serviço de Cardiologia, Hospital de Santa Marta, Centro 
Hospitalar de Lisboa Central.  

 
Funding Institution: 

Fundação para a Ciência e Tecnologia 

 
2018 



 

 i 

 

  



 

 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“I knew who I was this morning, but I've changed a few times since then.” 

- Lewis Carroll, Alice's Adventures in Wonderland   

https://www.goodreads.com/author/show/8164.Lewis_Carroll
https://www.goodreads.com/work/quotes/2375385


 

 iii 

  



 

 iv 

RESUMO 

O potencial das células estaminais no campo da medicina regenerativa tem vindo a ganhar 

bastante enfâse, nomeadamente no tratamento de doenças isquémicas. Em particular, as 

células estaminais/estromais do mesênquima (MSCs), bem como as células progenitoras 

endoteliais (EPC) têm vindo a gerar bastante interesse devido às suas propriedades 

angiogénicas. No entanto, um dos problemas correntes neste campo é o facto de a quantidade 

de células que é possível obter de um organismo ser insuficiente para alcançar o objectivo 

clínico. Deste modo, ao longo desta tese pretendeu-se compreender como sistemas 

inovadores para a expansão em larga escala de MSCs se relacionam com o seu potencial 

angiogénico e também explorar técnicas inovadoras para não só aumentar o número de 

células angiogénicas progenitoras circulantes (CAPC, enriquecidas em CD34+), mas também 

aumentar a qualidade da população gerada em relação às suas propriedades pro-

angiogénicas.  

Foi possível estabelecer com sucesso o scale-up da expansão de CAPC tanto derivadas de 

sangue periférico como de sangue do cordão umbilical, usando sacos de cultura celular e 

spinner flasks, respectivamente. Em ambos os casos foi possível obter não só um maior 

número total de células, bem como uma modulação da população final para um fenótipo mais 

endotelial, mostrando um maior potencial angiogénico em comparação com a população 

inicial. 

Foi também estudado o efeito da infusão intracoronária de MSCs expandidas em diferentes 

plataformas de cultura (estático e dinâmico) na microcirculação de um modelo animal (porco), 

bem como o seu potencial terapêutico num modelo de enfarte agudo do miocárdio (também 

em porco). Foi verificada uma disrupção na microcirculação para ambas as células produzidas 

nos diferentes sistemas, mas sem diferença estatisticamente significante entre si. No entanto, 

foi provada a segurança da infusão destas células nas doses estudadas, embora não se tendo 

observado melhorias terapêuticas no tecido isquémico. 
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Por outro lado, outra população de bastante interesse em terapia celular são as células 

estaminais/progenitoras hematopoiéticas (HSPCs), que têm as mesmas limitações em termos 

de número mencionadas anteriormente. Assim sendo, e tendo em conta que as MSCs têm a 

capacidade de suportar e promover a expansão das HSPCs, estudou-se a capacidade de 

suporte das MSC derivadas de várias fontes, nomeadamente a medula óssea, o tecido do 

cordão umbilical, o tecido adiposo e fígado fetal, na expansão das HSPCs (CD34+) derivadas 

do sangue do cordão umbilical. Foi mostrado que as MSC de diferentes fontes (com excepção 

do fígado fetal) são capazes de suportar a expansão das HSPCs, sem diferenças 

significativas. Estes resultados mostram uma vantagem em usar fontes que têm uma 

acessibilidade imediata e uma obtenção mais fácil em comparação com a medula óssea (BM). 

Palavras-chave: Células estaminais do mesênquima (MSCs); Angiogénese; Células 

angiogénicas progenitoras circulantes (CAPCs); Células estaminais e progenitoras 

hematopoiéticas (HSPCs); expansão ex vivo. 
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ABSTRACT 

Stem cell-based therapies hold a huge promise to regenerate tissues/organs based either on 

cell engraftment into the target tissue and/or cell’s trophic activity. Several types of cells, such 

as Mesenchymal stem/stromal cells (MSCs) and blood derived circulating angiogenic 

progenitor cells (CAPCs, enriched for CD34+) have been extensively studied for the treatment 

of ischemic diseases due to their angiogenic potential. However, one of the major hurdles for 

an effective stem cell-based therapeutic relies on the number of cells that can be retrieved. 

Hence, the aim of this thesis was to explore how innovative methods for the ex-vivo expansion 

of MSCs would relate with their angiogenic potential and to develop efficient expansion 

platforms for CAPCs (CD34+ cells) to obtain clinical relevant numbers with increased 

angiogenic potentiality. 

The expansion of CAPCs derived either from peripheral blood (PB) and umbilical cord blood 

(UCB) was successfully scaled-up using cell culture bags and spinner flasks, respectively. In 

both cases, not only higher number of total cells was obtained, but a priming of the cells 

towards an endothelial lineage commitment, with higher angiogenic potential in comparison 

with the starting population. 

Moreover, it was studied the effect of the intracoronary infusion of MSCs expanded under 

different platforms (static and dynamic) on the microcirculation of a pig model and further 

therapeutic effect. It was observed a disruption on microcirculation for cells produced under 

the different platforms, with no significant difference. However, it was proved the safety of the 

infusion of these cells for the doses studied although without observable improvements in the 

ischemic tissue.  

Considering that hematopoietic stem/progenitor cells (HSPCs) are a very attractive cell-based 

therapy for the treatment of hematopoietic diseases, and it is known that MSCs are able to 

support HSPCs expansion, it was explored how the MSCs derived from different sources 

(adipose tissue (AT), umbilical cord matrix (UCM), bone marrow (BM), fetal liver (FL)) would 
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impact the expansion of these cells. It was shown that most of MSC sources (with exception 

for the FL) were able to support and expand HSPC ex-vivo, with no significant difference. 

These results show an advantage of using different MSC sources that have ready availability 

and are easily collected in comparison with the BM counterpart. 

Key-words: Mesenchymal stem/stromal cells (MSCs); Angiogenesis; Circulating angiogenic 

progenitor cells (CAPCs); hematopoietic stem progenitor cells (HSPCs); ex vivo expansion. 
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AIMS OF STUDY AND THESIS OUTLINE 

 

Stem cell-based therapies hold a huge promise to regenerate tissues/organs based either on 

cell engraftment into the target tissue and/or cell’s trophic activity (i.e. delivery of soluble 

factors). However, one of the major hurdles for an effective stem cell-based therapeutic relies 

on the number of cells that can be retrieved that does not match the clinical cell doses needed.  

Of notice, several types of stem cells, such as circulating angiogenic progenitor cells (CAPCs, 

where it is also found the endothelial progenitor cells (EPCs)) and mesenchymal stem/stromal 

cells (MSCs) have been studied as a treatment for ischemic diseases, due to their theoretical 

capability of promoting the growth and/or differentiate into new blood vessels. Nevertheless, 

these cell-based treatments have been hindered by the quantity and quality (angiogenic 

potential) of the cells. Hence, the aim of this thesis was to develop efficient expansion platforms 

for MSCs and CAPCs (CD34+ cells) to obtain clinical relevant numbers with increased 

angiogenic potential. Importantly, one of the major concerns for the implementation of a cell-

therapy relies on its definition and characterization. For instance, there is no concise definition 

of EPC. It is known that they originate from the same precursor as hematopoietic 

stem/progenitor cells (HSPCs), sharing a vast number of immunophenotypic markers and 

hence, being isolated from CD34+ cells. In addition, considering that HSPCs are a very 

attractive cell-based therapy for the treatment of malignant and non-malignant hematopoietic 

diseases, and it is known that MSCs enable the support of HSPC expansion, it was explored 

how the MSCs derived from different tissue sources would impact the expansion of these cells. 

The way the different cell types studied in this thesis are interrelated is depicted on Scheme 

I-1. 
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The aims and main results of each chapter are outlined below: 

CHAPTER III – EX VIVO EXPANSION OF HUMAN CIRCULATING ANGIOGENIC CD34+ 

PROGENITOR CELLS FROM THE PERIPHERAL BLOOD.  

This chapter describes the successful scale-up of the expansion process of circulating 

angiogenic CD34+ progenitor cells from peripheral blood (PB) by using culture bags, since 

there is the need to move towards a dynamic and fully controlled bioreactor system in order to 

meet good manufacturing practice (GMP) standards and attain clinically meaningful cell doses 

in a time- and cost-effective way. The data shows effective expansion of the cultured 

population (7-fold), while maintaining the stem/progenitor content and increasing the 

endothelial population. Moreover, post-expanded cells showed higher tube formation capacity 

compared to pre-expanded cells. In addition, an up-regulation of the anti-inflammatory gene 

expression and a down-regulation of pro-inflammatory genes were observed, which suggests 

Scheme I-1 - Schematic representation of the relation present between the different cell types 
presented in this thesis. CAPC – circulating angiogenic progenitor cell; MSC – mesenchymal 
stem/stromal cell; HSPC – hematopoietic stem/progenitor cell. 
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that the increase in angiogenic potential is not paired with an increase in the inflammatory 

profile. 

CHAPTER IV – EFFECT OF EXPANDED MESENCHYMAL STEM/STROMAL CELLS ON 

THE INTRACORONARY MICROCIRCULATION IN A PIG MODEL. 

The work developed in this chapter was focused on the expansion of bone marrow 

mesenchymal stem/stromal cells (BM-MSC) and their immunophenotypic and morphological 

characterization. This was developed in a collaboration with António Fiarresga, MD, within the 

scope of his Ph.D. work (António José Fiarresga PhD Thesis, “Terapia Celular Com Células 

Mesenquimais Por Via Intracoronária: Contributos Do Estudo Invasivo Da Microcirculação 

Coronária”, Tese de Doutoramento em Medicina na Especialidade de Investigação Clínica na 

Faculdade de Ciências Médicas, Universidade Nova de Lisboa. (April 2016)). 

This work was divided into 2 phases: the first one focused the study of the intracoronary 

infusion (IC) of BM-MSC expanded ex-vivo in static conditions on the microcirculation in a 

healthy pig model; and the second focused on the comparison of the infusion of different sized 

cells, which were obtained through the expansion under different systems (static, with fetal 

bovine serum (FBS) containing medium – ‘conventional’; dynamic in spinner flasks; with 

xenogenic-free (XF) medium – ‘innovative’) on the microcirculation of an induced acute 

myocardial infarction (AMI) pig model, as well as their therapeutic potential on the myocardial 

infarcted site regeneration. The microcirculation was evaluated through the index of 

microcirculatory resistance (IMR) measurement. 

The results presented herein are focused on the expansion and characterization of the cells, 

which was the work developed by the PhD candidate. 

MSCs were successfully expanded in static and dynamic conditions, where it was able to 

achieve the cell number for the animal infusion, with concomitant immunophenotypic 

characterization and differentiation potential within the parameters established for these cells. 
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The results of phase one showed that the IMR was significantly higher in MSC-injected animals 

and intragroup analysis showed a significant increase from baseline to 30 minutes after cell 

infusion, although no electrocardiographic changes or clinical deterioration were noted. Hence, 

it was demonstrated the feasibility of using IC delivery to administer culture-expanded human 

MSC without compromising hemodynamic, electrical stability and epicardial coronary flow. 

The results of the second phase showed no significant differences in hemodynamic 

parameters, epicardial flow and electrocardiographic evaluation during intracoronary infusion 

for the three tested doses (10 x 106, 15 x 106 and 20 x 106). A significant increase in IMR was 

observed in animals that received cells, after the second and third doses. IMR was similar 

between the two groups receiving BM-MSC (‘conventional’ and ‘innovative’). Four weeks after, 

IMR declined in all groups to values similar to baseline and with no significant differences 

between them. Myocardial infarction (MI) dimensions and the number of capillaries were 

similar among groups. 

CHAPTER V – DIFFERENT SOURCES OF STROMAL FEEDER LAYERS TO SUPPORT 

THE EXPANSION OF HUMAN HEMATOPOIETIC STEM/PROGENITOR CELLS FROM THE 

UMBILICAL CORD BLOOD.  

This chapter comprises a comprehensive comparison between different sources of MSC 

focusing on their hematopoietic supportive capacity. Thus, BM MSC (i.e. MSC isolated based 

on plastic adherence), umbilical cord matrix (UCM) MSC, adipose tissue (AT) MSC, Stro-1 

MSC (i.e. MSC isolated based on Stro-1 expression following Magnetic Activated Cell Sorting 

(MACS) and fetal liver (FL) MSC (also isolated based on Stro-1 expression) were tested as 

possible feeder layers and a direct comparison amongst them was performed. All feeder layers 

were able to support HSPC expansion, with exception for the FL-MSC feeder layer, which 

gave similar results to the no stroma control. Although the AT-MSC feeder layer performed 

better in terms of fold increase of total nucleated cells, that was not observed for the fold 

increase of total CD34+ progenitor cells, or neither in the fold change of progenitors, 
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clonogenic forming units (CFUs) and cobblestone forming cells (CAFCs). Overall there was no 

significant difference between the feeder layers tested in terms of progenitor cell expansion 

and clonogenic potential, with exception for the FL-MSC that was similar to the no stroma 

condition. This may indicate the possible use of more readily available and accessible MSC 

sources for to support HSPC expansion ex vivo. 

CHAPTER VI – DYNAMIC EXPANSION OF CIRCULATING ANGIOGENIC CD34+ 

PROGENITORS FROM THE UMBILICAL CORD BLOOD. 

The main aim of this chapter was to achieve a scalable system for the manufacturing of these 

cells while studying the effect of shear stress and oxygen tension in order to enhance their 

angiogenic potential. 

Firstly, it was investigated the differences between two different media, SCGM (Cellgenix), that 

was used in Chapter III, and StemSpan (StemCell Technologies) (a medium developed by the 

manufacturer to promote the expansion of human hematopoietic stem and progenitor cells 

(HSPCs), when combined with proper cytokines) StemSpan medium showed not only to be 

able to expand the total number of cells at higher extent (57.5 ± 3.6 vs 19.8 ± 7.4 at day 7 and 

116.2 ± 9.4 vs 54.6 ± 17.1 at day 10), but remarkably to keep a higher content of the more 

primitive population and maintain, or even increase the content on endothelial related markers. 

Moreover, it was performed a preliminary study for the scale-up of the expansion of CD34+ 

cells from umbilical cord blood (UCB) into spinner flasks under serum-free conditions, together 

with the in vitro characterization of the final product, that showed improvement in terms of 

quantity as well as angiogenic profile comparing with uncultured cells. Overall, it was proven 

to be able to scale-up the system from 2D culture to spinner-flasks, while maintaining 

expansion of total number of cells as well as the final population produced assessed by surface 

markers and their angiogenic potential measured in vitro. No significant difference was 

observed between cultures under atmospheric and hypoxic (5% O2) conditions. 
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CHAPTER VII -  ALPHA-TESTING OF A NEW PROTOTYPE MEDIUM FOR 

HEMATOPOIETIC STEM AND PROGENITOR CELL EXPANSION  

Herein, the aim of this chapter was to test and compare a new medium formulation not 

commercially available, medium SP, developed by Company X for the expansion of UCB 

derived HSPC. Hence, static and dynamic conditions (spinner flasks), with and without stroma 

(BM-MSC) were used for the comparison between the medium and cytokine cocktail previously 

established in the lab (QBSF + Z9) (Andrade et al., 2010) with this novel SP formulation 

combined with a specific combination of cytokines. Overall, in both systems, the new medium 

and cytokine cocktail from Company X gave better results in terms of expansion of total cells 

as well as the progenitor populations and clonogenic potentiality. Interestingly, the combination 

of this new medium/cytokine cocktail with the system developed in our lab, with stromal feeder 

layer, presented the higher values of fold increase and clonogenic potential. 
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I.1 BACKGROUND 

Stem cells hold a great promise in the regenerative medicine field. This is due to their ability 

of self-renewal, lineage differentiation and, ultimately, regeneration of a given tissue 

(Lakshmipathy and Verfaillie, 2005). Concomitantly, these cells have a great potential to be 

applied as autologous and/or allogeneic therapies for acquired and inherited disorders. 

However, there is the need to develop and validate an effective isolation, characterization and 

ex vivo manipulation methodologies in order to achieve relevant clinical potential which 

harnesses quality, quantity and safety (Andrade et al., 2013b). 

Roughly, stem cells can be characterized into two main groups regarding their differentiation 

and potency ability: (i) pluripotent and (ii) multipotent. Pluripotent stem cells have unlimited 

proliferative capacity and can give rise to any tissue of the three germ layers, endoderm, 

mesoderm and ectoderm (Passier, 2003). In this subcategory, we can find the Embryonic Stem 

Cells (ESCs) and induced Pluripotent Stem Cells (iPSCs). ESCs can be derived from the 

blastocysts’ inner mass, while the iPSC are somatic cells reprogramed to an embryonic like 

state through the introduction of specific transcriptional factors (Takahashi and Yamanaka, 

2006). Although ESCs are attractive for regenerative medicine purposes due to their 

characteristics, their usage raises several ethical issues due to the destruction of the embryo, 

whereas iPSCs do not, and offer the possibility to develop patient-specific therapies with 

minimal probability of immune rejection (Yamanaka, 2010). However, their clinical use is 

limited by their innate tumorigenicity when injected in vivo (e.g., teratoma formation) and 

difficulty of differentiation control, usually leading to a nonhomogeneous cell population. 

Hence, further research to overcome these caveats needs to be done to allow the use of these 

cells in the clinic setting. 

On the other hand, multipotent stem cells can be found in adult and neo-natal tissues and do 

not raise major ethical issues, when comparing with ESCs. These cells have more restricted 

differentiation potential to the lineage origin of the cell source and limited proliferative capacity 
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in vitro. They have a pivotal role in normal organ function by promoting homeostasis and tissue 

repair and they can be found in several tissues as bone marrow (BM), peripheral blood (PB), 

liver, pancreas, brain, skeletal muscle, skin, lung, gastrointestinal tract, adipose tissue (AT), 

umbilical cord (UC), and placenta (Mimeault et al., 2007).  Indeed, the most common and well 

established stem cell allogeneic treatment in clinical practice has been with BM transplantation 

of HSPCS, used since the 1950s (Thomas; et al., 1957). These cells have not only been used 

as a source for hematopoietic cells, but as well as pro-angiogenic cells, such endothelial 

progenitor cells (EPCs), for the treatment of ischemic diseases (Asahara et al., 1999). 

Mesenchymal stem/stromal cells (MSCs) are another example of adult stem cells exploited in 

experimental clinical studies. However, regardless the cell type employed, the success of such 

therapies has been hindered by the number of cells needed for an adult patient, as well the 

variability of the quality of donor cells related with their characteristics (e.g. age, sex, genetic 

background, etc.). Hence, there is a need to develop bioengineering processes that will allow 

to reach clinical meaningful numbers, as well as enhancing the therapeutic potential of the 

cells. Of importance, sources considered as ‘biological waste’ (e.g. UC and AT) are gaining 

attention due to their ready availability and ease of collection. Additionally, cells retrieved from 

neonatal tissues, as the hematopoietic cells from the umbilical cord blood (UCB), have also 

the advantage of a less stringent HLA-matching to be used in bone marrow transplantation. 

Still, a full comprehensive characterization and potential of the cells obtained from the different 

sources is yet to be achieved
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I.2 ANGIOGENIC THERAPY 

Abnormal angiogenesis is the major cause of numerous diseases; therefore, 

angiogenesis itself can be useful for diagnostic/prognostic applications and can be 

manipulated for further clinical applications. In the case of ischemic diseases, which 

develop due to deficient angiogenesis, an angiogenesis stimulator can be used to induce 

therapeutic angiogenesis since this promotes blood vessel growth. In that way, the aim 

is to stimulate blood vessel growth in areas of poor vascularization to support tissue 

function and recovery. 

For instance, acute myocardial infarction (AMI) is a common cardiovascular event and 

is one of the major death causes in both developed and developing countries with 

concomitant major causes of disability, loss of productivity and increased health costs 

worldwide (Reddy et al., 2015). After an AMI left ventricular remodeling occurs, which 

can develop to congestive heart failure (HF), and terminal heart disease. The number of 

patients with this disease continues to grow and is associated with an increase of the 

risk of death (Alaiti et al., 2010). Nonetheless, the only standard therapy that addresses 

cardiomyocyte loss is through cardiac transplantation, which is hindered by low supply 

of donor hearts and consequent need for immunosuppression and routinely therapeutic 

strategies for HF rely mainly on restoration of blood flow or reperfusion (Parsa et al., 

2015). Consequently, there is a need for the development of therapies for the myocardial 

regeneration and prevention of its degeneration.  

In this context, a variety of therapies have been explored for the damaged myocardium 

repair by either de novo cardiomyogenesis or by promotion of neovasculogenesis, by 

using combinations of cells, biomaterials, cocktails of biochemical factors, and 

bioengineered cardiac tissues (Chavakis et al., 2010; Perin and Silva, 2011; Yoo and 

Kwon, 2013).   
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Neovascularization involves a complex interaction on the 3-dimensional network of the 

skeletal muscle vasculature, which consists of capillaries and larger blood vessels 

comprising a variety of cell types that include endothelial cells, smooth muscle cells, 

pericytes and monocyte/macrophages that interact with the extracellular matrix (Figure 

I-1). Briefly, in response to a variety of angiogenic factors, such as fibroblast growth 

factor (FGF), vascular endothelial growth factor (VEGF), angiopoietin-1 (ANG1), among 

others, endothelial cells (ECs) are recruited and are induced to proliferate and migrate 

via specific cell/receptor matrix interactions. Then, the secretion of proteolytic enzymes 

by ECs (such as matrix metalloproteinase (MMP) family members) leads to cell-directed 

degradation and remodeling. The final steps involve lumen formation that leads to a 

network of tubes and loops (Lawall et al., 2011; Potente et al., 2011; Yoo and Kwon, 

2013). Blood vessel growth can occur by three different mechanisms (Watt et al., 2010): 

(I) Angiogenesis, which is the growth of new capillaries from pre-existing blood vessels; 

(II) Arteriogenesis, which is defined as the process of growth of collateral arteries, 

whereby pre-existing arterioles enlarge and remodel into large vessels that bypass the 

arterial occlusion; (III) Vasculogenesis, which is the de novo formation of blood vessels 

by EPCs  and it is believed to occur only during development. However, the incorporation 

of these progenitor cells into the vessel structures has gained interest in some studies 

of angiogenic cell therapy (Asahara et al., 1997; Dong et al., 2013; Masuda et al., 2012). 
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The potential of various cytokines such as VEGF (Kim et al., 2004), viral-based gene 

therapy approaches (Jazwa et al., 2013), nanoparticle-drug delivery systems 

(Nagahama et al., 2012) and mononuclear  and stem cells (Alaiti et al., 2012; Lee et al., 

2013a; Whiteley et al., 2014) have been tested as angiogenic and arteriogenic agents in 

pre-clinical studies. Moreover, some clinical trials that use angiogenic therapeutic 

agents, such as cytokines (e.g. VEGF) (Kim et al., 2004),  and stem/progenitor cells 

(Assmus et al., 2002; Boyle et al., 2006; Dong et al., 2013), namely  Mononuclear Cells 

(MNCs) (which contain stem/progenitor cells) and EPCs/CAPCs for the treatment of 

ischemic diseases have been occurring over the past years, but there was an 

inconsistency in the obtained results. There has been a great deal of speculation as to a 

lack of consistency in results for stem cell and gene based therapy trials (Singh and 

Sharma, 2014), but presently, there is no clear consensus and studies are ongoing. 

Thus, an effective angiogenic therapy for ischemic diseases is not available yet. 

 

Figure I-1 - Schematic representation of the agents and microenvironment involved in the vascular repair 
after ischemia (Dragneva et al., 2013). 
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I.2.1 CYTOKINE THERAPY 

A variety of growth factors that are known to have proangiogenic effects have 

demonstrated to induce neovascularization. These factors can be administered 

systematically or locally. Factors such as granulocyte colony-stimulating factor (G-CSF) 

and granulocyte macrophage colony stimulating factor (GM-CSF) have been used to 

stimulate stem cell proliferation and promote their release from the BM (Kim et al., 2011), 

as well as act as a proangiogenic factor by stimulating various populations of BM cells 

and enhancing regenerative vasculogenesis (Watt et al., 2010). Moreover, systematic 

administration of cytokines alone, such as VEGF, FGF and HGF, or combinations, has 

been conducted in clinical trials (Alaiti et al., 2010; Kim et al., 2004). Although appealing, 

the effect of this system may be hampered by their short half-life in circulation, low 

targeted uptake efficiency and some severe effects (Grochot-Przeczek et al., 2013). 

 

I.2.2 GENE THERAPY 

In order to achieve a more sustained and targeted delivery of angiogenic factors, gene 

therapy has emerged for the transfer of the genes of these factors directly into the 

ischemic tissues. Two types of vectors have been used: non-viral (plasmids) and viral 

(retrovirus, lentivirus) (Jazwa et al., 2013; Suzuki et al., 2015). This system can also be 

combined with cell therapy in order to improve the survival, proliferative, migratory and 

angiogenic potential (Grochot-Przeczek et al., 2013). 

Pre-clinical studies have displayed optimistic results, but the translation of this system 

from bench to bedside is hindered by transduction efficiency, choice of route of 

administration, type of vector and its dose (Grochot-Przeczek et al., 2013). 
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I.2.3 CELL-BASED THERAPY 

Stem cell/progenitor cell-based therapies for ischemic diseases have emerged, given 

their potential to proliferate, differentiate, and form new blood vessels or to support other 

cell types involved in the neovascularization process (Alaiti et al., 2010; Perin and Silva, 

2011). Initial pre-clinical studies evaluated pluripotent ESC and lineage-committed 

multipotent stem cells as circulating progenitor cells (CAPCs), which include the 

endothelial progenitor cells (EPCs). Early clinical trials have suggested some potential 

benefits of EPC-based therapy in patients with ischemic arterial peripheral or coronary 

disease (Assmus et al., 2002; Dong et al., 2013; Perin and Silva, 2011). 

MSCs have also been explored for the treatment of ischemic diseases. One of the 

advantages of a MSC-based therapy could lie on the immunomodulatory effects 

mediated by these cells, as well as the ability of MSC to promote growth, survival or 

differentiation of other cells in the damaged ischemic area through paracrine 

mechanisms (Zhang and Xu, 2014). These properties have encouraged pre-clinical and 

clinical research to explore the potential role of MSC as a cell-based treatment for heart 

disease (Wei et al., 2013). 

 

I.3 MESENCHYMAL STEM/STROMAL CELLS 

MSCs were first described by Friedenstein et al in the 1960s, where they isolated and 

characterized a sub-population of adherent spindle-shaped cells from the murine bone 

marrow (BM) able to generate colony-forming unit-fibroblasts (CFU-F) (A. J. Friedenstein 

et al., 1966). But only later they were nominated as mesenchymal stem cells, popularized 

by Caplan (Caplan, 1991), due to their progeny from mesoderm and capability to 

multilineage differentiation. However, due to the population heterogeneity obtained 

through the isolation process (i.e. based to the ability of cells to adhere to culture plastic) 

it was further discussed if the cells should be called as stem cells due to their biological 
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properties. Hence, more recently and to avoid misconception of the nature of the cells, 

Horwitz and colleagues have proposed to name these cells as multipotent mesenchymal 

stromal cells, however still maintaining the same acronym, MSC (Horwitz et al., 2005). 

Besides BM, these cells can be isolated from other tissues including, adipose tissue, 

umbilical cord matrix, synovial tissue, placenta and amniotic fluid (Hass et al., 2011b). 

However, the frequency of these cells in the organism is very low, spanning between 

0.001-0.01% of the total nucleated cells in the BM (Bonab et al., 2006), and physiological 

factors as age and sex contribute to the decrease of cell number (Caplan, 2007). 

These cells are very attractive to the regenerative medicine field and, hence extensively 

studied. Nonetheless, a concise phenotypic characterization is yet to be achieved.  

I.3.1 MESENCHYMAL STEM/STROMAL CELL CHARACTERIZATION 

The expansion and isolation of MSCs can be obtained with high efficiency in vitro (Baksh 

D et al., 2004; de Soure et al., 2016) and are characterized as adherent, spindle shape 

cells, upon culture establishment and which can differentiate, under specific culture 

conditions, into mesodermal cell lineages such as osteoblasts, chondroblasts and 

adipocytes (Figure I-2) (Caplan and Correa, 2011b; Pittenger et al., 1999).  
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Figure I-2 – MSC differentiation into the different mesodermal lineages: bone marrow stromal cells, bone, 
cartilage, tendon, muscle and adipocytes. From Caplan 2011 (Caplan and Correa, 2011b). 

 

However, the defining characteristics of these cells have not been consistent due to 

differences on cell isolation and expansion as well the source where they are obtained. 

This has been hindering the straight comparison between different works as there is no 

universally accepted criteria on the definition of MSC. In addition, there is a lack of 

specific markers for the definitions of these cells. They are characterized by a complex 

immunophenotypic panel, as they express a wide range of specific markers, such as  

CD29 (β1-integrin), CD73 (SH3 and SH4), CD105 (SH2), CD44 (HCAM1), CD90 (thy-

1), Stro-1, CD271 and CD146 and lack the expression of hematopoietic related markers 

such as CD45, CD34, CD14 or CD11b, CD33 and CD133 (Baksh D et al., 2004; 

Chamberlain et al., 2007; Feng-Juan Lv et al., 2014). In order to overcome the limitation 

of the non-homogeneous population obtained by the isolation of these cells through 
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plastic adherence, several markers have been proposed as an alternative for isolation 

of MSCs. Between them, the ones that have received most attention and have been 

adopted in studies as markers to sort MSCs are Stro-1, CD271, stage-specific embryonic 

antigen-4 (SSEA-4), and CD146 (Bianco et al., 2013; Feng-Juan Lv et al., 2014; Psaltis 

et al., 2010). Nonetheless, none of these markers are specific for MSC and their 

biological role and therapeutic significance is yet to be understood. For instance it is 

known that although Stro-1 is regarded as an early mesenchymal/stromal precursor 

marker, namely from BM origin, (Lin et al., 2011), it is not present in all MSCs obtained 

from different sources (Feng-Juan Lv et al., 2014)  and its expression is lost during 

culture (Psaltis et al., 2010). 

To overcome this caveat, the Mesenchymal and Tissue Stem Cell Committee of the 

International Society for Cell Therapy (ISCT) have proposed a set of standard criteria for 

MSC definition in the research field (Dominici et al., 2006): 1) adherence to plastic; 2) 

specific surface antigen expression assessed by flow cytometry (more than 95% of the 

MSC population must express CD105, CD73 and CD90 and must lack expression (less 

than 2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA class III); 

3) multipotent in vitro differentiation potential into osteoblasts, adipocytes and 

chondrocytes, showed by in vitro staining. 

Recently, Samsonraj and colleagues, proposed an extent of the phenotypic criteria to be 

used in combination with ISCT minimum standards, which will render an improved MSC 

potency assessment and potentially establish cell quality prior clinical use (Samsonraj et 

al., 2015) 

I.3.2 MESENCHYMAL STEM/STROMAL CELLS IN REGENERATIVE MEDICINE 

Upon the discovery of these cells by Friedenstein and colleagues and the demonstration 

of their ability of differentiate in vitro into several mesodermal lines, it was hypothesized 

that the regenerative capacity of these cells would be mainly by would migration to sites 
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of injury, engraft, and differentiation into functional cells, resulting in regeneration of 

damaged or diseased connective tissues, upon their transfusion. However, results from 

several studies and clinical trials from the past few decades have challenged this 

paradigm. Indeed, it has been shown that these cells, throughout ex vivo culture, secrete 

several paracrine factors (Meirelles  et al., 2009), which can be divided in six main groups 

functionally: immunomodulation, anti-apoptotic, angiogenesis, 

support/expansion/differentiation of other stem cells, anti-scaring and chemoattraction 

(Figure I-3). 

 

Upon injury/inflammation, MSCs are known to home to injury site, driven by expression 

of growth factors, chemokine and extracellular matrix receptors on MSC surface, led by 

initial localization by chemoattraction along a chemokine gradient, target location 

Figure I-3 - Paracrine effects of cultured MSCs. MSC are able to secrete a broad range of bioactive 
molecules, which can be divided into six main categories: immunomodulation, anti-apoptosis, angiogenesis, 
support of the growth and differentiation of local stem and progenitor cells, anti-scarring and chemoattraction. 
Although the number of molecules known to mediate the paracrine action of MSCs increases every day, 
several factors that have been shown to be secreted by cultured MSC are depicted here for illustrative 
purposes. From (Meirelles  et al., 2009) 
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adhesion/docking to vascular endothelial cells, and, ultimately, transmigration across the 

endothelium to the damage site (Tran and Damaser, 2015). MSCs express a set of cell 

surface receptors and adhesion molecules shown to be specifically involved in tissue 

migration and homing processes. For instance, it has been shown in vitro the migration 

stimulation, in a dose dependent fashion, by the pro-inflammatory cytokine tumor 

necrosis factor (TNF)- α, by increase expression of macrophage derived chemokine 

(MDC) CCR2, CCR3 and CCR4 receptors (Ponte et al., 2007). Furthermore, as 

mentioned previously, other mechanisms involved in MSC homing or docking include 

endothelium attachment. Endothelial cells become activated under injury conditions, 

being characterized by the expression of surface molecules which allow circulating cells 

docking. Two of these molecules, vascular cell adhesion molecule 1 (VCAM-1, aka 

CD106) and E-selectin (CD62E), are known to be ligands for the MSC surface molecules 

integrin a4/b1 (CD49d/CD29) and CD44, respectively (Ruster et al., 2006; Segers et al., 

2006).  Therefore, upon infusion, MSC are thought to migrate and exert their 

regenerative potential by stimulation of endogenous stem/progenitor cells survival and 

proliferation, remodeling of extracellular matrix, and neovascularization, thus prompting 

tissue functional recovery (Keating, 2012). This therapeutic effect is mainly due to MSC 

response to pro-inflammatory cytokines such as (TNF)-α, interleukin (IL)-1, interferon 

(IFN)-γ, toxins of infectious agents and hypoxia by secretion of a large number of 

biologically active molecules that exert a paracrine effect on tissue-resident cells. These 

molecules include epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), 

platelet-derived growth factor (PDGF), transforming growth factor(TGF)-β, vascular 

endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), angiopoietin 1 

(Ang-1), stromal cell-derived factor 1 (SDF-1), IL-6, leukemia inhibitory factor (LIF), stem 

cell factor (SCF) (Meirelles  et al., 2009; Segers and Lee, 2008) . 

However, it is yet to be depicted if MSC tissue repair needs their persistence locally, 

either in naive or differentiated state. In this context, some reports have demonstrated 
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that MSCs disappear from circulation shortly upon intravenous infusion being mostly 

found in the lungs, liver and spleen, with only few engrafted in the damaged tissue 

(Eggenhofer et al., 2012; Lee et al., 2009; Sorrell and Caplan, 2010). In fact, recently, 

Caplan released a statement for the urge of MSC name change to medicinal signaling 

cells, as therapeutically recent evidence is that these cells exert the function through 

secretion of bioactive molecules, rather than engraftment and differentiation (Caplan, 

2017). 

I.3.2.1 MSC Immunomodulation 

Importantly, other attractive MSC characteristic for advanced cell therapy is their 

immunomodulatory properties. Of notice, MSC are known to express intermediate levels 

of human leukocyte antigen (HLA) major histocompatibility complex (MHC) class I 

molecules and costimulatory CD40, CD80, and CD86 and negligibly low levels of HLA 

class II (Deans and Moseley, 2000; Dominici et al., 2006; Le Blanc et al., 2003). In 

addition, it has been shown the ability of allogeneic MSC of inhibiting the proliferation of 

MHC-mismatched lymphocytes in mixed leukocyte reactions (MLR) in vitro (Le Blanc et 

al., 2003). MSCs produce a variety of immunomodulatory cytokines including TGF-β1, 

indoleamine 2,3-dioxygenase (IDO), inducible nitric oxide synthase (iNOS), hepatocyte 

growth factor (HGF) and prostaglandin E2 (PGE-2), which contribute to the ability of 

MSCs to modulate immune responses, by T cells proliferation and dendritic cell (DC) 

maturation suppression, B cell activation and proliferation reduction, inhibition of 

proliferation and cytotoxicity of NK cells, and  generation promotion of regulatory T cells 

(Gao et al., 2016; Meirelles  et al., 2009). These discoveries led to the consideration of 

MSC as immunoprivileged, and transplantation between HLA-incompatible individuals is 

therefore possible (Le Blanc et al., 2003). Hence, MSC have become extremely 

attractive as candidates for an off-the-shelf allogeneic therapy. 

Although MSC allogeneic therapy is regarded as safe (Lalu et al., 2012), there has been 

recent reports that have shown MSC rejection combined with adverse clinical events in 
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an equine model (Joswig et al., 2017), as well as other animal models, supporting the 

evidence that allogeneic MSCs are rejected in vivo (Berglund et al., 2017). Indeed, recent 

evidence has regarded MSCs as immune evasive, rather than immunoprivileged as 

several studies have shown evidence of mismatched MSC immunogenicity (Ankrum et 

al., 2014). Hence, further investigation into the immune responses towards allogeneic 

cells and if immune responses affect the therapeutic outcome of MSC therapy are 

warranted. In addition, it has been proposed a serial of in vitro assays, such as MLR, 

cytotoxicity assays and ELISPOT, that could depict an immune response by the recipient 

and thus, adding safety to the therapy (Berglund et al., 2017). 

I.3.2.2 MSCs in Angiogenesis 

MSCs are also known to facilitate healing of ischemic tissues by the secretion of 

proangiogenic proteins. Angiogenic factors produced by MSCs include basic fibroblast 

growth factor (bFGF), VEGF, TGF-β, PDGF, Ang-1, placental growth factor (PGF), IL-6, 

and monocyte chemotactic protein-1 (MCP-1), HGF, which facilitate tissue regeneration 

(Meirelles  et al., 2009; Tao et al., 2016). Indeed, they have been integrated in several 

clinical trials for the treatment of ischemic diseases, such as PAD and AMI (Lee et al., 

2014; Rodrigo et al., 2013; Tao et al., 2016). As specified in I.2., angiogenesis is a 

complex process that involves an orchestra of different cell types and signaling factors. 

Hence, MSCs exert their angiogenic ability by promoting resident cell growth, stimulating 

neovascularization, decreasing apoptosis, reducing inflammation and finally, preventing 

fibrosis. 

On the other hand, it was recently suggested that among soluble factors, extracellular 

vesicles (EVs) play an important role in intercellular communication and are involved in 

angiogenesis and that the paracrine functions of MSCs could, at least in part, be 

mediated by EVs. Moreover, EVs derived from MSCs have shown encouraging 

therapeutic effects in various animal models (Rani et al., 2015; Teng et al., 2015). This 

may represent an alternative to whole-cell therapy which may offer specific advantages 
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for patient safety such as lower propensity to trigger innate and adaptive immune 

responses and inability to directly form tumors (Yu et al., 2014). Nonetheless, further 

studies need to be pursued as the therapeutic mechanism of both MSC and MSC-EVs 

is not clearly understood, and direct comparison of therapeutic potential of the cells vs 

derived EVs should be conducted. Indeed, MSC-mediated immunomodulation is still a 

matter of debate if the regulatory effects are cell-to-cell contact-dependent, or if, as 

postulated by most groups, soluble factors are sufficient. The contact dependency of 

MSC-mediated effects has been much less investigated than the soluble factors effective 

in immunosuppression, thus warranting further investigation. 

I.3.2.3 MSC in Acute Myocardial Infarction 

Upon several years of research on cell-based therapies for cardiovascular regeneration, 

the best cell type as well as administration route to promote angiogenesis is yet to be 

established. In this context, and due to their homing to injured tissues and angiogenic 

capabilities by the secretion of paracrine factors as discussed above, MSCs have been 

widely studied in cardiovascular diseases (CVD) and implemented in several pre-clinical 

trials which have been shown to engraft and reduce infarct size in rodent and large 

animal models (Kanelidis et al., 2017; Squillaro et al., 2016; Watt et al., 2013), as well 

as in clinical trials (reviewed in (Majka et al., 2017)). 
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Figure I-4 - Mesenchymal stem/stromal cells mechanisms of action in cardiovascular diseases. 
Abbreviation: GVHD, graft-versus-host disease. From (Majka et al., 2017) 

 

Despite of the positive results of early-phase trials, MSC-based therapy efficacy has not 

been uniform throughout the studies. This may be explained by the different isolation 

and expansion methodologies, administration route, cell dose and effect measurement. 

Therefore, further research on the regenerative properties of MSCs are required for the 

establishment of a safe and effective MSC-based therapy for AMI. 

 

Several MSC administration routes have been explored in AMI therapy context, such as 

intravenous (IV), transendocardial injection (TEI) and intracoronary. (IC) Nonetheless, 

most of the clinical trials in heart regenerative medicine have used the IC route for cell 

delivery, due to the ability of delivering a high number of cells into the myocardial region 

(Dib et al., 2011). However, IC delivery of MSC remains a debate matter, since these 

cells are larger (10-20 µm) than the heart capillaries (5-10 µm), and therefore the risk of 

vessel obstruction is increased (Sanganalmath and Bolli, 2013). 
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Recently, Kanaledis et al. performed a meta-analysis to test hypothesis that the route of 

MSC delivery influences the reduction in infarct size (IS) and improvement in left 

ventricular ejection fraction (LVEF) in myocardial infarction (AMI) and chronic ischemic 

cardiomyopathy (ICM) 58 preclinical studies (mouse, rat and swine). They have 

concluded that MSC therapy improves cardiac function in animal models of both AMI 

and ICM, with route of delivery playing a role in modulating the efficacy of MSC therapy 

in AMI swine studies and clinical trials, suggesting the superiority of TEI due to its 

reduction in IS and improvement of LVEF, which can have important design implications 

of future studies (Kanelidis et al., 2017). 

On the other hand, the mechanism through which these cells exert their regenerative 

potential (Figure I-4) is still a matter of debate. Although differentiation mechanism into 

myogenic cells have been reported (Pittenger and Martin, 2004), recently there has been 

several studies criticizing this mechanism for the MSC cardiac therapy (Tao et al., 2016), 

mainly due to poor survival and low engraftment in the ischemic tissue. Hence, new 

insights on the therapeutic effect through paracrine action in an AMI setting have been 

explored, with some reports showing this mechanism in vivo (Cai et al., 2016; Yao et al., 

2015). Nonetheless, to date, there is a lack of a consensus on the existence of 

myocardial regeneration or a meaningful clinical benefit of cell therapy in MI context 

(Behbahan et al., 2015; Leri and Anversa, 2013), hence additional well designed 

randomized multicenter studies are urged before MSCs treatment can become a therapy 

of choice for CVD. 

Although majority of the studies use BM derived MSCs, some efforts have been made 

in the use of more readily available MSCs sources. Recently with some clinical trials, 

showed AT and UCM-MSC administration safety and, in some cases, clinical 

improvement (Bartolucci et al., 2017; Gao et al., 2015; Musialek et al., 2015; Perin et al., 

2014). Nonetheless, further research in order to depict MSCs derived from alternative 

sources in the regenerative potential in an AMI setting should be chased. 
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 In a mutual relationship to clinical trials, key issues that need to be addressed at the 

pre-clinical and early clinical stage of MSCs applications involve (i) cell source, (ii) cell 

dose, (iii) administration route and timing, (iv) expansion methodology (v) rejection 

reduction or elimination, (vi) development of improved delivery techniques to enhance 

myocardial retention and engraftment, and (vii) cell engineering and /or preconditioning 

to enhance regenerative capacities and enhance survival. 

I.3.3 ISOLATION AND SOURCES OF  MESENCHYMAL STEM/STROMAL CELLS  

BM is the first and widest studied and characterized MSC source, which hinder them as 

the comparison standard against other sources. Furthermore, these cells have been 

successfully isolated from other adult sources, such as AT (Kern et al., 2006), dental 

pulp (Poltavtseva et al., 2014), and synovial membrane (SM) (Sugita et al., 2016), as 

well as from perinatal sources such as UCM (Simões et al., 2013), UCB (Sibov et al., 

2012), amniotic fluid (Bai et al., 2012) and the placenta (Vellasamy et al., 2012) and fetal 

tissue as fetal blood, BM and liver (FL) (Campagnoli et al., 2001). Indeed, MSCs can be 

isolated from almost all postnatal organs including brain, spleen, liver, kidney, lung, 

thymus and pancreas, suggesting that MSCs are diversely distributed in vivo and mainly 

related to perivascular niches (Klingemann et al., 2008). The focus of this thesis will be 

on the most studied sources, namely BM, AT and UCM-derived MSC. 

Normally, BM samples are firstly subjected to a density gradient centrifugation step using 

a polymeric solution (e.g. Ficoll-PaquePLUS (1.078 g/mL), Percoll (1.130 g/mL)) to 

separate MNC fraction from other blood constituents such as erythrocytes and plasma 

(Gottipamula et al., 2014). This MNC fraction contains, among other cell populations, a 

small percentage (0.01%) of MSCs which can be further isolated in two different 

approaches: (i) adherence to plastic (polystyrene) tissue culture flasks or (ii) 

immunobased cell-sorting methods. The latter method has the advantage of allowing the 

collection of a more homogeneous cell population, and different markers have been used 

for such effect, such as Stro-1, CD271, CD105 between others (Feng-Juan Lv et al., 
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2014). This later leads to a hypothetical more homogeneous population, but it also 

presents technical constrains such as is scalability deprived and has a high associated 

process cost. Hence most of BM-MSC isolation protocols is based on plastic adherence 

with high yields (100%) (Kern et al., 2006). Thus, MNC fraction is plated onto tissue 

culture flasks, where morphologically fibroblast-like cells (which are enriched for MSC) 

adhere to the plastic surface, while other cell contaminants (hematopoietic for e.g.) are 

washed out through medium change and enzymatic passaging (Chamberlain et al., 

2007). However, this source presents several constraints as it is obtained through an 

invasive procedure which can cause complications to the donor (Baksh et al., 2007), 

such as infections and chronic pain. Hence, an alternative source such as AT and UCM 

present several advantages when envisioning clinical MSC therapy. 

AT represent an attractive alternative source as can be obtained through liposuction 

products in large quantities and in a less invasive way (Hass et al., 2011a; Kern et al., 

2006). AT-MSCs are obtained by enzymatic treatment of the adipose tissue, usually with 

collagenase, yielding an initial stromal vascular fraction (SVF) in which MSC isolation is 

further processed by plating and adherence to plastic (Gimble et al., 2007). Similarly to 

BM isolation, MSC enriched population adhere to the plastic and other contaminants are 

washed out by media change and enzymatic passaging. AT MSCs can be isolated in 

larger numbers than BM (as it is at least 100-fold more frequent that in BM) with high 

yields (100%) and exhibit stable growth kinetics in culture (Kern et al., 2006). 

Finally, UCM is also rated as an attractive MSC source since is widely available, can be 

harvested with no ethically restrictions (considered as biological waste) and is painless 

for the donor (Simões et al., 2013). The isolation process of UCM-MSC normally consists 

on blood vessels removal and dissection of the cord segment into very small pieces (1–

3mm3), followed by enzymatic treatment using collagenase, hyaluronidase, or trypsin 

dissociation agents (De Bruyn et al., 2011). To present, enzymatic treatment with 

collagenase is the most broadly used. Alternatively, instead of enzymatic treatment, 
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isolation can be performed by explants, i. e. by simply growth of the dissected pieces as 

explants on plastic (Bongso and Fong, 2013; De Bruyn et al., 2011). Importantly, the 

harvesting yield of MSCs in UCM was found to be significantly higher than BM (4x105 

cells per sample, 10x103–5 cells per centimeter of UC) (Can and Karahuseyinoglu, 2007; 

Troyer and Weiss, 2008). 

However, these isolation methods have the drawback that they are usually performed 

with xenogeinic elements such as use of fetal bovine serum (FBS) containing medium 

or animal derived dissociation agents, such as collagenase, thus hindering the future 

clinical application. This concern has been brought to attention and efforts on 

development of a GMP compliant and scalable method have been pursued (Rojewski et 

al., 2013; Simões et al., 2013).  

Moreover, comparative studies have shown no significant difference between BM, AT 

and UCM regarding isolation efficiency, morphology and immunophenotyping, which 

was within the minimal criteria established by ISCT (Kern et al., 2006; Motaln et al., 

2010). Nonetheless, when comparing to adult MSCs, UCM-MSCs have shown to have 

a higher proliferative capacity (shorter doubling times), frequency of colony forming units 

fibroblasts (CFU-F), and immunosuppressive properties (Baksh et al., 2007; Kern et al., 

2006; Simões et al., 2013). However, it has been reported different differentiation abilities 

for the different sources. BM-MSCs were capable of more robust osteogenic and 

chondrogenic differentiations, whereas AT-MSCs were described as more prone to 

differentiate into the myogenic and cardiomyogenic lineages (Bourin et al., 2013). 

Furthermore, UCM has shown delayed osteogenic and adipogenic differentiation abilities 

(Kern et al., 2006; Motaln et al., 2010). Moreover, immunophenotypic differences have 

also been described between the different MSC sources (Chamberlain et al., 2007; Hass 

et al., 2011a). 
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Taking these differences into account, it is important to depict if the cells derived from a 

certain source will have the same clinical benefit. Hence, systematic and comprehensive 

studies regarding a specific applied therapeutic outcome should be pursued and further 

generalization of studies to all MSC sources needs to be critically viewed. 

I.3.4 EX-VIVO EXPANSION OF MESENCHYMAL STEM/STROMAL CELL  

Considering the limited MSCs numbers that can be obtained in most tissue sources with 

the usual cell doses that have been used in several clinical trials (1-5x106 cells per kg 

body weigh), the efficient ex vivo expansion in order to attain, in a cost effective way, 

clinically meaningful cell numbers with therapeutic properties is critical for the 

implementation of MSC-based therapies (Hoch and Leach, 2014). Hence, several critical 

culture parameters such as, plating cell density, cell passage, type of medium and serum 

used, oxygen tension and cell culture platforms in order to attain maximum yield while 

maintaining/enhancing cell intrinsic therapeutic potential must be considered (de Soure 

et al., 2016). However, concomitant with the isolation procedure, most studies have 

focused on the static 2D MSC expansion in polystyrene flasks, usually using medium 

formulations containing xenogeneic components, as FBS. FBS, specifically, has been 

critically rated by regulation agencies due to batch-to-batch variation, be a potential 

source of harmful contaminants (e.g. virus and prions), and to possibly elicit immune 

reactions (Jung et al., 2012) Indeed, most of the clinical trials that use expanded MSCs 

are within these parameters. Importantly, in order to establish a clinical grade cell 

product, manufacture needs to be GMP compliant.  

Considering these factors, it has been an effort in the development of GMP medium 

formulations (human derived, such as human platelet lysate (hPL) or 

serum/xeno(geneic)-free) together with innovative 3D expansion methods (microcarrier-

based) within fully controlled systems (bioreactors). Indeed, it has been shown 

successful isolation and MSC culture with the use of HPL as an FBS substitute. In 

addition, it has been reported a higher proliferative profile upon using the humanized 
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medium. Nonetheless, although some reports state no morphological, viability, 

differentiation ability and immunophenotype when compared with traditional FBS 

containing medium (Hemeda et al., 2014; Juhl et al., 2016), recent studies have 

demonstrated that hPL-expanded MSC presented diminished immunomodulatory 

potential (Abdelrazik et al., 2011; Oikonomopoulos et al., 2015). These contradictory 

results must be due to batch-to-batch variability, which is one of the drawbacks on the 

use of this supplement. 

Furthermore, the ideal candidate for GMP production would be a completely defined 

serum-free (SF), xeno-free (XF) culture medium formulation. In this context, several 

companies have developed medium formulations within these characteristics. As an 

example, our group has previously reported the isolation and expansion of MSC from 

different sources under static and dynamic systems using Life TechnologiesTM StemPro® 

MSC SFM XenoFree culture, without compromising multilineage differentiation potential 

(Carmelo et al., 2015; Dos Santos et al., 2014; Santos et al., 2011; Simões et al., 2013). 

Of notice, the MSC isolation using this medium formulation has been somewhat 

challenging (Chase et al., 2012) and it needs to be taken into consideration that optimal 

cell culture conditions, including medium used, may vary with cell source and culture 

system.  

In addition, oxygen tension is also another important parameter in cell culture efficiency 

and cell quality. Indeed, In BM, oxygen concentration seems to be around 0 to 4%, which 

is a hypoxic environment (Mohyeldin et al., 2010). Local hypoxia can also occur in certain 

pathological conditions, like ischemia, infection or tissue injury, in which MSCs are 

believed to have a regenerative impact through their homing capacity and trophic activity 

(Meirelles  et al., 2009). As an example, our group has reported a comparison in 

proliferative and clonogenic potential of BM-MSCs when cultured at 2% and 21% O2, 

which shown significantly higher proliferative and clonogenic potentials for cells under 

hypoxic conditions (Dos Santos et al., 2010). 
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I.3.4.1 Scalable ex vivo expansion of human MSCs using microcarrier-based 

systems 

As mentioned previously, the establishment of a scalable, cost-effective, and fully 

controlled manufacturing system is vital for MSC-based therapies. Hence, several types 

of bioreactor systems have been explored for the scalable expansion of MSCs, including 

multilayered cell factories, roller bottles, microcarrier-based stirred bioreactors, hollow-

fiber bioreactors, and fixed-bed bioreactors (reviewed in (Godara et al., 2008; Rodrigues 

et al., 2011)).  

Beyond the performance of bioreactors for supporting effective growth and maintenance 

of the cells properties, specific features of different bioreactor types should also be 

considered from a practical standpoint, namely: simplicity of operation, attainable cell 

density, disposability, ability to incorporate online monitoring and control, automation, 

ease of harvest and effectiveness in terms of cost and time. 

Specifically, microcarriers increase surface area in comparison with 2D planar systems, 

providing a very effective and attractive option for the immobilization and cultivation of 

adherent cells in dynamic culture systems such as stirred bioreactors. Moreover, in 

addition to a greater scalability, by simply increasing vessel volume, microcarrier-based 

manufacturing of MSCs offers advantages by avoiding consecutive passaging (Carmelo 

et al., 2015; Dos Santos et al., 2014). 

Importantly, stirred culture systems, such as spinner flasks and stirred bioreactors, 

promote uniform mixing conditions, avoiding the generation of concentration gradients 

generally found in the classical planar culture systems (Rodrigues et al., 2011). The 

mechanical agitation is provided by an internal impeller either controlled by a magnetic 

stirrer plate in the case of spinner flasks, or by a mechanical shaft in the case of stirred 

bioreactors. Furthermore, stirred bioreactors comprise on line monitoring and control of 

several culture parameters, such as pH, temperature, dissolved oxygen (DO) and carbon 
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dioxide levels which require a minimal need for human intervention, representing a 

critical improvement in what concerns process robustness and cell product 

standardization. In addition, different feeding regimes (batch, fed-batch, perfusion) can 

be applied to meet nutrient and metabolic needs, which are highly variable, depending 

on MSC source and other factors such as culture medium formulation. Importantly, 

spinner flasks are an important system for the lab-scale expansion development, where 

several parameters can be studied and optimized before moving towards bioreactor 

culture, which is usually accompanied by the need to use larger volumes. However, novel 

fully controlled disposable systems that enable high throughput needed for process 

development have become recently available, such as the Eppendorf DASBox® and 

Sartorius Ambr15®. 

There are several commercially available microcarriers that have been applied for MSC 

expansion, both in spinner flasks (reviewed in (de Soure et al., 2016)) and in bioreactors, 

that present distinctive physical properties, such as stiffness and nanotopography, and 

can be produced from different of materials such as polystyrene, gelatin, alginate and 

dextran, and designed to be either non-porous (e.g. SoloHill® Plastic microcarriers), 

microporous (e.g. Cytodex®-1 (dextran-based)) or macroporous (e.g. CultiSpher®-S 

(gelatin)). Macroporous microcarriers can have the advantage of potentially providing a 

higher surface-area for cell growth, while enabling some hydrodynamic shear protection 

from stirred cultures, although oxygen limitation within the microcarrier may occur 

(Rodrigues et al., 2011). 

To allow functional attachment and growth support, microcarrier surfaces can be 

functionalized with positively charged groups, gelatin, collagen, other extracellular matrix 

(ECM) proteins and peptides (e.g. RGD peptide). Furthermore, cell attachment  can be 

also promoted by microcarrier coating with attachment factors (for instance, the ones 

that come along with commercially available XF culture medium formulations) or even 

by incubation with culture medium prior to cell inoculation (Carmelo et al., 2015; Rafiq et 
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al., 2016). Hence, microcarrier choice and performance is highly dependent on culture 

medium chosen, as well as the MSC source, since it has been demonstrated differentially 

surface marker expression (Hass et al., 2011a). 

Interestingly, Rafiq and colleagues have recently reported a comprehensive comparison 

of several microcarriers (Collagen, Cultispher-G®, Cytodex-1 and 3TM, FACT III, 

SphereCol®, ProNectin® F, Cytopore 1 and 2TM, Enhanced Attachment, Glass, Hillex®, 

MicroHexTM, Plastic, Plastic Plus, PVA and Synthemax II®) in the expansion capability 

of BM-MSC cultured under XF conditions, harvest efficiency, final immunophenotype and 

differentiation potential. Based on the combination of the aforementioned factors, 

SoloHill Plastic microcarriers were selected as the optimal microcarriers for BM-MSC 

expansion capacity (Rafiq et al., 2016). 

Furthermore, another important factor to have into consideration in microcarrier-based 

culture is the harvest efficiency. In a therapeutic setting, it is important not only to achieve 

the demanded cell numbers, as well as to be able to retrieve the cells without microcarrier 

contaminants, in the most efficient way, with retention of their properties. Usually this 

step is done using an enzymatic agent. However, it has been shown that to enzymatic 

action compromise surface marker expression of cells, which can potentially alter cell 

function and ultimately viability. In addition, usually this consist in 3 open step processes: 

dissociation of cells from microcarriers, filtration and volume reduction by centrifugation. 

Nonetheless, the current process does not offer scalability and might have severe 

implications in the manufacture of a MSC-based therapy. Hence, some efforts have been 

made in that direction, by reduction of the exposure to the enzymatic agent in a scalable 

process (Nienow et al., 2014), where dissociation inside the spinner flask was aided by 

agitation rate increase, and by applying tangential flow filtration for MSC concentration 

(Cunha et al., 2015). 
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- Shear Stress 

It is important to consider fluid mechanics in stirred systems, that generate shear stress 

and can affect cell behavior and even induce differentiation (Stolberg and McCloskey, 

2009). Agitation leads to transfer of energy from the impeller to the liquid contents of the 

bioreactor. This energy causes the formation of small areas of intense turbulence 

throughout the medium, termed eddies, that dissipate the energy. Particle damage under 

stirred conditions is mostly related to particle-impeller and particle–particle collisions and 

particle interaction with microscale turbulent eddies. In these cases, damage can 

proportionally increase with particle size, particle concentration and agitation rate. In 

addition, shear depends on the geometric characteristics of the vessel and the impeller, 

the presence of baffles, and physical properties of the medium. Furthermore, direct gas 

sparging, which is required for adequate oxygenation in large-volume/high cell density 

may add to shear stress cell damage (Cherry and Papoutsakis, 1988; Nienow, 2006). 

Cell damage in microcarrier-based system has been associated to the relation between 

the size of the microcarriers and the size of Kolmogorov-scale turbulent eddies. It has 

been reported for fibroblasts, that cell damage would only be significant when eddies’ 

size reached two-thirds (or less) of the microcarriers’ size (Croughan et al., 1987). 

Additionally, this criteria can be translated for MSCs cultures, as reported by Hewitt and 

colleagues (Hewitt et al., 2011). The smallest eddies, Kolmogorov eddies, generate 

localized shear on particles suspended in the bioreactor, including the microcarriers 

surfaces. This damage usually occurs only when the eddies’ size becomes smaller than 

the suspended particles. A turbulent eddy larger than the microcarrier beads can 

surround and rapidly accelerate a single bead to the eddy’s velocity or move groups of 

beads without creating a large relative velocity between them. Having eddies smaller 

than the beads, the smallest eddies would not be able to readily accelerate the beads, 

dissipating their kinetic energy against the cells on the beads surfaces (Nienow, 2006). 
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Overall, further efforts need to be made to bring this technology to a reality for the robust 

and reproducible production of MSC. Designing an optimal culture system for a specific 

cell type depends on understanding the characteristics of the cell and the growth 

requirements. It is important to note that microcarrier-based dynamic cultures are quite 

complex systems influenced by a number of important engineering and biological factors 

most of which are not fully understood. 

To achieve a successful, consistent large-scale production of MSC, each of the 

parameters critical for the microcarrier-based stirred cultures should be identified, 

optimized, and standardized: (i) cell source; (ii) medium composition; (iii) microcarrier 

type; (iv) bioreactor geometry; (v) operational parameters (such as DO, pH, temperature, 

agitation speed); (vi) agitation strategy (continuous/intermittent); (vii) microcarrier and 

inoculum cell density, (viii) feeding strategy (batch, fed-batch, perfusion), (ix) process 

intensification (passage, bead-to-bead transfer), (x) downstream processing 

(dissociation, separation and concentration). 

I.4 ENDOTHELIAL PROGENITOR CELLS 

Endothelial Progenitor Cells were first isolated from adult peripheral blood (PB) in 1997 

(Asahara et al., 1997) and were shown to be able to incorporate into foci of physiological 

or pathological neovascularization (Asahara et al., 1999). These cells can be found 

within the BM, mobilized peripheral blood (PB) and UCB (Asahara et al., 1997; Ingram 

et al., 2004; Shi et al., 1998). It has been recognized that the measurement of circulating 

EPCs levels can provide clinical information on the atherosclerotic burden and even on 

the future cardiovascular risk (Alaiti et al., 2010). 

I.4.1 CELL CHARACTERIZATION 

A consensus definition of EPCs is not yet established in the field.  EPCs can be 

characterized into two subsets: hematopoietic (which includes early EPCs (eEPCs)) and 

non-hematopoietic (which includes late outgrowth EPCs (oEPCs)) (Asahara et al., 2011).  
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eEPCs are angiogenic in a sense that these can extend vasculature from pre-existing 

blood vessels, acting through the paracrine signaling. These cells arise from 

hematopoietic cells that may include monocytes, myeloid progenitor cells, and T 

lymphocytes and are also characterized by their limited ex vivo proliferative capacity. On 

the other hand, human oEPCs are truly vasculogenic with studies demonstrating that 

these can form de novo human-murine chimeric blood vessels when transplanted into 

immunodeficient mice (Yoder et al., 2007). Nevertheless, it is believed that both 

hematopoietic and endothelial lineages come from a common embryological ancestor, 

the hemangioblast; in adulthood, a common precursor for both cell lineages can 

potentially persist (Ingram et al., 2004). The exact development of EPCs from the 

hemangioblast or a precursor to the hemangioblast has not been proved yet. In fact, the 

exact EPC maturation cycle is still to be revealed.  

The qualification of these cells is primarily defined by the expression of cell surface 

antigens such as CD34 (Hristov et al., 2003; Schmidt-Lucke et al., 2010). Still, due to the 

controversy in the field regarding the definition of these cells, a variety of surface antigen 

expression panels have emerged, which usually includes the following: CD34, CD45, 

CD31, CD146, CD133, KDR. Currently, the phenotypes CD133+CD34+KDR+, 

CD34+KDR+, or CD14+CD34low, are widely used to define or select cells that express 

properties attributed to EPC (Hristov et al., 2012; Mund et al., 2012). Moreover, Dimmeler 

and colleagues have developed, by the study of a group of patients with coronary artery 

disease (CAD) vs. healthy donors, a novel protocol adapted from the standardized so-

called ISHAGE protocol for enumeration of hematopoietic stem cells to enable 

comparison of clinical and laboratory data, which comprises CD34+KDR+CD45dim 

population as true EPC (Schmidt-Lucke et al., 2010). 

In addition, EPCs have also been described as adhesive cells and they have also been 

identified by clonogenic assays. Similarly to the case of the surface markers, there is a 

variety of assays available. Hence, a standardization of this type of qualification has also 



CHAPTER I - INTRODUCTION 

39 
 

been pursued by a variety of groups. EPCs can be quantitated by a commercially 

available kit that identifies ‘’endothelial cell colony-forming units’’ (CFU-ECs), which 

formed the basis for use of these cells as a predictive biomarker of vascular disease and 

as a cell source for angiogenic therapies (Hill et al., 2003). However, this method does 

not have in account the hierarchical discrimination and proper characterization of 

contaminating cell populations, consisting mainly of hematopoietic cells (Hur et al., 2007; 

Rohde et al., 2007). 

Endothelial colony-forming cells (ECFCs), which are also referred as blood outgrowth 

endothelial cells (BOECs), have been also identified, which are organized in a hierarchy 

of progenitor stages that vary in proliferative potential and can be identified in clonal 

plating conditions (Ingram et al., 2004). Later, Yoder and colleagues compared CFU-

ECs and ECFCs and have shown that the later can actually differentiate into ECs and 

function as EPCs whereas CFU-ECs differentiate into phagocytic macrophages and not 

ECs (Yoder et al., 2007). Thus, CFU-ECs derive from a hematopoietic progeny 

committed to the myeloid lineage. This assay demonstrated adhesive endothelial 

potential at different stages, high- and low-proliferative. However, despite its high 

reproducibility, it is likely that this does not correlate to a basic EPC phenotype. In this 

regard, Masuda and colleagues have developed a novel clonogenic assay (EPC-CFA) 

that enables the identification of primary EPCs of the endothelial lineage in non-adhesive 

stages derived from HSPCS as ‘blood EPC’. Namely, two types of colonies can be 

identified: small EPCs, which are a more primitive and proliferative cell population; and 

large EPCs, which in turn are a more differentiated and mature cell population (Masuda 

et al., 2011). A schematic representation of the assays is represented in Figure I-5. 
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Figure I-5 – Schematic representation of the developed assays to identify and characterize EPCs. EPC-CFA has the 
ability to assess EPC differentiation hierarchy in non-adhesive stages derived from HSC as ‘blood EPC’, in opposite 
from the other assays, as conventional Hill’s colony assay or EPC culture assay. Quantitative evaluation based on 
the hierarchical proliferative potential cultured adhesive cells of tissue derived EPCs (‘tissue EPC’), can be assessed 
by ECFC assay. Nevertheless, the relationship between ‘blood EPC’ and ‘tissue EPC’ remains unknown. From 

Masuda et al, 2011. 

 

 

 

 

 

Apart from the circulating blood-derived EPCs, a variety of tissues have been shown to 

contain resident stem cells able to differentiate into the endothelial lineage. This was first 

observed by Aicher and colleagues (Aicher et al., 2007) with mobilization of tissue 

resident c-Kit+/CD45- progenitor cells from liver and small intestine. Furthermore, other 

studies have revealed the presence of EPCs in the wall of human adult blood vessels 

(David A. Ingram and Yoder, 2005; Klein et al., 2010). Interestingly, a recent study by 

Wakabayashi et. al., it was identified CD157+ as a marker for tissue-resident vascular 

endothelial stem cells (VESC) in mice with angiogenic potential in vivo, which respond 

to local injury by proliferation and regeneration of entire vasculature, thus supporting the 
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evidence of existence of an endothelial hierarchy within the blood vessels (Wakabayashi 

et al., 2018). Furthermore, high proliferative potential ECFCs are enriched in the 

CD157+CD200+ EC fraction of vascular endothelium and can be prospectively isolated 

using this marker. This work has significant impact on the controversial field of the 

existence of tissue derived EPCs. 

EPC identification and characterization has been challenging and controversial. The 

nomenclature for these cells has become increasingly complex, which fail to align with 

the latest scientific evidence and led to a wide variety of cell types being named as EPC. 

This has hampered the comparability between published studies and hence advances 

in the field and clinical translation. An effort to standardize the nomenclature and EPC 

characterization is being made amongst the scientific community (Fadini et al., 2012). 

Indeed, Medina and colleagues have recently published a review where they propose 

precise terminology based on defined cellular phenotype and function (Medina et al., 

2017). Here, it is recommended to avoid using the term ‘’hematopoietic EPC’’ and 

considering adult hematopoietic cells as endothelial progenitors, since they are based in 

unproved assumptions, as the existence of an ‘’adult hemangioblast’’. Also, regarding 

the circulating angiogenic cells (CACs) used to define eEPCs, there is no sufficient proof 

to confirm the ‘’circulating’’ status in vivo and, in fact, it has been suggested to be 

generated in vitro through specific culture conditions (Shoji et al., 2004). Therefore, there 

is the recommendation to define these cells as ‘’myeloid angiogenic cells’’ (MAC), as 

they not give rise to endothelial cells, remaining true to their hematopoietic nature and 

having their angiogenic potency through the secretion of paracrine factors (Medina et al., 

2011). Finally, regarding the so called BOEC, also obtained in vitro, the recommendation 

is to use the term ECFC, and not EPC due to its ambiguity. A schematic representation 

of the nomenclature used divided into the two groups, hematopoietic and endothelial, is 

represented in Figure I-6, as a guidance. 
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There are two main mechanisms in which EPCs can exert their effect in 

neovascularization: through direct contribution, where there is de novo formation of blood 

vessels via in situ migration, proliferation differentiation and/or incorporation of BM-

derived EPCs into regenerating vasculature; and through indirect contribution, by the 

secretion of trophic factors, promoting proliferation and migration of existing ECs and 

thus activating angiogenesis (Figure I-7) (Asahara et al., 2011). These processes are 

briefly described in section I.2. However, due to controversial definition and existence for 

instance of tissue derived EPCs, the underlying mechanism is not yet completely 

understood (Piatkowski et al., 2013). 

MAC ECFC 

CD45+CD31+CD14+ CD31+CD105+CD146+ 

CD146-CD34- CD45-CD14- 

Conditioned medium enhances endothelial 
network formation in vitro and in vivo. 

Intrinsic tube formation capacity in vitro and in 
vivo. 

Paracrine factors act as angiogenic stimulants 
Building blocks for new blood vessel 

formation or vascular repair. 

Hematopoietic Lineage 
 

• Myeloid angiogenic cells 

(MAC) 

• Circulting angiogenic 

cells (CAC) 

• Collony forming unit-Hill 

EPC (CFU-Hill) 

• Early EPC 

• Early outgrowth EPC 

• Hematopoietic EPC 

• Small EPC 

• Myeloid EPC 

Endothelial Lineage 
 

• Endothelial colony 

forming cells (ECFC) 

• Outgrowth endothelial 

cells (OEC) 

• Blood outgrowth 

endothelial cells (BOEC) 

• Late EPC 

• Late outgrowth EPC 

• Non-hematopoietic EPC 

• Large EPC 

Figure I-6 - Cell types studied for their pro-angiogenic properties. Complex nomenclature can be divided 
into two distinct groups according to phenotypic lineage: hematopoietic and endothelial. Table provides 
minimal criteria to define MACs and ECFCs based on immunophenotype, including negative markers for 
purity; and function, assessed as a potency assay. Adapted from (Medina et al., 2017). 
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I.4.2 CELL EXPANSION EX-VIVO 

EPCs can be isolated through CD34+ enrichment (considered as EPC containing cell 

fraction) using magnetic-activated cell sorting (MACS)  (Schmidt-Lucke et al., 2010). 

However its frequency in peripheral blood is very low (less than 0.1%) limiting the 

obtained cell numbers (Scheubel et al., 2003). In addition, other aspects as increasing 

age and disease (such as diabetes and classical cardiovascular risk factors), can affect 

the angiogenic potential of the cells.(Fadini et al., 2012; Scheubel et al., 2003; Tepper et 

al., 2010) (Numaguchi et al., 2006). Furthermore, the collection and isolation procedure 

can represent a physical burden to the patients. To overcome this problem, the use of 

an allogeneic therapy by retrieving cells from UCB and priming them ex vivo may be of 

an added value, as its collection is non-invasive and the availability is immediate. 

Figure I-7 - Mechanism of EPC action in neovascularization. A – Circulating EPCs derived from Bone 
Marrow (BM) are mobilized into peripheral blood to the ischemic site. Participation of EPC in 
neovascularization can be either through secretion of proangiogenic factors (B) or through integration and 
differentiation into mature EC (C). Adapted from Musarawa et al., 2004. 
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In this context, an effective therapeutic product based on CD34+ progenitor cells 

demands their ex-vivo expansion, not only to achieve clinically meaningful cell numbers, 

but mostly due to the superior quality of cultured cells when compared to freshly isolated 

CD34+ cells, which has been reported to result in an higher extent of neovascularization 

after transplantation (Asahara et al., 2011; Kalka et al., 2000). To this end, different EPC-

enriched culture methods have been developed. 

I.4.2.1 Adherent culture 

 Adherent culture is done by plating whole MNCs or purified progenitors (CD34+ or 

CD133+) on either collagen or fibronectin coated plates (Colombo et al., 2013), with an 

endothelial cell culture medium (e.g. endothelial basal medium-2 and endothelial growth 

medium-2), which contains a variety of combinations of angiogenic growth factors and 

serum. This method has some associated hurdles such as time, since it takes several 

weeks to isolate the cells, as well as the animal derived products content (such as Fetal 

Bovine Serum (FBS)). In that way, several groups have developed some work in order 

to overcome the use of animal products in the expansion culture. For instance, it has 

been shown that human platelet lysate (hPL) is a suitable alternative to substitute animal 

serum (Andreas Reinisch, 2009; Hofbauer et al., 2014). Moreover, Moon and colleagues 

have also developed an humanized xeno-free autologous culture system for EPCs 

derived from UCB, with isolation of extracts (UCE) and collagen (UC-collagen) from 

umbilical tissue to replace the animal-derived counterparts (Moon et al., 2013). 

Although these systems have presented a high vasculogenesis performance in vivo, 

several weeks are needed to isolate the cells, and hence, this process is time consuming 

(Hur et al., 2004) and can further enhance cellular senescence. In addition, cells have to 

be incubated with dissociation agents (trypsin/EDTA) in order to harvest the cells as the 

final product, which contributes to the increase of the process time.  Thus, adherent 

culture systems still present challenges when translating to the clinical setting, due to the 

amount of labor and associated costs.   
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I.4.2.2 Suspension culture 

Alternative suspension culture methods have been developed, where a higher quantity 

and quality of the final cell product has been claimed (Bouchentouf et al., 2011; Masuda 

et al., 2012; Masuda et al., 2014; O et al., 2011).  In this setting, either isolated progenitor 

cells (CD34+ or CD133+ cells) or whole MNCs are cultured in suspension in medium 

containing a variety of cytokines known to promote cell expansion as well the cell priming 

towards a more angiogenic potential (Table I-1). For instance, Masuda and colleagues 

have developed a novel serum free expansion method with optimal cytokine and growth 

factors (stem cell factor (SCF), thrombopoietin (TPO), vascular endothelial growth factor 

(VEGF), interleukin-6 (IL-6) and flt-3 ligand) of a purified UCB CD133+ population to 

enhance the therapeutic EPC properties in a quantitative and qualitative manner as after 

seven days the cell number significantly increased and the cell product showed a 

differentiation potential towards the endothelial lineage with higher angiogenic and anti-

inflammatory properties (Masuda et al., 2012). This system has also been shown similar 

effects and improved wound healing when using cells from diabetic mice, which may 

indicate that this system is robust and may facilitate cell-based therapies for diabetic 

patients in an autologous setting (Tanaka et al., 2013). Moreover, considering the clinical 

setting and concomitant good manufacturing processes (GMP) for the production of 

these cells, this system has also shown positive and similar results when culture was 

performed in disposable cell culture bags (Mata et al., 2015). 

Of note, there are some reports demonstrating the benefit of co-culture systems (such 

as EPC-MSC, CD34+/CD45+, CD34 hybrid cells), as similar to the crosstalk between 

different cell types that occurs in the niche, that showed a positive effect on cell survival 

and angiogenic potential (Duttenhoefer et al., 2013; Kwon et al., 2014; Lee et al., 2013a; 

Whiteley et al., 2014). 
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Table I-1- Methods of EPC expansion culture under suspension conditions to enhance its properties. 

Authors Cells Cocktail Outcome Reference 

Masuda et al. UCB CD133+ TPO, VEGF, SCF, IL-6, Flt-3 ligand Preservation of LV function post myocardial infarction (Masuda et al., 2012) 

Masuda et al. PBMNCs TPO, VEGF, SCF, IL-6, Flt-3 ligand Blood perfusion recovery in ischemic hindlimbs (Masuda et al., 2014) 

Eunju O et al. UCB CD34+ SCF, Flt-3 ligand, IL-3, bFGF Blood flow and neovascularization recovery in hind-

limb ischemia 

(O et al., 2011) 

Bouchentouf et al. PBMNCs IGF-1, VEGF, FGF, EGF Preserved cardiac function after myocardial infarction (Bouchentouf et al., 2011) 

Janic et al. UCB CD133+ Flt-3 ligand, TPO EPC characteristics were preserved in long term 

culture 

(Janic et al., 2010) 

Ott et al. UCB CD34+ SCF, VEGF, SCGFβ LV improvement after myocardial infarction (Ott et al., 2005) 

Lippross et al. BM CD34+ and CD133+ bFGF and PRGF PRGF boost the long term expansion of EPCs (Lippross et al., 2011) 

Schlechta et al. UCB CD34+/CD133+ SCF,TPO, Flt-3 ligand, IL-6 Improvement of ejection fraction after myocardial 

infarction 

(Schlechta et al., 2010) 

Whiteley et al. UCB CD34+/CD45+ FGF4, SCF, Flt-3 ligand Improvement in blood flow and reduction of foot 

necrosis in hind-limb ischemia model 

(Whiteley et al., 2014) 

Senegaglia et al. UCB CD133+ bFGF, ILF-1, VEGF Improvement in LV ejection fraction after myocardial 

infarction 

(Senegaglia et al., 2010) 
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I.4.2.3 Parameters influencing expansion 

Resembling the natural niche of EPCs, several studies have been made where the 

influence of parameters such as oxygen tension and shear stress were explored in the 

proliferation, differentiation and angiogenic potential of these cells. 

Oxygen tension 

The original reservoir of EPCs is the adult BM, which means that the physiological 

microenvironment is under hypoxia (around 1% to 7% of oxygen, compared to 

atmospheric air -21%). Based on this fact, several studies have studied the impact of 

this factor on the expansion and final product quality of EPCs (Ceradini et al., 2004; Hung 

et al., 2007; Lee et al., 2013b) where it has been shown that hypoxia can prevent 

proliferative senescence, increase the proliferative potential of cultured cells, and their 

lifespan while maintaining the stem cell properties through the HIF-1α induced TWIST 

expression. Moreover, a secretion of a variety of proangiogenic factors (such as VEGF, 

bFGF and placental growth factor) by EPCs has also been shown after hypoxia 

preconditioning (Akita et al., 2003). Importantly, there is a specific survival ability of EPCs 

under hypoxia without leading to any aberrant genetic or biological changes (Lee et al., 

2013b). 

Shear stress 

Mechanical forces, such as shear stress and stretch tension, exert an effect over 

endothelial cells in the vascular system. In particular, shear stress generated by blood 

and tissue flow plays an important role in angiogenesis and vascular remodeling. Indeed, 

there is a growing body of evidence that the fate and renewal of EPCs is regulated by 

shear stress through means of mechanosensitive proteins, as for instance their 

differentiation into endothelial cells (ECs) and upregulation of endothelial-related 

markers (Obi et al., 2012; Obi et al., 2009; Yamamoto et al., 2003). The process of shear 
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stress sensing by ECs is complex, and multiple transduction pathways are activated 

through membrane molecules and cellular microdomains, ultimately changing shape, 

function and gene expression (Ando and Yamamoto, 2009; Jaalouk and Lammerding, 

2009). Moreover, it has been shown that the shear stress differentiation effect on 

circulating angiogenic progenitor cells (i.e. in suspension culture) is induced through the 

PI3K/Akt/mTOR pathway, which regulates several genes known to be related with 

endothelial cell’s response to shear stress (Obi et al., 2012).  

Based on this background, several studies have been made where the impact of fluid 

shear stress forces are investigated in EPC culture. In fact, it has been demonstrated 

that shear stress increases proliferation, differentiation, adhesion, migration, antipoptosis 

and vasculogenic potential of both adherent (Abaci et al., 2012; Yamamoto et al., 2003) 

and circulating phenotype (Obi et al., 2012). 

I.4.3 CLINICAL APPLICATIONS OF ENDOTHELIAL PROGENITOR CELLS 

A variety of clinical trials are ongoing and trying to clarify the EPC therapeutic effects 

seen in several pre-clinical studies in animal models of ischemic diseases, where cell 

populations believed to be EPC enriched are used (Alaiti et al., 2010). Such trials 

includes ischemic diseases as acute myocardial infarction (AMI) (Assmus et al., 2002; 

Taljaard et al., 2010), critical limb ischemia (CLI) (Burt et al., 2010; Losordo et al., 2012) 

and pulmonary arterial hypertension (PAH) (Wang et al., 2007). However, the outcomes 

of these clinical trials are beyond the expected, considering the optimistic results 

retrieved from the animal models. Such results can be explained by: 1) lack of 

standardization of the ‘EPC’ cells and a variety of surface markers, isolation processes 

and cell populations are used; 2) a set of different animal models for the same condition 

is available and usually such models do not take into account the co-morbidities; 3) 

quality of the cells used when performing an autologous therapy, as these cells decrease 

their numbers and biological activity with age and disease; 4) cell-dose; 5) route  and 

timing of administration (Alaiti et al., 2010; Asahara et al., 2011; Fadini et al., 2012). 
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Thus, more controlled and randomized studies need to be performed in order to assess 

these factors. 

Besides their pathophysiological and therapeutic implications, EPCs have also been 

extensively studied as a novel prototype of cardiovascular risk biomarkers, where it is 

shown a decrease in the circulation and function of these cells with cumulative 

cardiovascular risk (Hill et al., 2003). 

 

I.5 HEMATOPOIETIC STEM CELLS 

Hematopoietic Stem Cells (HSCs) are the most extensively studied cells in stem cell 

biology and medicine. These cells are a rare population found in BM, which are able to 

give rise to all blood cell types throughout adult lifespan, through a process denominated 

as hematopoiesis (Grove et al., 2004; Wagers and Weissman, 2004).  This process of 

blood-cell production occurs through the orchestrated proliferation, self-renewal and 

differentiation of HSCs in the BM, followed by circulating blood incoming of mature 

progeny. Within the bone marrow exists a tightly controlled local microenvironment, or 

niche, that regulates the quiescence, proliferation and differentiation of HSCs, in order 

to minimize exhaustion through uncontrolled cell proliferation, thus maintaining the stem 

cell pool (Mikkola and Orkin, 2006; Orkin and Zon, 2008; Zhang et al., 2003). In fact, it 

has been shown that in the BM niche, the majority of HSCs are kept in a quiescent state 

(G0), but also capable of rapidly respond to stress situations such as infection (Mikkola 

and Orkin, 2006). Therefore, these cells render an optimal candidate for the treatment of 

malignant and non-malignant hematopoietic disorders. 

The original HSC compartment in humans arises during embryogenesis in a complex 

process that encompasses multiple anatomical locations during ontogeny (Arora et al., 

2014). Although the first blood cells emerge within yolk sac before circulation is initiated, 
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the definitive long-term engraftment HSCs arise later in the aorta-gonad-mesonephros 

(AGM) region. At this stage hematopoietic activity can also be detected in the placenta, 

vitelline and umbilical arteries (Pietras et al., 2011). Furthermore in the development 

progress, the fetal liver (FL) becomes the main organ harboring hematopoiesis until soon 

before birth, when HSCs then migrate to the final lifelong primary adult hematopoiesis 

location, the BM (Mikkola and Orkin, 2006). 

Furthermore, accordingly to HSC’s self-renewal ability and consequent in vivo blood 

formation supportive capacity, current knowledge reveals that these can be divided into 

two types: long-term self-renewing HSC (LT-HSC) and short-term self-renewing HSC 

(ST-HSC). LT-HSC give rise to cells of both lymphoid and myeloid lineages throughout 

the whole lifespan of the individual, whereas ST-HSC is only able to provide 

hematopoietic reconstitution for a limited period of time (Doulatov et al., 2012) 

I.5.1 HEMATOPOIESIS AND THE BONE MARROW NICHE 

Multipotent HSCs differentiate into oligolineage progenitor cells which lose their self-

renewal capacity giving rise to mature blood cells (Doulatov et al., 2012) (Figure I-8). 

During the initial step of differentiation, HSCs gradually lose their self-renewing capacity 

producing a downstream population that still retains the multilineage differentiation 

potential, the multipotent progenitor cell (MPP) population. MPPs, in turn, become further 

restricted into common lymphoid progenitors (CLP) and common myeloid progenitors 

(CMP). Myeloid progenitors then generate red blood cells, platelets, and cells 

responsible for cellular immunity such as macrophages and granulocytes; whereas 

lymphoid progenitors differentiate into cells that are primarily involved in humoral 

immunity, including B cells, T cells, natural killer (NK) cells, and dendritic cell lineages. 

The generation of mature blood cells from multipotent HSC (hematopoiesis) involves a 

highly regulated progression through successive stages as commitment to a specific cell 

lineage, terminal differentiation of lineage-restricted progenitor cells, growth arrest and 

apoptosis (Doulatov et al., 2012). The expression of different receptors on the surface of 
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hematopoietic progenitors permits the interaction with various regulatory elements 

present in their environment, which includes stromal cells, extracellular matrix molecules 

and soluble regulatory cytokines as growth and differentiation factors (Zhang et al., 2003) 

 

Figure I-8 - Representation of the human hematopoietic hierarchy lineage determination. Surface markers 
associated with human HSC and their downstream progeny are presented. HSC: Hematopoietic Stem Cell; 
MPP: Multipotent Progenitor; MLP: Multi-Lymphoid Progenitor; CMP: Common Myeloid Progenitor; GMP: 
Granulocyte-Monocyte Progenitor; MEP: Megakaryocyte-Erythroid Progenitor. From (Doulatov et al., 2012) 

 

The localized presence of the hematopoietic tissue within the protected confines of the 

bones provides clues to the regulatory interdependence of bone and marrow beyond the 

obvious advantage to the marrow: a well-shielded location from which it can produce an 

estimated 500X109 cells per day (Hans-Georg Kopp, 2005). The bone marrow can be 

subdivided into a hematopoietic cell compartment and the stroma, which is mainly 

composed of fibroblasts, adipocytes, nerves, and the bone marrow’s vascular system. 

A large body of evidence suggests that HSCs and hematopoietic progenitor cells (HPCs) 

are not randomly distributed in the bone marrow but rather are localized close to the 

endosteum of the bone (endosteal niche) and around blood vessels (perivascular niche) 
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(Figure I-9). Some studies also shown that the spatial distribution of HSCs and HPCs is 

distinct, depending on their respective level of lineage commitment, which supported the 

fact of the presence of HSC niches within the endosteal region of the BM as reviewed 

by B. S. Lam (B. S. Lam, 2010). Nonetheless, differences between both niches in 

hematopoiesis’ regulation remains unknown (Oh and Kwon, 2010) 

 

Figure I-9 - Model illustrating the HSC niche. HSC are preferably located in close proximity with blood 
vessels under the direct influence of distinct cell types. Endothelial cells and several perivascular cells, 
including MSC, and CAR cells promote HSC maintenance by producing stem cell factor (SCF) and CXCL12 
molecules among others. It is also likely that sympathetic nerves, non-myelinating Schwann cells, 
macrophages, osteoclasts and hematopoietic progenitors also contribute to HSC maintenance and 
regulation. From (Mendelson and Frenette, 2014) 

The endosteal region consists on the inner surface of the bone at the interface of bone 

and BM, and hence, is covered by bone-lining cells that include bone-forming osteoblasts 

(OB) and bone-resorbing osteoclasts (Kiel and Morrison, 2008). Although still 

controversial, recent studies have suggested that OB do not directly maintain HSC in the 

bone marrow (Ding and Morrison, 2013).  In the perivascular niche, which is located near 

sinusoidal endothelial cell-lining blood vessels and adjacent perivascular cell population, 

it has been suggested that a population of perivascular cells expressing melanoma-
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associated cell adhesion molecule (MCAM, also called CD146) are stromal progenitors 

within the BM  (Persichini et al., 2017), Indeed, a subset of these population express 

specific bioactive molecules, such as platelet-derived growth factor receptor-α (PDGFR-

α), CD51 (also called ITGAV) and the intermediate filament protein nestin, which have 

been later identified as defined as MSCs, giving CFU-F formation ability. In addition to 

being localized near both HSCs and adrenergic nerve fibers, these cells express high 

levels of genes mediating HSC maintenance, retention, and homing including those 

encoding the cytokines chemokine (C-X-C motif) ligand 12 (CXCL12) and SCF, as 

described previously (I.1). Furthermore, other cell populations can be found in the 

perivascular niche, such as (CXCL12)-abundant reticular (CAR) cells, leptin-receptor 

(LEPR)+ cells, as well as neuronal and glial cells (Mendelson and Frenette, 2014). In 

addition to CXCL12 and SCF, further studies have also identified perivascular cells as 

central components of the HSC niche regulating HSCs through the expression of other 

bioactive molecules such as fms-related tyrosine kinase 3-ligand (Flt-3) and ANG-1, 

known to be implicated in HSC quiescence maintenance; and vascular cell adhesion 

molecule-1 (VCAM-1), which mediates HSC adhesion (Ding and Morrison, 2013; 

Frenette et al., 2013). In addition, glial fibrillary acidic protein (GFAP)-positive non-

myelinating Schwann cells within the sympathetic nerve fibers located around the blood 

vessels have also been found to promote the TGF-β activation, a factor implicated in the 

control of HSC dormancy (Riether et al., 2015). Importantly, transplantation studies 

reported that HSCs preferentially home to the trabecular bone region. However, 

successful engraftment and subsequent hematopoietic recovery is dependent on the 

presence of intact vasculature (Morrison and Scadden, 2014). Collectively, these studies 

suggest that HSC may indeed reside in the perivascular regions, but with a preference 

for the trabecular region of BM, and perivascular cells are most likely the main regulators 

of HSCs, whilst  the factors near bone surfaces have a more indirect role in HSC 

regulation (Mendelson and Frenette, 2014). 
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In addition, important pathways as Notch and Wnt signalling have been recently studied 

and have shown to an important role in HSC regulation and maintenance. However, the 

full specific mechanism and how it affects HSC regulation is still yet to be discovered, 

with some reports showing contradictory results (Mendelson and Frenette, 2014). 

Moreover, it has been proposed that HSCs in the BM niche are distributed along an O2 

gradient (Figure I-10), with stem cells residing in the most hypoxic areas (0–3% O2) and 

proliferating progenitors in higher O2-content areas (Mohyeldin et al., 2010). 

 

Figure I-10 – Oxygen gradient within BM hematopoietic niche schematic representation. Quiescent cells are 
believed to reside in more hypoxic areas whereas proliferating cells reside in higher oxygen-content areas. 

From (Mohyeldin et al., 2010) 

It is now widely accepted that within the BM are gradients of oxygen from below 1% in 

hypoxic niches to 6% in the sinusoidal cavity (Eliasson and Jonsson, 2010). These 

different oxygen tension regulate HSC fate and maintenance/proliferation by an 

orchestra of several factors and activated pathways. For instance, HIF-1α has emerged 

as a likely candidate of this regulatory mechanism, as several groups have demonstrated 

that HIF can mediate cell-cycle arrest in several cell lines. In addition, HSCs present in 

the hypoxic niche express higher levels of Notch-1, telomerase, and the cell-cycle 

inhibitor p21 than cells closer to the vasculature (Zhang and Sadek, 2014). 
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As a result, ex vivo expansion/maintenance of hematopoietic stem progenitor cells 

(HSPCs) under low oxygen tensions (usually called hypoxia or ’in situ normoxia’) have 

been explored, reporting a strong relationship between cycle/quiescence balance of 

more primitive cells, including long-term repopulating cells, and physiological O2 

tensions (0.1–5%) in their environment, both in vitro and in vivo. Indeed, several studies 

have shown higher expansion yields, with concomitant progenitor maintenance (CD34+, 

CD34+/CD90+) and higher engraftment capability (Roy et al., 2012; Tiwari et al., 2016). 

Interestingly, our group has previously reported, using a MSC stromal feeder layer co-

culture system, that a 10% O2 environment was revealed to be superior in UCB 

CD34+CD90+ cell expansion, mostly due to increased proliferative potential of stem/ 

progenitor cells, rather than less pronounced differentiation (Andrade et al., 2013a). This 

is in agreement with the O2 tensions measured in physiological environments of UCB 

cells, shown to be 3–5% O2 in the UCB vein (Lackman et al., 2001) and 8–10% O2 in 

the full-term placenta (Jauniaux et al., 2000). 

I.5.2 HEMATOPOIETIC STEM CELL CHARACTERIZATION 

It is common consensus that, in order to successfully expand HSPCs ex vivo, these cells 

have to be previously enriched. Thus, the majority of studies for HSPC 

expansion/maintenance or differentiation have focus on CD34+ cell enrichment. This is 

a well-accepted marker, as cells isolated are able to engraftment and to reconstitute the 

hematopoietic system (Dorrell et al., 2000; Seita and Weissman, 2010). However, by 

isolating for CD34+, the product obtained is highly heterogeneous comprising of more 

primitive HSPCs together with more committed progenitors (Notta et al., 2011). Thus, to 

define and discriminate the most primitive HSPC population, further phenotypic 

characterization is defined (Figure I-8). Hence, primitive hematopoietic cell populations 

were primarily identified as presenting low expression of the CD90 (Thy1) marker and to 

not express hematopoietic lineage markers (Lin), CD38 and CD45RA (Doulatov et al., 

2012; Sanchez-Dominguez et al., 2012; Seita and Weissman, 2010). More recently, 
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studies identified CD49f as an additional marker for further purification of primitive HSPC 

(CD34+ Lin– CD90+low CD38- CD45RA- CD49f+) (Notta et al., 2011). By contrast, MPP can 

be isolated by the loss of CD90 and CD49f markers. Moreover, upon hematopoietic 

differentiation, CD38 and CD45RA expression is gradually acquired. (Doulatov et al., 

2012; Sanchez-Dominguez et al., 2012; Seita and Weissman, 2010). In addition, CD133 

(formerly known as AC133) is also a widely used marker for primitive HSPC population, 

especially conjugated with CD34. In fact, CD34+ CD133+ cells are described as early 

progenitors with a high nonobese diabetic/severe combined immunodeficiency 

(NOD/SCID) engraftment potential (Li et al., 2005). 

Interestingly, the frequency of CD34+CD38– among CD34+ cells is higher in UCB (4%) 

than in BM (1%), giving further certain that UCB contains a higher proportion of 

hematopoietic progenitors than BM (Almici et al., 1997). However, this primitive 

phenotype was shown to be modulated upon culture, thus leading to an erroneous 

quantification of the primitive cells able to engraft (da Silva et al., 2009a). 

However, some studies have revealed the uncertainty as to whether all HSPCsexpress 

CD34 and whether CD34 expression by human stem cells is a reversible process. 

Indeed, recent studies shown a high engraftment ability of CD34- cells, and 

hence CD34+ HSCs are suggested to originate from CD34- HSCs (Takahashi et al., 

2014). 

I.5.3 HEMATOPOIETIC STEM CELL SOURCES 

HSPC properties have rendered them as an attractive source for a wide range of stem 

cell-based therapies. Indeed, HSPC transplantation has been routinely clinically 

explored for several years for the treatment of malignant and non-malignant 

hematological diseases(Dahlberg et al., 2011b; Hofmeister et al., 2007). Sources of 

HSPCs include BM, mobilized PB, and UCB. Originally, these cells were retrieved from 

BM. However, granulocyte colony-stimulating factor (G-CSF) mobilized PB appeared as 
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an alternative to BM collection, which is an invasive procedure. Nonetheless, it has been 

shown clinically that although PB infusion provide a faster recovery of neutrophils and 

platelets in comparison to BM,  it is also associated with higher risk for of graft-versus-

host disease (GvHD) (McAdams et al., 1996).  

However, since the first successful UCB transplantation conducted in the late 1980s to 

treat a patient with Fanconi´s anemia, UCB has emerged as a valuable and attractive 

alternative (Gluckman, 2009; Passweg et al., 2014). In fact, UCB present several 

advantages in comparison with the two other sources, namely its ease of access (non-

invasive, considered as biological waste), less restringing HLA matching, reduced risk of 

disease transmission and to contain more primitive cells. (Dahlberg et al., 2011b; 

Hofmeister et al., 2007).   

Nonetheless, considering the therapeutic numbers usually used (a minimal cell dose 

>3x107nucleated cells/kg or 2x105 CD34+ cells/kg is recommended), UCB 

transplantation is usually associated with graft failure due to the low numbers (typically 

2-3x108 total nucleated cells) and primitiveness of cells. (Gluckman, 2009). Therefore, 

the primary application of UCB-based therapies is has been limited to pediatric recipients 

(Chou et al., 2010; Passweg et al., 2014). Nevertheless, many efforts have been 

performed in order to overcome this limitation and increase the number of cells available 

for transplantation, strategies as double-unit transplantation and intraosseous injection 

have been explored (Gluckman, 2009). Nevertheless, double cord transplantation might 

be associated with increased GVHD and might not significantly reduce neutrophil and 

platelet engraftment time. Hence, interest in expanding HSPCs ex vivo for 

transplantation have urged significant interest (Flores-Guzman et al., 2013). 
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I.5.4 UMBILICAL CORD DERIVED – HSPC EX VIVO EXPANSION 

The therapeutic potential of an UCB unit can be enhanced by ex vivo expansion, 

accomplishing by not only increased cell numbers with hematopoietic reconstitution 

potential (LT-HSC), but also providing a selective expansion of short-term engrafting 

HSPCs (ST-HSC). Indeed, combination of an expanded graft with ’unmanipulated’ 

fractions of the same cell source unit, would provide more rapid initial hematopoietic 

reconstitution (expanded cells) and long-term sustainable hematopoiesis 

(unmanipulated cells) (Shpall et al., 2001). More recently, to mitigate number limitation 

and in order to improve long and short-term engraftment, a combination of two unrelated 

UCB units, which one is expanded and the other remains unmanipulated, have shown 

positive results (Horwitz et al., 2014; Wagner et al., 2016). In addition, this strategy has 

been applied in several clinical trials as it improves safety (i. e. as a back-up in case 

expansion fails or interferes with engraftment) and offers the possibility to track both 

fractions over time and measure of engraftment contribution due to the genetic 

differences between both units. However, due to the reports of GVHD cases, the relies 

on producing a product containing sufficient cell numbers while being able to promote 

long and short-term engraftment (Wagner et al., 2016). 

Many procedures have been attempted to expand the HSPC pool, by a rational 

combination of many factors such as initial stem/progenitor cell enrichments (Andrade et 

al., 2011), oxygen tension (Andrade et al., 2013a), culture duration (Douay, 2001b), 

cytokine cocktails (Andrade et al., 2013b; Kumar and Geiger, 2017), blocking in  vitro 

differentiation of early progenitor cells (small molecules) (Zhang and Gao, 2016), and co-

culture with stromal feeder layers (Andrade et al., 2010; da Silva et al., 2010a; Jing et 

al., 2010b). 

The most traditional and widely used culture method is by use of a combination of 

cytokines known to regulate HSPC expansion and maintenance. Throughout the 

literature it can be found a wide variety of cytokine/supplement combinations (Table I-2), 
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featuring not only the hematopoietic early-acting cytokines SCF and Flt-3L (present in 

almost all combinations) but also TPO and members of the interleukin (IL) family 

(reviewed in (Andrade et al., 2013b; Kumar and Geiger, 2017)). In addition, one of the 

Notch ligands, δ -1, has shown promising expansion of CD34+ cells (phase I clinical trial) 

(Delaney et al., 2010), as well as culture in the presence of copper-chelators 

(tetraethylenepentamine, TEPA) (de Lima et al., 2008). Furthermore, A summary of 

some results regarding UCB derived CD34+ cell expansion upon exposure to different 

cytokines with and without MSC derived feeder layer is presented on Table I-3 

Table I-2 – Summary of cytokines and other molecules as supplement for ex vivo HSC expansion. Adapted 
from (Andrade et al., 2013b) 

Cytokines/growth factors Reported function 

Fms-like tyrosine kinase-3 ligand (Flt-3l)  Potentiates the effects of other cytokines; promotes HSC survival  

Granulocyte CSF (G-CSF)  Mobilization of HSC to peripheral blood  

Interleukin 3 (IL-3)  Together with IL-6, promotes proliferation of HSC  

Interleukin 6 (IL-6)  Together with IL-3, promotes proliferation of HSC  

Interleukin 10 (IL-10)  Helps proliferation of HSC  

Interleukin 11 (IL-11)  Shortens the G0 period of the cell cycle of HSC  

Jagged-1  Regulates HSC self-renewal / Notch Ligand  

Platelet-derived growth factor (PDGF)  Mitogen for connective tissue cells  

Stem cell factor (SCF)  Growth factor for HSC progenitor cells  

Thrombopoietin (TPO)  Stimulator of megakaryocytopoiesis, but also of primitive cells  

Tetraethylenepentamine (TEPA)  
Copper (Cu) chelator; Cu is essential to the proliferation and 
differentiation of HSCs 

δ -1 Enhance self-renewal through Notch system 

Stem regenin (SR1) 
Antagonist of aryl hydrocarbon receptor; prevents differentiation of 
HSCs 

Angiopoietin 5 (Angp-5) 
Unknown; cytokine produced by mouse fetal liver cells, which 
support the ex vivo expansion of mouse HSCs 

Trichostatin A (TSA) Chromatin-modifying agent promoting HSCs maintenance 

5-aza-2’ -deoxycytidine (5-azaD) Chromatin-modifying agent promoting HSCs maintenance 

Insulin growth factor binding protein 2 Supports survival and cycling of HSC 

 

Furthermore, as mentioned previously, medium formulation is vital for the lab-to-bedside 

translation, as it should attain the higher production yield as possible, while maintaining 
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the desired therapeutic properties, and should be GMP compliant, preferably a chemical 

defined xeno-free medium and be cost-effective, since this component has heavy 

influence on the cost-of-goods (CoGs). In that sense, it is important to optimize the used 

cytokine cocktail in a specific system, which can be performed by Design of Experiments 

(DoE) approach, rendering in that way higher productivity with maintained cell properties 

(Andrade et al., 2010). 

I.5.4.1 HSPC co-culture with stromal feeder layers 

Stromal cells play an important role in the self-renewal and the maintenance of the 

multipotency characteristics of HSPC in vivo by the secretion of several paracrine 

factors, as mentioned previously. It has been widely reported the use of BM-MSC as 

support for HSPC culture (Table I-3) (Andrade et al., 2010; da Silva et al., 2010a; Jing 

et al., 2010b). However, other MSC sources may present attractive advantages as higher 

availability and ease and non-invasive collection, such as AT-MSCs and UCM-MSCs. 

Some studies have reported the use of these alternative sources as stromal feeder 

layers, as AT-MSCs (Corre et al., 2006; Nishiwaki et al., 2012), UCM-MSCs (Bakhshi et 

al., 2008; Friedman et al., 2007; Tipnis and Viswanathan, 2010), Stro-1 MSCs (Dennis 

et al., 2002; Goncalves et al., 2006). Nonetheless, results have been in some cases 

contradictory, which may be due to the different isolation methods and culture 

formulations used in the studies. For instance, Nishiwaki and colleagues have shown 

that  AT-MSC were able to attain higher fold expansion in total and hematopoietic 

progenitors derived from peripheral blood than BM-MSC and  to facilitate hematopoiesis 

more effectively in mice (Nishiwaki et al., 2012). On the other hand, Corre and co-

workers compared the supportive capacity of BM-MSC and AT-MSC for the maintenance 

and expansion of UCB derived HSPCs and showed that the latter does not support 

HSPC self-renewal, but differentiation towards lymphoid and myeloid lineages (Corre et 

al., 2006). The same was observed by de Toni and colleagues (De Toni et al., 2011). In 

addition, contradiction is also observed for studies using UCM-MSC derived layer, where 
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some demonstrate higher potential on HSPC expansion/maintenance than BM (Tipnis 

and Viswanathan, 2010) and others show moderate efficiency, same or less as BM 

(Magin et al., 2009). 

 

Table I-3 - Summary of the main results of umbilical cord blood ex vivo expansion under static conditions, 
either in liquid suspension cultures or in the presence of mesenchymal stem/stromal-derived feeder layers. 
Adapted from (Andrade et al., 2013b) 

 Cytokine Cocktail Serum 
Days of 
Culture 

CD34+ fold 
expansion 

Author 

Liquid suspension      

 SCF, TPO, G-CSF No 10 4 (Shpall et al., 2002) 

 
SCF; Flt-3L; IL-6; TPO; 

TEPA 
10% FCS 21 6 (de Lima et al., 2008) 

 
Notch ligand d-1; SCF; Flt-

3L, IL-6; TPO; IL-3 
No 16 160 (Delaney et al., 2010) 

 
IL-6, TPO, SCF, SR-1, Flt-

3L 
No 7 24 (Boitano et al., 2010) 

 SCF, Flt-3L, TPO, Angpt5 No 10 n.a. (Zhang et al., 2008) 

 SCF, Flt-3L, TPO, IL-3 No 10 12 (Zhang et al., 2006) 

 
SCF, TPO, Flt-3L, IL-3, G-

CSF, GM-CSF and IL-6 
No 7 66 (Yao et al., 2006) 

 SCF, Flt-3L, MGDF, IL-3 30% FBS 9 2.5 (Araki et al., 2006) 

 
SCF, Flt-3L, MGDF, IL-3, 5-

AzaD, TSA 
30% FBS 9 5 (Araki et al., 2006) 

 IL-6, TPO, SCF, Flt-3L 10% FBS 21 9.5 (Gunetti et al., 2008) 

 SCF, TPO, Garcinol No 7 7.4 (Nishino et al., 2011) 

 SCF, TPO, Flt-3L No 14 8.9 (Du et al., 2012) 

 SCF, Flt-3L, TPO, G-CSF No 14 80 (Duchez et al., 2012) 

 
SCF, Flt-3L, TPO, IL-6 (10% 

O2) 
No 8 20 (Tursky et al., 2012) 

Stromal co-culture      

BM MSC SCF, TPO, Flt-3L No 7 15 (Andrade et al., 2010) 

BM MSC SCF, TPO, G-CSF 20% FBS 14 12 (Robinson et al., 2006) 

BM MSC SCF, Flt-3L, bFGF, LIF No 26 35 (da Silva et al., 2005) 

BM MSC SCF, Flt-3L, bFGF, LIF No 18 35 (da Silva et al., 2010) 

BM MSC SCF, IL-3, G-CSF No 12 21.4 
(Madkaikar et al., 

2007) 

BM MSC SCF, Flt-3L, TPO, IL-3 No 10 50 (Zhang et al., 2006) 

PMSC SCF. TPO, Flt-3L, TPO No 14 13 (Luan et al.,) 

BM MSC SCF, TPO, bFGF No 7 35 (Walenda et al., 2011) 

 

These discrepancies can be explained, as previously referred by the different isolation 

methods, but also by the medium formulations used and thus, the role of stroma in 

hematopoietic cell co-cultures remains a very controversial issue Hence, it is needed a 

systematic and comprehensive comparison between the different MSC-derived feeder 



CHAPTER I - INTRODUCTION 

62 
 

layer sources in order to comprehend the full potential in UCB-HSPC ex vivo expansion 

and maintenance, with concomitant engraftment ability.  

Furthermore, AT-MSCs would benefit from the abundance of adipose tissue collection 

around the world (e.g. Liposuction surgeries), which in combination with the high yield of 

isolation protocols provides a fast, cost-effective source of MSCs. In this context, there 

are efforts towards the use of human origin, clinical-grade MSCs as feeder layers, 

prepared under GMP-compliant conditions, to overcome possible contamination risks 

from compounds of animal origin (e.g. Fetal bovine serum). 

In addition, this system presents some difficulties regarding the clinical scenario by the 

risk of cross-contamination with feeder cells. However, the use of MSCs as feeder layer 

comes with further advantages in that regard, considering a co-transplantation scenario 

(i.e. as adjuvant) (Kim et al., 2013) and to reduce the incidence of GvHD (Lazarus et al., 

2005). 

I.5.4.2 Dynamic HSPC culture 

Fully controlled bioreactor systems must be the solution towards the implementation of 

a robust manufacture production for human MSC in a cost-effective way. To achieve this 

goal, it is required to depict culture conditions that support the continued expansion/ 

maintenance and controlled differentiation of HSPCs, as choosing the design of scaled-

up bioreactor systems that are able of maintaining these specific conditions.  

Shear stress applied in the dynamic culture is a major concern for HSPC ex vivo 

expansion, as these cells have been shown to be sensitive to this factor in vitro. 

Interestingly, in a study recently published by Bixel and colleagues, it was possible to 

monitor HSC engraftment in vivo, as well as to measure the BM shear flow stress that 

cells are subjected to, which can be from 2.9 dyn/cm2 in sinusoidal capillaries to 65.5 

dyn/cm2 in arterial vessels (Bixel et al., 2017). Although cells are subjected to high shear 

stress in vivo, in vitro behaviour has been shown to be different, possibly due to 
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molecular signalling and type of shear (flow dynamics) that is not reproducible in those 

systems. 

Critical factors for bioreactor design strategy are partly defined by the cells’ response to 

shear and mixing, the availability of compatible materials for bioreactor design, as well 

appropriate feeding schemes, featuring nutrients and exogenously added 

cytokines/growth factors (Csaszar et al., 2013). Bioreactor systems as perfusion, spinner 

flasks, fluidized bed, fixed bed, airlift, hollow fibers, rotating wall vessel (RWV) and roller 

bottles have been applied for HSPC expansion (reviewed in (Andrade et al., 2013b; 

Rodrigues et al., 2011)) 

 

I.6 FUTURE PERSPECTIVES AND CHALLENGES  

Stem cell-based advanced therapy has become an emergent field to treat diseases that 

scarce of effective therapy. Efforts on developing innovative and effective expansion 

systems to meet clinical demand are being made. However, it is mandatory to fully 

understand the therapeutic properties of the cell-derived product for a specific clinical 

condition. Systematic comparative studies to address cell source, dosages and 

administration route needs to be performed to fully depict therapeutic potential. 

Furthermore, expansion systems have to rely on GMP standards for further translation 

to the clinic. It is vital to understand how the cells perform under these innovative culture 

conditions and there is an urge to bring these systems to pre-clinical trials to understand 

their efficacy. Furthermore, there are still many bioengineering challenges that need to 

be met, regarding not only cell culture (featuring optimization of the culture parameters 

affecting cell performance in vitro and in vivo) but also the bioprocessing (including 

separation) and scale-up. 
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II.1 ISOLATION OF MONONUCLEAR (MNC) CELLS FROM THE 

UMBILICAL CORD BLOOD (UCB) 

 
Umbilical cord blood (UCB) samples were kindly provided by Centro Hospitalar de Lisboa 

Norte, Hospital Santa Maria, Serviço de Ginecologia e Obstetrícia, and collected after 

maternal consent. Low density UCB MNC were separated by a Ficoll-Hypaque (GE 

Healthcare) density gradient (1.077 g/ml), and were then washed twice in Dulbecco's 

Modified Eagle’s Medium (DMEM, Gibco®-Life Technologies) containing 1% of 

Antibiotic-Antimycotic (AA, contains 10,000 units/mL of penicillin, 10,000 µg/mL of 

streptomycin, and 25 µg/mL of Fungizone®; Gibco®-Life Technologies). UCB MNC were 

then resuspended in freezing medium (Gibco®-Life Technologies) in a concentration of 

50x106 cells/mL in 1mL CryoTubeTM vials (Nunc), and cryopreserved in liquid/vapour 

phase nitrogen tanks until further use. 

II.2 ISOLATION OF MESENCHYMAL STEM/STROMAL CELLS 

(MSC) FROM BONE MARROW (BM) 

Bone marrow (BM) aspirates were collected from healthy donors after informed consent 

at Instituto Português de Oncologia Francisco Gentil, Lisboa, Portugal. BM 

mesenchymal stem/stromal cells (MSCs) were isolated based on adherence to plastic. 

Briefly, low density BM mononuclear cells (MNCs) were obtained by a Ficoll-Hypaque 

density gradient, and were then washed twice in DMEM (supplemented with 10% Fetal 

Bovine Serum (FBS, Gibco®-Life Technologies) and AA solution (Gibco®-Life 

Technologies). Then, BM MNC were plated at a density of 2x105 cells/cm2 in cell treated 

culture flasks (BD Falcon) in low glucose DMEM with 10% FBS-MSC (FBS, MSC 

qualified, Gibco®-Life Technologies) and AA, at 37ºC and 5% CO2 in a humidified 

incubator. The non-adherent cell fraction was removed and fresh medium was added 

72h after plating. Medium replacement was done every 3-4 days until 70-80% confluence 
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was reached. Exhausted medium was then removed from the flasks, cells were washed 

with phosphate buffered saline (PBS, Gibco®-Life Technologies), and detached from the 

flask by incubation with the dissociation reagent Accutase® (Sigma) for 7 min at 37ºC. 

Cell detachment was verified using an inverted microscope, and enzymatic activity was 

stopped by adding DMEM with 10% FBS and AA. The resultant cell suspension was then 

transferred to conical tubes (BD Falcon), centrifuged for 7 min at 1250 rpm and 

resuspended in culture media. Cell count was performed using Trypan Blue (Gibco®-

Life Technologies) exclusion method. Cells were then plated into new culture treated 

flasks in DMEM containing 10% FBS-MSC and AA, at a density range of 1x105 – 3x105 

cells/cm2 and their immunophenotypic characterization confirmed by flow cytometry. 

Fetal Liver (FL) Stro-1 derived MSCs and BM-Stro-1-MSCs were kindly provided by 

Professor Graça Almeida-Porada, University of Nevda Reno, USA and kept 

cryopreserved until further use. 

II.3 ISOLATION OF UMBILICAL CORD-DERIVED 

STROMAL/STEM CELLS (UCM MSC)  

Human UCM MSC were obtained from umbilical cord (UC) units kindly provided by 

Centro Hospitalar de Lisboa Norte, Hospital Santa Maria, Serviço de Ginecologia e 

Obstetrícia, upon informed maternal consent. Briefly, after washing UC with PBS and 

eliminating the blood clots, the UC was cut into smaller pieces and arteries and veins 

were removed. The remaining tissue was then minced, digested with 0.1 % Collagenase 

type II (Sigma) for 4h at 37ºC, and filtered with a 100 μm nylon mesh Steriflip® (Millipore). 

After washing the cell suspension with DMEM supplemented with 1% AA, the cell 

number and viability was determined using the Trypan Blue exclusion method, and cells 

were plated at an initial density of 10x103 cells/cm2. Cells were cultured in cell culture 

flasks with low glucose DMEM supplemented with 10%FBS-MSC and 1% AA, and kept 

at 37ºC and 5% CO2 in a humidified atmosphere. After 48 h of culture, the non-adherent 

cells were removed and cells were maintained by replacing the medium every 3-4 days. 
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At 70-80% confluence, MSC were detached from the flasks by adding Accutase® solution 

for 7 min at 37ºC. Cell number and viability were determined using the Trypan Blue 

exclusion method, and cells were replated at an initial density of 3x103 cells/cm2. The 

immunophenotypic analysis of the isolated UCM MSC was done by flow cytometry. 

II.4 CD34+ ENRICHMENT OF HUMAN UCB CELLS 

To obtain a suspension of purified Hematopoietic Stem and Progenitor Cells (HSPCs) 

and circulating progenitor cells (CAPC), UCB MNCs were picked from the cryopreserved 

samples and thawed in DMEM with 20%FBS supplemented with DNase I (10µg/mL, 

RocheTM) to avoid clump formation. A maximum of 250 x 106 cells (5 vials) were thawed 

per 50 mL of thawing medium. UCB MNCs were then enriched for CD34+ cells trough 

magnetic activated cell sorting (MACS®, Miltenyi Biotech), following manufacturer’s 

instructions. 

II.5 CELL LINES 

Murine MS-5 stromal cell line was obtained from Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ ACC 441), and propagated in low glucose 

DMEM containing 10% FBS and1% AA. 

Human Umbilical Vein Endothelial Cells (HUVEC-2) were obtained from BD and 

maintained in EGM-2 Bullet Kit CC-3162 (complete medium contains hEGF, 

Hydrocortisone, GA-1000 (Gentamicin, Amphotericin-B), VEGF, hFGF-B, R3-IGF-1, 

Ascorbic Acid, Heparin and 2% FBS, Lonza).   

All cell lines were cultured at 37ºC under 5% CO2 in a humidified incubator. Medium was 

changed every 3-4 days and passage was done as described previously in chapter II.2. 
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II.6 CELL CRYOPRESERVATION AND THAWING 

Upon expansion, cells were cryopreserved at an average cell density of 0.5-1x106 

cells/mL (MSCs) or at 50x106 cells/mL (MNCs)  in 1 ml CryoTubeTM vials. Cells were 

centrifuged at 1250 rpm for 7 min and resuspended in RecoveryTM Cell Culture Freezing 

Medium (Gibco®-Life Technologies) in 1 mL cryovials, which were kept for 24 h in a -

80ºC freezer, in a Mr. Frosty/CoolCell® container, before being stored in a liquid/vapor 

phase nitrogen container. 

For MSCs, cells were thawed by quickly warming the 1 mL cryovial in a water bath at 

37ºC and diluting the cell suspension using 5 mL of DMEM supplemented with 20% FBS 

or MACs buffer, for MSCs/Cell lines and MNCs respectively. Cells were then centrifuged 

at 1250 rpm for 7 min and resuspended in the appropriate medium.  

Cell number and viability was determined using the Trypan Blue exclusion method. 

II.7 EX-VIVO EXPANSION OF CD34+ STEM/PROGENITOR 

CELLAS  

CD34+ Circulating angiogenic progenitor cells (CAPCs) cells isolated from mobilized 

peripheral blood of healthy donors (n=5) were obtained from AllCellsTM (CA, USA) and 

were cultured for 7 days in 30 mL Cell Culture Bags (VueLifeTM FEP Bag, American 

Fluoroseal Corporation, MD, USA) at a density of 20x103 cells/mL in QQ medium 

composed by CellGro® SCGM (CellGenix, NH, USA) Serum-Free Media supplemented 

with SCF (100ng/mL), Flt-3 ligand (100ng/mL), TPO (20ng/mL), IL-6 (20ng/mL) and 

VEGF (50ng/mL) (Peprotech Inc., NJ, USA) supplemented with 1% of 

penicillin/streptomycin. The cells were incubated at 37ºC in a fully humidified incubator 

with atmospheric air supplemented with 5% CO2.  

CD34+ cells isolated from frozen mononuclear cells (MNCs) from UCB, by magnetic 

activated cell sorting (MACS, Miltenyi), were cultured in both static (12 well plate) and 
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dynamic (50mL Spinner flask, StemSpan™) systems at a density of 20x103 cells/mL in 

QQ medium composed by either SCGM (CellGenix) (only for static) or StemSpanTM 

SFEM II medium (StemCell Technologies) with SCF (100 ng/mL), Flt-3 ligand (100 

ng/mL), TPO (20 ng/mL), IL-6 (20 ng/mL) and VEGF (50 ng/mL) for 10 and 12 days, 

respectively. In the dynamic system, cells were cultured in StemSpanTM spinner flasks 

with 30 mL working volume and 30 rpm agitation. The cells were incubated at 37ºC and 

5% CO2  (Normoxia) or at 5% O2 (Hypoxia). 

Cell number and viability were determined by Trypan Blue exclusion method. 

II.8 IMMUNOPHENOTYPIC ANALYSIS 

Characterization of pre- and post-expanded CD34+ cells (CAPCs) was performed by flow 

cytometry using BDTM LSR Cell Analyser (BD Biosciences, CA, USA) and Cell QuestTM 

software (BD Biosciences) after staining with mouse anti-human monoclonal antibodies 

against specific surface markers: CD3-AF700, CD11b-PB, CD14-PerCP (R&D), CD16-

AF700, CD18-FITC, CD19-APC, CD31-PB, CD34-PerCP, CD45-FITC, CD105-FITC, 

CD133-APC (Miltenyi Biotec, CA, USA). Antibodies were purchased from Biolegend 

(CA, USA), if not stated otherwise. Cells were stained with monoclonal antibodies for 20 

min at 4°C following FcR blocking, washed twice using buffer, and analyzed. Isotype 

controls were also prepared for every experiment.  

For HSC expansion experiments, both fresh CD34+-enriched cells and expanded CD34+-

enriched cells were analysed by flow cytometry (FACScalibur, Becton Dickinson), using 

a panel of monoclonal antibodies (FITC-, or PE-conjugated) against: CD90 for HSCs; 

CD34 and CD133 for stem/progenitor cells; CD41 for megakaryocyte lineage, and CD14 

for monocytic lineage; CD15 and CD33 for myeloid lineage; CD7 for early lymphoid cells.  

A minimum of 3 x 104 cells/tube were incubated with these monoclonal antibodies for 15 

min in the dark at room temperature. Cells were washed afterwards with PBS and fixed 

with 1% paraformaldehyde (Sigma). Appropriate isotype controls were also prepared for 
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every experiment to exclude the possibility of non-specific binding of antibodies to Fc 

receptors.  

MSC were characterized by flow cytometry using specific monoclonal antibodies 

according to criteria defined in the literature (Dominici et al., 2006). Over 95% of the 

population should express CD73, CD90 and CD105 and not express (less than 2%) 

CD14, CD19, CD31, CD34, CD45, CD80 and HLA-DR. 

A minimum of 10 000 events was collected for each sample. Analysis was performed 

using FlowJo software. 

II.9 QUANTITATIVE PCR 

To assess the gene expression of angiogenic, pro-inflammatory and anti-inflammatory 

markers of the expanded cells (vs. non-expanded cells), quantitative PCR (qPCR) was 

performed.  A quantity of 10 ng of total RNA (RNAqueous®-Micro Kit, Life Technologies) 

was used for reverse transcription (RT) reactions from each sample following 

manufacturer’s protocol (iScriptTM, Bio-Rad, CA, USA). Reaction mixtures (15 µl) were 

incubated in a thermal cycler (Veriti® 96-Well Thermal Cycler; Applied Biosystems, CA, 

USA) for 5 min at 25°C, 30 min at 42°C and 5 min at 85°C and then maintained at 4°C. 

For miRNA-210 measurement, TaqMan Small RNA kit was used (Applied Biosystems). 

Quantitative PCR assays were performed using a TaqMan assay kit (Applied 

Biosystems).  qPCR was performed with a StepOnePlusTM Real-Time PCR System 

(Applied Biosystems). All reactions were incubated at 95°C for 10 min, followed by 40 

cycles of 95°C for 15 sec, and 60°C for 1 min; all were performed in triplicate. The 

GAPDH and RNU48 (for miRNA-210) were used as internal controls to normalize 

differences in total RNA levels in each sample. A threshold cycle (Ct) was observed in 

the exponential phase of amplification, and quantification of relative expression levels 

was performed using standard curves for target genes and the endogenous control. 

Geometric means were used to calculate the ΔΔCt values and were expressed as 2ΔΔCt. 
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The value of each control sample was set at 1 and was used to calculate the fold of 

difference in the target gene. 

 

II.10 IN VITRO TUBE FORMATION ASSAY 

To evaluate the angiogenic potential of the cells, pre- and post- expanded cells were 

tested in the tube formation assay by co-culturing these with human umbilical vein 

endothelial cells (HUVECs) on either ECMatrixTM (Millipore, MA, USA) or Matrigel™ 

(BD). 1x103 cells from each group (pre-expanded and post-expanded) were co-cultured 

with 1.5x104 HUVECs in 50 µl of EBM-2 (Lonza, NJ, USA) medium with 2% FBS 

(Gibco®). A quantity of 50 µl of the cell suspension incubated at 37°C for 5 min. was 

applied onto ECMatrixTM or Matrigel™ (50 µl/well) in 96-well plate (3-10 wells/group). As 

a control, HUVEC were cultured alone. After incubation for 18 hours, a photomicrograph 

per well was taken under light microscopy (Leica DM IL LED with EC3 camera system, 

IL, USA), then the number of branch points was counted using the ImageJ (NIH) 

software.  

 

II.11 HUMAN MSC CULTURE USING SERUM-SUPPLEMENTED 

MEDIUM UNDER STATIC CONDITIONS 

Human MSC were plated at a cell density of 3-6x103 cells/cm2 in the appropriate treated 

plastic ware (either T-flasks or well-plates, BD Falcon), using low glucose DMEM 

supplemented with 10% FBS MSC. Complete culture medium changes were performed 

every 3-4 days and cells were passaged when they reached 70-80% cell confluence. 

Culture medium was removed and cells were washed once with PBS and then incubated 

with Accutase® for 7 min at 37ºC. Cell detachment was verified using a microscope, and 

enzymatic activity was stopped with DMEM supplemented with 10% FBS. The resultant 
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cell suspension was transferred to conical tubes and centrifuged for 7 min at 1250 rpm. 

Cell number and viability was then determined using the Trypan Blue exclusion method 

and cells were replated using the method described previously 

 

II.12 HUMAN MSC CULTURE USING SERUM/XENOGENIC-

FREE MEDIUM UNDER STATIC CONDITIONS 

Human MSC were plated at a cell density of 3-6x103 cells/cm2 on CELLstartTM pre-coated 

culture flasks using StemPro® MSC SFM or StemPro® MSC SFM XenoFree (Gibco®-

Life Technologies). At 70-80% confluence, MSC were detached from the flasks by 

adding TryPLE (Gibco®-Life Technologies) solution for 7 min at 37ºC. After cell 

detachment had been verified using a microscope, enzymatic agent was diluted with 

DMEM containing 10% FBS, and the resultant cell suspension was transferred to conical 

tubes and centrifuged for 7 min at 1250 rpm. Cell number and viability were assessed 

using the Trypan Blue exclusion method, and cells were replated using the previously 

described method 

 

II.13 HUMAN MSC EXPANSION IN SPINNER FLASKS USING 

XENO-FREE (XF) MEDIUM 

BM MSC spinner flask expansion was performed under XF conditions based on our 

established protocol which was further optimized (Carmelo et al., 2015). Briefly, cells 

were expanded on microcarriers under dynamic conditions in spinner flask cultures, 

using Bellco® spinner flasks (Bellco Glass, Inc.) with a working volume of 100 mL or 250 

mL, equipped with 90º paddles (normal paddles) and a magnetic stir bar. The flasks were 

previously coated with Sigmacote (Sigma) to minimize microcarrier and cell attachment 

to their inner walls. Prior to their use, the flasks were sterilized by autoclaving and 
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washed with culture medium StemPro® MSC SFM XenoFree. The initial cell density was 

1x105 cell/mL. Nonporous plastic microcarriers (SoloHill Engineering, Inc.) were 

prepared according to manufacturer’s instructions. Then, plastic microcarriers were 

coated with a CELLstartTM CTSTM solution (diluted 1:100 in PBS with Ca2+ and Mg2+ ) for 

2 h at 37º C, with an intermittent agitation (2 min at 750 rpm, 10 min nonagitated) using 

a Thermomixer® confort (Eppendorf AG), and afterward equilibrated in prewarmed 

StemPro MSC SFM XenoFree medium. After laying the microcarriers inside the spinner 

flask, MSC previously expanded in a XF monolayer culture for at least one passage on 

CELLstartTM pre-coated T-175 flasks, were inoculated and culture medium was added to 

make up half of the working volume. The spinner flasks were placed inside the humidified 

incubator at 37º C and 5% CO2. The standard agitation for the adhesion step started with 

24 h of continuous low agitation (30 rpm). After that 24 h step, continuous agitation was 

set at 40 rpm. At day 3, culture medium was added up to the final working volume and 

from then on 25% of the volume was renewed every day for a total of 7-8 days of 

expansion. At the end of the cell expansion, cells were dissociated from the microcarriers 

by adding 40 or 80 mL of TryPLE (1x) (Gibco) into the spinner flaks (100 mL and 250 

mL, respectively) and incubated at 37º C for 7 min at 50 rpm. To assure that there were 

no microcarriers present in the infusion solution, the cell plus microcarrier suspension 

was firstly filtered through a Steriflip® 100 µm filtration unit (Millipore) and secondly 

through a 30 µm separation filter (Miltenyi Biotec). 

II.14 ESTABLISHMENT OF MSC-DERIVED FEEDER LAYERS 

FOR HEMATOPOIETIC SUPPORTIVE STUDIES 

To establish a MSC-derived stromal feeder layer capable of supporting HSPC 

expansion, confluent cultures of BM/AT/UCM/Stro-1/FL MSC, were growth arrested by 

treatment with DMEM-10%FBS supplemented with mitomycin C (0.5 μg/mL), for 2.5 

hours, at 37oC, 5% CO2. 
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II.15 EXPANSION OF CD34+-ENRICHED CELLS (HSPC) 

UNDER STATIC CONDITIONS. 

Suspensions of CD34+-enriched cells were cultured (30 x 103 cells/mL) on top of a 

previously growth arrested human MSC-derived feeder layer, for 7 days without medium 

change, at 37ºC, 5%CO2. CD34+-enriched cells were also cultured in the absence of a 

stromal feeder layer (noStr) as a control condition. Quality Biological Serum-Free 

medium (QBSF-60; Quality Biological, Inc.) was used, supplemented with a specific 

cytokine cocktail, optimized in our lab (Andrade et al., 2010), referred as Z9: SCF (60 

ng/ml), Flt-3L (50 ng/ml), TPO (55ng/ml) and bFGF (5 ng/ml). 

II.16 EXPANSION OF CD34+-ENRICHED CELLS (HSPC) 

UNDER DYNAMIC CONDITIONS 

CD34+-enriched cells were cultured in spinner flasks, in prototype SP medium enriched 

with cytokines from Company X, with or without stromal cells (MSC), in a 15 mL working 

volume spinner flask at an initial seeding density of 50 x 103 cells/mL. Agitation regimen 

was set to 40 rpm, intermittent for the first 12 h (5 min agitating and 4h stopped), and set 

to continuous agitation thereafter. At day 3, 50% of medium was changed with cell 

retention. HSC-MSC co-culture was performed with previously expanded microcarrier-

adherent BM-MSC (see II.13) (100 x 103 cells/mL). MSC were previously treated with 

mitomycin  inside the spinner flask, replacing the culture medium by 80 mL (minimal 

volume to cover paddles) of DMEM-10%FBS, supplemented with mitomycin C (0.5 

μg/mL), for 2.5 hours and 30-40 rpm at 37oC, 5% CO2. After treatment, cells were washed 

by letting microcarriers settle, 3x with 20 mL of DMEM in a flacon tube. Cell count was 

performed at that time for microcarrier adhered MSC inoculation. Dynamic cultures were 

kept for 7 days at 37ºC, 5%CO2, 
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II.17 CLONOGENIC ASSAYS  

Colony forming unit in culture (CFU-C) assays are short-term, semi-solid colony assays. 

Three different scores were attributed to the colonies according to their composition, 

size, and color: Colony-forming unit–granulocyte macrophage (CFU–GM), colony-

forming unit–granulocyte, erythroid, macrophage, megakaryocyte (CFU-Mix) and burst 

forming unit–erythroid (BFU–E).  

Both fresh (day-0) and expanded (day-7) UCB CD34+-enriched cells are analysed to 

evaluate their clonogenic potential. Fold increase in clonogenic potential from day-0 to 

day-7 was measured for each condition. The clonogenic assays were performed by 

plating 1 x 103 fresh cells at day-0, and 5 x 103 expanded cells at day-7, in MethoCult 

GF H4434 (Stem Cell Technologies). The assay was done on 4-well plates with 2cm2 

each. Three of the wells were loaded with the cell sample, the fourth was loaded with 

purified water to provide a steady source of humidity throughout the assay. The 

clonogenic cultures were maintained at 37ºC and 5% CO2. After 14 days, the colonies 

were counted and categorized according to established criteria. 

 

II.18 COBBLESTONE AREA-FORMING CELL (CAFC) ASSAY 

Cobblestone-Area Forming Cells (CAFC) assay requires a stromal layer. Both fresh 

CD34+ enriched cells and expanded cells (1 x 103 cells) were cultured on top of a 

confluent, mitomycin-treated (50 µg/ml in DMEM 10% FBS; for 2.5 hours at 37ºC, 

5%CO2) monolayer of cells in the MS-5 murine fibroblast cell line in long-term culture 

medium (Myelocult™, StemCell Technologies), supplemented with 10–6M 

hydrocortisone (Sigma) in 24-well plates. Cobblestone areas of more than five tightly 

packed cells underneath the stromal layer were microscopically screened and scored 14 

days after seeding (Denning-Kendall et al., 2003). 



CHAPTER II – MATERIALS AND METHODS 

100 
 

 

II.19 METABOLITE ANALYSIS IN DYNAMIC CULTURE 

Metabolites from dynamic spinner flask cultures (MSC and CAPCs) were monitored 

daily.  Supernatant samples from spinner flasks were retrieved and analyzed in an 

automatic analyzer YSI7100MBS (Yellow Springs Instrument®) to determine the 

concentration of glucose and glutamine (nutrients) and lactate (metabolite) throughout 

culture. Specific consumption/production rates (qMET, pmol/day/cell) and the apparent 

yield of lactate from glucose (Y’lact/gluc) were calculated according to equations II.1 and 

II.2, respectively. 

𝑞𝑀𝐸𝑇 =
∆𝑀𝐸𝑇

∆𝑡 × ∆𝑋𝑣
 

𝑌′𝑙𝑎𝑐𝑡𝑎𝑡𝑒/𝑔𝑙𝑢𝑐𝑜𝑠𝑒 =
𝑞𝑙𝑎𝑐𝑡𝑎𝑡𝑒

𝑞𝑔𝑙𝑢𝑐𝑜𝑠𝑒
 

II.20 SHEAR STRESS ESTIMATION 

Shear stress estimation for the dynamic cultures in spinner flasks can be calculated 

through Nagata’s model (Croughan et al., 1987; Nagata, 1975).The average shear 

stress, τ (dyn/cm2) is estimated by equation II.3, where ρ is the culture medium density 

(Kg.m-3), ε is the energy dissipation per mass of fluid (W.Kg-1) and υ is the kinematic 

viscosity of the fluid (m2.s-1) 

𝜏 = 5.33𝜌(𝜀𝜐)1 2⁄  

The maximum dissipation energy, ε, occurs in the impeller zone and it can be 

approximated to the mean specific energy dissipation in the vessel, given by equation 

II.4, in which Np is the dimensionless power number, Di the agitator diameter (m), N the 

(II.1) 

(II.2) 

(II.3) 
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agitation rate (revolutions per second, rps) and VL the volume of medium in the vessel 

(m3). 

𝜀 =
𝑁𝑝𝐷𝑖𝑁2

𝑉𝐿
 

If the flow is not fully turbulent, the power number Np depends on agitation rate, and 

impeller shape. For spinner flask impellers Np can be estimated by Nagata correlations, 

which were developed for unbaffled tanks with two-blade paddle impellers, given by 

equation II.5.  

𝑁𝑝 =
𝐾1

𝑅𝑒
+ 𝐾2 [

103 + 1.2𝑅𝑒0.66

103 + 3.2𝑅𝑒0.66
]

𝐾4

 

And where K1 to K4 is given by equations II.6a - II.6d, where W i is the impeller width (m) 

and Dt the spinner flask diameter (m).  

𝐾1 = 14 + (
𝑊𝑖

𝐷𝑡
) [670 (

𝐷𝑖

𝐷𝑡
− 0.6)

2

+ 185]  

𝐾2 = 10𝐾3 

𝐾3 = 1.3 − 4 (
𝑊𝑖

𝐷𝑡
− 0.5)

2

− 1.14 (
𝐷𝑖

𝐷𝑡
) 

𝐾4 = 1.1 + 4 (
𝑊𝑖

𝐷𝑡
) − 2.5 (

𝐷𝑖

𝐷𝑡
− 0.5)

2

− 7 (
𝑊𝑖

𝐷𝑡
)

4

 

 

Finally, the Reynolds number is given by equation II.7. 

𝑅𝑒 =
𝑁𝐷𝑖

2

𝑣
 

(II.4) 

(II.5) 

(II.6a) 

(II.6b) 

(II.6c) 

(II.6d) 

(II.7) 
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On microcarrier cell culture, the impact of shear stress generated by agitation was 

determined based on Kolmogorov’s theory of isotropic turbulence, assuming that for 

complete off-bottom suspension of microcarriers, virtually all stirred vessels must be 

agitated under turbulent regime. Per this theory, fluid perturbations at the impeller region 

create a cascade of eddies with microscale of turbulence, λK (m) that can be calculated 

through equation II.8. 

𝜆𝐾 = (
𝑣3

𝜀
)

1 4⁄

 

It is then commonly postulated that if the size of the biological entity is smaller than λK, 

damage will not occur. The smallest eddies in the vessel, known as Kolmogorov-scale 

eddies, given by the minimum value of λKmin, are obtained for the maximum εmax, which 

occurs in the impeller zone, and can be calculated by substituting vessel volume (VL) by 

swept volume Vs in equation II.4. In the same manner, maximum shear stress τmax is 

given by inputting at εmax in equation II.3. 

Swept volume can be calculated through equation II.9.  

𝑉𝑠 = 𝜋 × (
𝐷𝑖

2
)

2

× 𝑊𝑖 

II.21 IN VIVO STUDY TO ATTEST THE SAFETY AND STABILITY 

OF EXPANDED CD34+ CELLS  

II.21.1 EX-VIVO EXPANSION OF CIRCULATING ANGIOGENIC PROGENITOR CELLS 

(CD34+) FROM MPB 

CD34+ cells isolated from mobilized peripheral blood of healthy donors (n=3) were 

obtained from AllcellsTM and were cultured for 7 days in 6 well plates (Primaria, BD) at a 

density of 20x103 cells/mL in QQc media as described in II.7.. The cells were incubated 

(II.9) 

(II.8) 
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at 37ºC, 21% O2 and 5% CO2. Cell number and viability were determined by Trypan Blue 

(Gibco) exclusion method. 

II.21.2 ANIMALS 

Male BALB/c nude mice with 6 to 8 weeks old and weighing 30-40 g were used in this 

study. A total of 48 mice were used (6 replicates, 2 conditions, 3 donors and 1 control). 

All animal studies were conformed to national and institutional guidelines. The protocols 

were approved by the guidelines of the Institutional Animal Care and Use Committee 

(IACUC) of the Case Western Reserve University (CWRU), School of Medicine, based 

on Guide for the Care and Use of Laboratory Animals. 

 

II.21.3 SURGERY 

Unilateral hind limb ischemia was surgically induced. Firstly, the mice were weighted and 

anesthetized by intraperitoneal injection of xylazine (40 mg/kg) and ketamine (100 

mg/kg). The anesthetized mouse was placed under the stereotactic microscope and 

hands and feet were fixed with adhesive tape. Surgical field on the left leg (Figure II-1A) 

of the mouse was prepared by gently scrubbing with povidone iodine swabsticks (PDI 

Dwo-Swab Povidione Iodine Swabstick®). Then, a longitudinal 5 mm incision was done, 

beginning at the inguinal crease along the femoral vessels visible through the skin using 

ThoughCut® Scissors and Dumont Forceps (Figure II-1 B and C). The connective tissue 

was griped to the right of the femoral bundle of artery, vein and nerve distal to the origin 

of the deep femoral branch with Dumont Tip Forceps and gently tugged caudally to 

slightly stretch and separate the femoral branch. Then, the femoral artery was separated 

from the nerve and vein by dissecting bluntly through the connective tissue, creating an 

opening of 1-2 mm (Figure II-1 D and E). The artery ligation was done by penetrating 

the opening between the femoral vein and artery with the thread and pulling the tip from 

the opening between the artery and the vein (Figure II-1 F). The femoral artery was then 

occluded by using double surgical knots (Figure II-1 G). Mice underwent left femoral 
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artery ligation and transection at two points (Figure II-1 H): proximally at inguinal 

ligament level and distally before bifurcation of popliteal and saphenous arteries and the 

epigastric artery was cauterized. Finally, the incision was closed with Autoclips® and the 

mouse was transferred to a heating pad until it recovered from the anesthesia. 

 

 

  

A 

H G 

F E D 

C B 

Figure II-1 - Ventral aspect of mouse left upper hind limb and prepare for incision (A). Surgical skin incision (B) and 
femoral bundle exposure (C). Blunt dissection of the connective tissue (D) and separation of femoral artery and vein 
(E). Insertion of the surgical threads underneath the femoral artery (F) and occlude artery with surgical knot (G). 
Two point ligation of the artery (H), where the artery will be cut.  Adapted from (Niiyama et al., 2009) 
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II.21.4 CELL INFUSION 

One day after surgery, mice were weighted and 2.5x104 CD34+ cells (pre and post 

expanded) suspended in 30 µL of PBS, or PBS only (control group) was injected into the 

left adductor muscles. 

 

II.21.5 CLINICAL OBSERVATION 

Mice were clinically observed for a total period of 12 weeks. Once a week, a clinical 

observation was done, registering several aspects: body weight, response to external 

stimuli, cage movement, shortness of breath, skin appearance, ear color and fecal 

observation. 

 

II.21.6 ORGAN COLLECTION FOR HISTOLOGY 

At the end of the 12 week period, mice were sacrificed in a CO2 chamber and the 

following organs collected: brain, left and right adductor muscles, left and right 

gastrocnemicus muscles, heart, lungs, liver, spleen and kidneys as previously described 

(Antal et al., 2007). Briefly, the organs were cut and then placed with the proximal part 

facing the bottom of the cassette, which had been covered with Tissue Freezing Media 

(TFM®, Triangle Biomedical Sciences, Inc., Durham, NC, USA). Some organs (lungs, 

liver and spleen) do not have a direction, so a section was cut and placed against the 

cassette. Immediately after, cassettes were filled with TFM® and snapped frozen in liquid 

nitrogen. Samples were stored at -80ºC for future histological analysis. 

 

II.22 DATA ANALYSIS 

All data is presented as mean ± standard error of the mean (SEM) of the values obtained 

for different cell donors, and was analyzed with SPSS Statistics software (IBM, U.S.A). 
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The results were statistically analyzed by performing a paired t-test when the data was 

normally distributed (upon Shapiro-Wilk testing) for comparison of data between pre- and 

post-expanded cells. When this requirement was not satisfied, the non-parametric 

Wilcoxon test was used. The comparisons among three groups were made using one-

way analysis of variance (ANOVA). Post hoc analysis was performed by Tukey’s test. 

P< 0.05 was considered to be statistically significant. 
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CHAPTER III -  SCALING-UP THE EX VIVO 

EXPANSION OF HUMAN CIRCULATING 

CD34+PROGENITOR CELLS WITH UP-

REGULATION OF ANGIOGENIC AND ANTI-

INFLAMMATORY POTENTIAL. 

 

 

This chapter is based on the published article: Mata, MF, Lopes, JP, Ishikawa, M, Alaiti, 

MA, Cabral, JM, da Silva, CL, Costa MA. Scaling-up the ex vivo expansion of human 

circulating CD34+progenitor cells with up-regulation of angiogenic and anti-inflammatory 

potential. Cytotherapy. 2015 Dec;17(12):1777-84 
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III.1 SUMMARY 

The therapeutic application of CD34+ Circulating Progenitor Cells (CAPCs) (which 

includes endothelial progenitor cells (EPCs)) has been hampered by the quantity and 

quality of isolated circulating CD34+ cells from patient’s peripheral blood. Our group had 

previously established a suspension culture system for human CD34+ cells, with 

increased quantity and quality (QQ) of the angiogenic cell product. Here, we firstly tested 

the safety and stability of CD34+  derived from mobilized peripheral blood (mPB) in an in 

vivo model of limb ischemia and, secondly, successfully scaled-up the expansion 

process by using culture bags since there is the need to move towards a dynamic and 

fully controlled bioreactor system in order to meet GMP standards and attain clinically 

meaningful cell doses in a time- and cost-effective way. It was shown that CD34+ cells 

isolated from mPB of healthy donors expanded ex vivo for 7 days in QQ medium (serum-

free) in cell culture plates were safe and stable regarding clinical observation of the 

injected animals during the 3-month period monitoring as no adverse effects were found. 

Additionally, these cells were expanded ex vivo in cell culture bags (30 mL) and pre and 

post expansion cells were characterized by flow cytometry, qPCR and their angiogenic 

potential assessed by in vitro tube formation assay. Our data shows effective expansion 

of the cultured population (7-fold), while maintaining the stem/progenitor content and 

increasing the endothelial population. Moreover, post-expanded cells showed higher 

tube formation capacity compared to pre-expanded cells. In addition, an up-regulation of 

the anti-inflammatory gene expression and a down-regulation of pro-inflammatory genes 

were observed, which suggests that the increase in angiogenic potential is not paired 

with an increase in the inflammatory profile. Hence, the QQ expansion method was 

successfully scaled-up to cell culture bags, able to meet GMP standards, and expanded 

cells presented a higher in vitro angiogenic profile.  
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III.2 BACKGROUND  

Peripheral arterial disease (PAD) is a common syndrome that affects approximately 15-

20% of the world population older than 70 years old, characterized by pain, chronic skin 

ulceration, gangrene, amputation, infection, and ultimately death (Norgren et al., 2007). 

Revascularization either by endovascular means or by open surgery, combined with the 

best possible risk factor modification has not yet been able to allow limb salvage and 

relief of ischemic rest pain for a large majority of patients (Kalka and Baumgartner, 2008). 

In this context, stem/progenitor cell-based therapies have emerged, given their potential 

to proliferate, differentiate, and form new blood vessels or to support other cell types 

involved in the neovascularization process (Alaiti et al., 2010; Perin and Silva, 2011). 

Initial preclinical studies evaluated pluripotent embryonic stem cells (ESCs) and lineage-

committed progenitor cells as CD34+ progenitor cells, that were previously defined as 

hematopoietic stem/progenitor cells, but also serve as an enriched source for endothelial 

progenitor cells (EPCs) found within the bone marrow (BM), mobilized peripheral blood 

(mPB) and umbilical cord blood (UCB) (Asahara et al., 1997; Ingram et al., 2004; Shi et 

al., 1998). Early clinical trials have suggested some potential benefits of CD34+-based 

therapy in patients with ischemic arterial peripheral or coronary disease (Assmus et al., 

2002; Dong et al., 2013; Kinoshita et al., 2012; Perin and Silva, 2011). However, some 

controversial issues have emerged when analyzing the clinical benefits of CD34+-

therapy, which might be due to the variety of protocols used for cell isolation and the type 

of cells administered to patients (i.e. either enriched progenitor fractions or whole 

mononuclear cell (MNC) fraction).  

Although CD34 enrichment using MACS technology represents a feasible strategy to 

isolate CD34+ cells as EPC containing cell fraction (Schmidt-Lucke et al., 2010), its 

frequency in peripheral blood is very low (less than 0.1%), limiting the cell numbers that 

can be obtained (Scheubel et al., 2003). In addition, in the setting of autologous therapy, 
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one must take into account that the quality of the cells (i.e. their angiogenic potential) is 

affected by increasing age and disease (Numaguchi et al., 2006).  

In this context, an effective therapeutic product based on CD34+ progenitor cells 

mandates their ex-vivo expansion, not only to achieve clinically meaningful cell numbers, 

but mostly due to the superior quality of cultured cells when compared to freshly isolated 

CD34+ cells, which has been reported to result in an higher extent of neovascularization 

after transplantation (Asahara et al., 2011; Kalka et al., 2000). To this end, different EPC-

enriched culture methods have been developed, including adherent culture on either 

collagen or fibronectin coated plates (Colombo et al., 2013), which despite the high 

performance for vasculogenesis attained in animal models, is time consuming, as it takes 

several weeks to isolate the cells (Hur et al., 2004) and enhances cellular senescence. 

In addition, to harvest cells as the final product, cells will be incubated with trypsin/EDTA 

and scraped when cultured as adherent cells. From the practical standpoint, this kind of 

manual procedure is time consuming. Considering a translational scenario to the clinical 

bedside, one should take into consideration that the amount of labor as well as cost and 

time to achieve meaningful cell numbers remains challenging when using adherent 

cultures. Thus, alternative suspension culture methods have been developed, where a 

higher quantity and quality of the final cell product is claimed with efficient 

neovascularization in ischemic animal models (Bouchentouf et al., 2011; Masuda et al., 

2012; Masuda et al., 2014; O et al., 2011). Nevertheless, despite the proven efficacy and 

quality of the cells, it is mandatory to access the stability and safety of the post-expanded 

cells before moving towards a clinical therapy, and in that line in vitro and in vivo studies 

must be performed. Hence, it is crucial to test the safety and stability of these cells in 

vivo with an appropriate animal model before proceeding to clinical trials. 

Here, we investigated the safety and stability of post expanded CD34+ cells in a mouse 

model of hind limb ischemia where, after surgery, cells (pre and post expanded) were 

injected in the adductor muscle and the animals were clinically observed for 3 months. 
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After this period, the animals were euthanized and the organs collected for histologic 

studies.Moreover, there is the need to comply with GMP standards when scaling-up the 

suspension CD34+ Circulating Angiogenic Progenitor Cells (CAPCs) culture.  Cell culture 

bags, widely used in clinical trials for T cell expansion, as well as other immune cell types 

(Leemhuis et al., 2005; Sadeghi et al., 2011; Somerville et al., 2012; Timmins et al., 

2009), combined with defined culture reagents (ex. serum-free medium) represent a 

suitable option for the scale-up of CD34+ CAPC culture in a clinical setting. 

III.3 RESULTS 

III.3.1.1 Safety and stability of the expanded cells 

The safety and stability of post-expanded peripheral blood mobilized CD34+ cells from 

three healthy donors were evaluated in a mouse model of unilateral hind limb ischemia 

induced surgically. Pre and post expanded cells (2.5 x 104) as well as PBS only (control 

group) were injected one day after surgery into the adductor muscle of the left leg (where 

the surgery was performed) and clinical observation of several aspects was registered 

for a period of 12 weeks. The graphs for the weight measurements of the animals for this 

period of time are represented in Figure III-1. 
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Figure III-1 - Graphic representation of the weight measurement of the animals throughout the 12 weeks 
period. Day 0 represent the pre expanded cells and day 7 the post expanded cells. Three different donors 

(Cohorts 1, 2 and 3) and control group (PBS only). Day -1D 

There were no major changes in the mouse weight, as well as the other physical aspects 

noted (response to external stimuli, cage movement, shortness of breath, skin 

appearance, ear color and fecal observation). The only aspect that must be pointed here 

is that in both groups of day 0 Cohort 3 and Control (PBS), there was an animal that did 

not survive but it was due to surgical complications where the vein was accidentally 

pinched, creating a severe hemorrhage. 
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III.3.1.2 Scale-up of cell expansion into cell culture bags 

The expansion of CD34+ cells from mPB of healthy donors was successfully achieved in 

cell culture bags, with an average increase of Total Nucleated Cells (TNC) of 7.5-fold 

(p<0.05) (Figure III-2A) leading to an average total cell number of 4x106. In addition, an 

increase in the total number of CD34+ cells of 5.3-fold (p<0.05) and 8.5-fold (p<0.05) for 

EPCs, defined as CD34+KDR+CD45dim (11), was attained (Figure III-2B).  

Moreover, pre- and post-expanded cells were characterized by flow cytometric analysis 

of stem/progenitor, endothelial and mono/lymphoid markers (Figure III-2C, D and E). 

Regarding the stem/progenitor content of the expanded population (Figure III-2C), the 

percentage of CD34+ cells decreased from 97% to 68% (p<0.05) and the expression of 

CD133 decreased from 86% to 62% ; for the CD34+/CD133+ cells, it was observed a 

decrease from 88% to 47% . The levels of expression of the lineage marker CD45+ cells 

did not significantly change (~98%) with the cell culture. On the other hand, the 

percentage of progenitor/endothelial markers (Figure III-2D) increased significantly with 

culture, with an increase in CD105+ content from 0.70% in uncultured cells to 12% for 

the expanded cells (p<0.05). Concerning the expression of CD31, there was an increase 

from 0.68% to 51% (p<0.05). Concomitantly, the expression of other hematopoietic 

markers (Figure III-2E), namely from lymphoid lineage, was maintained at low levels and 

did not change significantly or even tended to decrease (CD19+ was 1.8% for the pre-

expanded cells and 0.25% for the post-expanded cells). On the other hand, considering 

a monocytic phenotype, CD14+ expression was higher in post-expanded than in pre-

expanded cells (0.22% to 1.3%, p<0.05), while CD18+ content rose from 7.7% to 66% 

(p<0.05), which was concurrent with the increase in the expression of endothelial specific 

markers (Gulati et al., 2003; Wu et al., 2006). 
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Figure III-2 - Fold Change in total cells and characterization of pre- and post-expanded cells analyzed 
through Flow Cytometry (n=5). (A) Fold Increase in total nucleated cells. (B) Fold increase in total EPCs and 
CD34+ cells. (C) Percentage of expression of stem/progenitor markers. (D) Percentage of expression of 
endothelial/progenitor markers. (E) Percentage of expression of monocytic/lymphoid markers. Results are 
given as mean ± SEM (*p<0.05). 

 

Pre- and post-expanded cells were also characterized for the expression of angiogenic, 

anti- and pro-inflammatory and senescence/apoptotic markers through qPCR (Figure 
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III-3). The results show that there was an upregulation of pro-angiogenic gene 

expression with the culture (Figure III-3A). It was observed a 9.5-fold increase for mir-

210 (p<0.05) and an increase of 2.5-fold for VEGFA (p<0.05). Regarding the pro-

angiogenic CXCL12, MMP9 and PDGFB transcription, it was also observed an increase 

of 3.7-fold, 4.0-fold and 14-fold, respectively, although with no statistical significance. 

There was a decrease in the expression of KLF2 (by 0.48-fold, p<0.05). An upregulation 

of the anti-inflammatory gene expression (Figure III-3B), with a 3.9-fold increase for IL-

10 (p<0.05) and a 4.4-fold increase for IL1RN (p<0.05) was also observed. Although 

without statistical significance, HGF transcript level displayed an increasing trend, while 

the expression of pro-inflammatory factors did not change significantly (Figure III-3C) as 

it is the case of ANG1, ANG2 and M-CSF, or even decreased substantially as seen for 

TNFα (0.30-fold, p<0.05), IL-1B (0.75-fold, p<0.01), IL6 (0.16-fold, p<0.01) and G-CSF 

(0.42-fold, p<0.05).  

Finally, regarding the markers for senescence (P16) and apoptosis (Annexin V), there 

was no significant change in expression between the cultured and uncultured cells 

(Figure III-3D). 
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Figure III-3-  Q-PCR characterization of pre- and post-expanded cells given as fold change of the post-
expanded/pre-expanded ratio (n=4 – 5). (A) Fold change in pro-angiogenic gene expression. (B) Fold 
change in anti-inflammatory gene expression. (C) Fold change in anti-inflammatory gene expression. (D) 
Fold change in senescence/apoptosis gene expression. Results are given as mean ± SEM (*p<0.05; 
**p<0.01). 

 

To access the angiogenic potential of pre- and post-expanded cells, an in vitro co-culture 

tube formation assay was pursued, where HUVECs were used as control (Figure III-4). 

Expanded CD34+ cells were not only able to form tubes in vitro (Figure III-4A) but also 

showed a higher angiogenic capacity (~1.20-fold, p<0.01)  compared to the pre-

expanded cells (Figure III-4B). 
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Figure III-4- Assessment of the angiogenic potential in vitro through tube formation assay by the co-culture 
of pre- and post-expanded cells (1x103) with HUVEC (1.5x104) (n=5). (A) Representative photomicrograph 
obtained in the assay for the control (HUVEC only) and co-culture of HUVEC + pre-expanded cells and 
HUVEC + post-expanded cells after 18 hours of incubation. (B) Percentage of the number of branch points 
relative to HUVEC (100%). Results are given as mean ± SEM (**p<0.01). 

 

III.4 DISCUSSION AND CONCLUSIONS 

III.4.1.1 Safety and stability of the expanded cells 

Despite that in terms of the physical outcomes there were no adverse situations, it is 

important to access further the effect of the cell treatment in the tissues, i. e. if the injected 

cells produced any complications that are not visible at naked eye through clinical 

observation, such as tissue necrosis or tumor growth. It is also important to evaluate, for 

the preclinical safety, where these cells are located after transplantation and in that way 

several organs were collected for histological analysis by a professional and accredited 

laboratory (Tissue Resources Core Facility of the Case Comprehensive Cancer Center, 

Case Western Reserve University, Cleveland, Ohio), since this study was part of a 

proposition for a ‘’first in human’’ clinical trial. 
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Taken together, these results, along with the in vitro analysis (FACS, qPCR (angiogenic, 

pro-inflammatory and anti-inflammatory profile), telomerase activity, tube formation 

assay and karyotyping) shown previously by our lab, primarily indicate that the previously 

optimized expanded CD34+ cells treatment into a mouse model of hind limb ischemia is 

safe, stable and has higher therapeutic potentiality. However, as mentioned before, in 

order to fully attest the safety of these cells to move towards a clinical trial, the 

toxicological analysis must be performed through the histologic study of the several 

organs. 

 

III.4.1.2 Scale-up of cell expansion into cell culture bags 

In this study, we successfully scaled-up a serum-free mPB-derived CD34+ cell culture 

with the previously established and optimized QQ medium formulation (Masuda et al., 

2012) using cell culture bags (30 mL volume) resulting in a 7.5 fold increase in total cells. 

Moreover, this method introduced high levels of stem/progenitor cells and increased the 

endothelial committed fraction, resulting in an effective expansion and fortification of the 

final cell product for angiogenic cell therapy. To our knowledge, this is the first report that 

confirms the feasibility of mPB-CD34+ cell expansion and priming in a GMP-compatible 

culture system, featuring serum-free medium culture conditions and a disposable bag, 

resulting in a cell product with increased angiogenic and anti-inflammatory properties, 

that can further be translated to the clinical setting.  

Therapeutic neovascularization has the potential to add to the treatment of ischemic 

diseases, either through administration of soluble factors, such as cytokines, or through 

cell-based therapies. CD34+ cells (which includes EPCs) have been suggested to play 

an important role in vasculogenesis and arteriogenesis (Alaiti et al., 2010). Thus, their 

transplantation opened unprecedented opportunities for the treatment of such diseases. 

The mechanism of action of these cells can rely on paracrine signaling, where they 
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participate in activation of the endogenous wound repair machine, or can contribute 

directly to tissue regeneration by engrafting and differentiating into new blood vessels. 

A consensus definition of these cells is not yet established in the field. Very briefly, EPCs 

can be characterized into two subsets: hematopoietic (which includes early EPC (eEPC)) 

and non-hematopoietic (which includes late outgrowth EPC (oEPC)) (Asahara et al., 

2011).  The eEPCs are angiogenic in that they can extend vasculature from pre-existing 

blood vessels, acting through paracrine signaling. These cells arise from hematopoietic 

cells (monocytes, myeloid progenitor cells, and T lymphocytes) and are further 

characterized by limited ex vivo proliferative capacity. Regarding human oEPCs, they 

are truly endothelial lineage committed cells, with studies demonstrating the ability of 

these cells to form de novo blood vessels (Yoder et al., 2007). Nevertheless, it is believed 

that both hematopoietic and endothelial lineages come from a common embryological 

ancestor, the hemangioblast; and a potential common precursor in adulthood may 

persist, (Ingram et al., 2004).  Hence, the results obtained herein suggest that the 

expanded cell product has a hematopoietic origin, due to the expression of the lineage 

marker CD45 that may suggest the mechanism of action of these cells to be through 

paracrine signaling, corroborated by the gene expression analysis.  

The differences throughout the literature regarding EPC characterization may be due to 

the variety of cell isolation processes performed and even the culture methodologies 

used. Indeed, the lack of standardization is one of the major problems that must be 

surpassed to achieve an optimized and GMP-compliant protocol for cell product 

manufacturing. It is also important to address the cost-effectiveness of bringing such 

therapy from bench to bedside, namely in terms of cell processing cost. Therefore, 

optimization of processing steps (cell isolation and cultivation), time and cost is 

mandatory. The suspension culture method represents a better manufacturing choice, 

compared to adherent culture, since it significantly reduces time, labor and costs of 

processing and could be easily scaled-up to a GMP culture system. In addition, culturing 
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cells in suspension utilizing a closed culture bag system reduces the product handling 

(i.e. no enzymatic steps are needed for harvesting and consecutive passaging), which 

will diminish the contamination risk, as well as cell stress that can promote apoptosis and 

senescence. 

 Importantly, the final cell product showed higher expression of pro-angiogenic 

and anti-inflammatory genes, with a decrease in expression of pro-inflammatory genes. 

Thus, we can conclude the increase in angiogenic potential of the cultured cells is not 

paired with an increase in their inflammatory profile. The up-regulation of both mir-210 

and VEGFA was expected since it was shown that VEGF treatment enhanced the 

production of certain microRNAs, more specifically of mir-210 in UCB derived CD34+ 

cells (Alaiti et al., 2012). Concomitantly with the increase in VEGFA, MMP9 

demonstrated a tendency for a higher transcript level after culture (although without 

statistical significance), as it has been suggested that the angiogenic initiation may be 

through MMP9-mediated activation of VEGF (Christoffersson et al., 2012). Also, MMP9 

was shown to participate in the mobilization of progenitors from BM by shedding soluble 

forms of membrane-bound cytokines (Heissig et al., 2002). On the other hand, the 

decrease on the expression of KLF2 of the cultured cells is in agreement with the 

angiogenic profile of the final cell product, more specifically with the increase of VEGFA, 

since it has been reported that KLF2 has powerful anti-angiogenic effects, as its 

overexpression inhibited VEGF-mediated angiogenesis and ability of endothelial cell 

activation (Bhattacharya et al., 2005). Although without statistical significance, the anti-

inflammatory marker HGF tended to increase its expression after culture. Actually, the 

increase in HGF is in agreement with the expression decrease of the pro-inflammatory 

cytokine IL-6, along with an increase in the anti-inflammatory cytokine IL-10, as 

previously described (Coudriet et al., 2010). 

From the flow cytometric analysis, our results show that there might be a shift of the 

cultured cells towards endothelial lineage, promoted by QQ-culture conditions. The 
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higher expression of monocyte markers of the expanded cells is concurrent with the 

endothelial specific markers. Actually, it has been shown that blocking CD18, using a 

neutralizing antibody in EPCs, significantly reduced EPC recruitment to the ischemic 

myocardium, attenuated neovascularization, and worsened pathological remodeling (Wu 

et al., 2006). Moreover, it has been suggested that the majority of early EPCs arise from 

a CD14+ subpopulation of PBMCs (Gulati et al., 2003). We also showed that ex vivo 

expanded cells displayed a higher in vitro angiogenic potential compared to uncultured 

cells demonstrated by an increased tube formation capacity. This result emphasizes the 

suggested angiogenic fortification that the final product acquires through the ex-vivo 

expansion process. In the setting of a cell-based angiogenic therapy for the treatment of 

ischemic diseases, such as critical limb ischemia, doses between 1x105 to 1x106 cells/kg 

have been studied (Kinoshita et al., 2012; Losordo et al., 2012; Masuda et al., 2014). 

Considering an average adult of 80 kg, and the fold increase in total nucleated cells 

attained in this work, a system with a 50-500mL capacity would be needed in order to 

achieve clinically meaningful cell numbers. Nevertheless, further pre-clinical studies on 

testing different cell doses vs. therapeutic effect are needed to allow translation into the 

clinical setting. Indeed, considering the translation of the cell product developed herein, 

there is the need to fully characterize it in terms of safety and stability by using in vivo 

models, pathological analysis and karyotyping. Overall, we anticipate that this system 

can be easily adapted to further pursue to a fully dynamic and controlled manufacturing 

system (bioreactor) in order to meet clinically relevant cell needs in a more cost-effective 

and robust way. Some preliminary data on the expansion of these cells in spinner flasks 

can be found on Chapter VI. 
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CHAPTER IV -  EFFECT OF EXPANDED 

MESENCHYMAL STEM/STROMAL CELLS ON 

THE INTRACORONARY MICROCIRCULATION 

OF A PIG MODEL. 

This chapter is based on the articles: 

António Fiarresga, Márcia F. Mata, Sandra Cavaco-Gonçalves, Mafalda Selas, Irina N. 

Simões, Eunice Oliveira, Belmira Carrapiço, Nuno Cardim, Joaquim M.S. Cabral, Rui 

Cruz Ferreira, Cláudia Lobato da Silva. Intracoronary delivery of human 

mesenchymal/stromal stem cells: insights from coronary microcirculation invasive 

assessment in a swine model. PLoS ONE 10(10): e0139870 

 

António Fiarresga, Márcia F. Mata, Raquel M. S. Cunha, Diogo S. Pinto, Sandra 

Cavaco-Gonçalves, Mafalda Selas, Eunice Oliveira, Hugo Pissarra, Belmira Carrapiço, 

Maria C.  Peleteiro, Nuno Cardim, Joaquim M.S. Cabral, Rui C. Ferreira, Cláudia L. da 

Silva. The index of microcirculatory resistance for optimizing the use of intracoronary 

delivery of mesenchymal stem/stromal cells in an acute myocardial infarction model 

(manuscript under preparation) 
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IV.1 SUMMARY 

Herein, the work was developed in a collaboration with António Fiarresga, MD, inserted 

in his PhD work (António José Fiarresga PhD Thesis, “Terapia Celular Com Células 

Mesenquimais Por Via Intracoronária: Contributos Do Estudo Invasivo Da 

Microcirculação Coronária”, Tese de Doutoramento em Medicina na Especialidade de 

Investigação Clínica, Faculdade de Ciências Médicas, Universidade Nova de Lisboa. 

(April 2016)). The focus was on the expansion of Bone Marrow mesenchymal 

stem/stromal cells (BM-MSC) and their immunophenotypic and morphological 

characterization. 

The work was divided into 2 phases, being the first one the study of intracoronary (IC) 

BM-MSC expanded under static conditions in low-glucose DMEM containing 10% fetal 

bovine serum (FBS) on the microcirculation of a healthy pig model and the second the 

comparison of the infusion of cells expanded under different systems (static; FBS – 

‘conventional’; dynamic; xeno-free (XF) – ‘innovative’) on the microcirculation of an 

induced acute myocardial (AMI) pig model.  

In the first phase of the studies, the number of cells needed to infuse the pigs (n=9) were 

successfully obtained under expansion on plastic flasks. Their identity was confirmed by 

immunophenotyping and differentiation ability .  The aim was to assess if the index of 

microcirculatory resistance (IMR) was able to detect changes on microcirculation upon 

MSC IC administration in a healthy pig model. It was observed an increase on IMR after 

cell administration in comparison with the control group, hence providing evidence of 

microcirculatory disruption upon IC MSC administration in a large animal model, which 

closely resembles human anatomy, physiology and function. 

For the second phase, the number of cells needed for transplantation (n=6) were 

successfully achieved, for both ‘conventional’ cells using plastic flasks and ‘innovative’’ 

cells using spinner flasks and their identity was confirmed by immunophenotyping. It was 
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seen a difference in size between the cells expanded under the two methods (12±0.3 

and 16±0.5, for ‘’innovative’’ and ‘’conventional’’ respectively, p<0.05). Upon IC 

administration, it was seen a microcirculatory disruption measured by IMR of the groups 

receiving cells versus the control group, but no difference was observed between the 

two groups that received cells expanded under the different systems. At the end point, 

four weeks after, IMR decreased to values similar to the baseline and histology results 

showed no difference on the ischemic heart tissue and number of capillaries, and hence 

no regenerative function was seen after cell administration.  
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IV.2 BACKGROUND  

Acute myocardial infarction (AMI) is a common cardiovascular event and is one of the 

major death causes in both developed and developing countries with concomitant major 

causes of disability, loss of productivity and increased health costs worldwide (Reddy et 

al., 2015). After an AMI, it is known to occur left ventricular remodeling, which can lead 

to congestive heart failure (HF), and terminal heart disease. Despite advances in the 

treatment and prevention of AMI, the number of patients with HF continues to grow and 

remains associated with an increased death risk (Alaiti et al., 2010). Current therapeutic 

strategies rely mainly on the recovery of the ischemic myocardium by restoration of blood 

flow or reperfusion. However, the only standard therapy for HF that addresses the 

fundamental problem of cardiomyocyte loss is cardiac transplantation, which is limited 

by the inadequate supply of donor hearts and the need for subsequent 

immunosuppression (Parsa et al., 2015). Consequently, there is a need for the 

development of therapies for the myocardial regeneration and prevention of its 

degeneration.  

In this context, a variety of therapies have been explored using combinations of cells, 

biomaterials, cocktails of factors, and bioengineered cardiac tissues for the repair of the 

damaged myocardium, either by de novo cardiomyogenesis or by promotion of 

neovasculogenesis (Chavakis et al., 2010; Perin and Silva, 2011; Yoo and Kwon, 2013). 

Stem cell-based therapies hold a huge promise to regenerate tissues/organs based 

either on cell engraftment into the target tissue and/or cell’s trophic activity (i.e. delivery 

of soluble factors) (Samsonraj et al., 2017). MSC, in particular, have been extensively 

investigated in cardiac regenerative therapy trials during the past decade due to their 

angiogenic properties (Kanelidis et al., 2017; Squillaro et al., 2016; Watt et al., 2013). 

Although results of early-phase trials are encouraging, the efficacy demonstrated has not 

been uniform and further research on the regenerative properties of MSC is required for 

a safer and more effective MSC-based therapy for AMI. 
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Importantly, most of the clinical trials in heart regenerative medicine used the 

intracoronary (IC) route for cell delivery, as they allow for the delivery of high number of 

cells into the myocardial region (Dib et al., 2011). Nonetheless, IC delivery of cultured 

MSC is still a matter for debate, as these cells are larger (10-20 µm) than the heart 

capillaries (5-10 µm), hence increasing the risk of vessel obstruction (Sanganalmath and 

Bolli, 2013). 

The main focus of this work was to evaluate the safety of IC delivery of BM-MSC by 

measurement of the microvascular obstruction upon administration of different cell 

dosages and their regenerative potential in a swine AMI model. Two different MSC 

populations were studied: cells expanded ex-vivo using an innovative protocol 

established in our lab (Carmelo et al., 2015) involving cultivation under stirred conditions 

with xenogeneic-free (XF) culture medium, which are expected to have an increased pro-

angiogenic potential and a smaller size compared to cells cultivated using the traditional 

expansion protocol with FBS-supplemented medium. 

IV.3 RESULTS  

IV.3.1 PHASE 1 

For the purpose of this study, BM-MSC administered into the animals were previously 

expanded onto tissue culture flasks through consecutive passaging and maintained their 

characteristic spindle shape morphology (Figure IV-1 A), immunophenotype (Figure 

IV-1 D), as well as their multilineage differentiation ability (Figure IV-1 B and C). 

The number of cells needed for the infusion in the animal model was successfully 

achieved (Dose of 1 million MSCs/Kg, equivalent to an average total of 30x106 

cells/animal). 

No difference was observed on the measured hemodynamic parameters. However, a 

significant difference on the IMR was observed after 5 and 30 min post cell infusion in 
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comparison with the baseline and between groups at 30 min post cell infusion (Annex 

Figure IV-7). 

 

Figure IV-1 - Characterization of bone marrow (BM)-derived mesenchymal stem/stromal cells (MSC) 
expanded on tissue culture flasks using DMEM with 10% FBS. (A) Morphology of cultured cells and 
adipogenic (B) and osteogenic (C) differentiation ability assessed by optical microscopy (D) 
Immunophenotype of cultured MSC assessed by flow cytometry. Percentage (%) displayed in the upper 
right corner of each histogram indicates the expression of each antigen 

IV.3.2 PHASE 2 

The aim of this phase was to assess the acute and long-term effects on microcirculation 

of intracoronary delivery of BM-MSC in the acute myocardial infarction (MI) setting, using 

IMR and comparing two types of different sized cells expanded under different strategies. 
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Expansion data for cells cultured with FBS- containing medium is represented on Table 

IV-1. In the majority of cases, we were able to successfully expand cells from both donors 

in order to achieve the cell number needed for infusion. However, due to some 

restrictions based with unpredictable aspects when working with animals (i.e. such as 

mortality upon induced infarct) and time restrictions, there were exceptions when (i) the 

cells were cultured only for a short period of time upon thawing or (ii) when the target 

total number of cells was not achieved by culture, cells at the same passage available in 

the cell bank were thawed and mixed with the expanded cells before administration. 

Table IV-1- Expansion data for ''Conventional'' BM-MSC (donor, passage, days in culture, initial and final 
cell number, fold increase (FI) in total cell number and population doublings (PDs)) for each administration 
for cells from both donors (M72A07 and M48A08). PD=log10(Fold Increase)/log10(2). 

An average fold increase of 1.6±0.4 and 2.9±2.0 for M72A07 and M48A08, respectively, 

was attained. Regarding population doublings, the average values obtained were 

0.6±0.4 for M72A07 and 2.2±1.0 for M48A08. Overall, the ‘’conventional’’ method 

resulted in a fold increase of 2.3±1.0 and a population doubling of 1.5±0.6. 

 

 

Date of 

delivery 

Donor Passage Days in 

culture 

Initial cell 

number 

Final cell 

number 

Fold 

increase 

PDs 

10.2.15 M72A07 7 4 3.66E+07 4.43E+07 1.2 0.28 

17.3.15 M72A07 6 7 2.33E+07 5.31E+07 2.3 1.19 

24.3.15 M72A07 6 4 4.29E+07 5.20E+07 1.2 0.28 

29.4.15 M48A08 6 2 6.76E+07 4.82E+07 - - 

13.5.15 M48A08 3 
12 6.93E+06 

7.57E+07 6.8 
3.45 

8 4.23E+06 4.16 

9.6.15 M48A08 5 7 1.53E+07 3.12E+07 2.0 1.03 
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Figure IV-2 - Ex-vivo expansion of BM-MSC from the two donors in a XF microcarrier-based culture system in 
spinner flasks (agitation of 40 rpm). Cells were seeded at a cell density of 1×105 cell/mL with 20 g/L of SoloHill 
plastic microcarriers pre-coated with CELLstart in StemPro MSC SFM XenoFree medium. Cells that were directly 
inoculated into the spinner after thawing are also represented (M48A08 Thawed). Values are represented as 
mean±SEM (standard error of the mean) (n=3-8). 

 

 

 

 

 

 

 

 

 

The cell concentration throughout expansion time and seeding efficiency are 

represented in Figure IV-2 and Figure IV-3, respectively, when using the microcarrier-

based expansion method (“innovative”). After 24 hours, 61±8% (M72A07 donor cells), 

93±5% (M48A08 donor cells) and 38±7% (M48A08 thawed) of the initial cells adhered 

to the microcarriers. The exponential growth of BM-MSC yielded, at day 7, an average 

concentration of 2.0x105 cell/mL (±0.2 for M72A07 and ±0.3 for M48A08), in a 80 and 

100 ml working volume. Again, due to time restrictions and unpredictable factors, there 

were situations where cells were directly thawed and inoculated into the spinner (referred 

in the figure as “Thawed”). In these cases, 38±7% of the cells adhered to the 

microcarriers and it was possible to achieve a concentration of 1.6±0.4 x105 cell/mL at 

day 6. Fold increase values (in total cell number) of 7.1±0.3 (M72A07 Expanded), 

4.4±0.4 (M48A08 Expanded) and 3.2±0.3 (M48A08 Thawed) were attained. 
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Figure IV-3 - Seeding efficiency (%) for cells from the different donors expanded under spinner flasks 
(''innovative''), given by (number of cells at day 1)/(number of cells seeded) x 100. Results presented as 
mean±SEM (n=3-8). 

The effect of mechanical forces in the spinner flask cultures, which can influence MSC 

behavior and function, was evaluated by calculating the size of potentially damaging 

eddies and shear stress in the cultures, according to Kolmogorov’s theory of isotropic 

turbulence (Santos et al., 2011) and are represented on Table IV-2, which contains the 

values for each culture condition. Maximum shear stress and minimum microscale 

eddies are known to occur in the impeller zone. These were calculated using the impeller 

swept volume to calculate the maximum energy dissipation that occurs in these systems. 

To note that in this case, for the final volume of 80 mL and 100 mL are the same as the 

same spinner flask was used on both situations. 

  

0 20 40 60 80 100

M72A07 Expanded

M48A08 Expanded

M48A08 Thawed

Seeding efficiency (%)
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Table IV-2 - Values of average and maximum shear stress, τ (dyn/cm2) and average and minimum size of 

Kolmogorov-scale turbulent eddies, λK (µm) for each condition in dynamic culture. 

    250 mL 100 mL 80 mL 

τ (dyn/cm2) 

1/2 volume, 30 rpm 1.44 1.50 1.68 

1/2 volume, 40 rpm 2.14 2.23 2.49 

Total volume, 40 rpm 1.51 1.58 1.76 

λK (µm) 

1/2 volume, 30 rpm 178 174 165 

1/2 volume, 40 rpm 146 143 135 

Total volume, 40 rpm 173 170 161 

τmax 

(dyn/cm2) 

30 rpm 2.10 1.69 

40 rpm 3.11 2.50 

λKmin (µm) 
30 rpm 147 164 

40 rpm 121 135 

 

It was observed that the average shear stress increased at day 1 of culture, when the 

agitation was increased and the culture is performed in half the final volume, and 

decreased at day 3 (by values similar to the beginning) when the culture was performed 

in the final volume. Nevertheless, in every case, the average value of maximum shear 

stress was maintained low. However, when examining the maximum that occurs in a 

small volume near the impeller, considerable values of maximum shear stress are 

achieved (> 3 dyn/cm2 for the 250 mL spinner flask at 40 rpm). Of notice, the maximum 

values for shear stress and minimum microscale eddies’ size is seen for the 250 mL 

spinner flask in comparison with the spinner of 100 mL working volume. The minimum 

value of Kolmogorov-scale turbulent eddies (121 µm and 135 µm for the 250 and 100 

mL spinner flask, respectively) is within microcarrier diameter range (90-150 µm). The 

average size is also within that range when spinners are operated at maximum agitation 

used in half the final volume. For the other culture parameters, these values were 

maintained higher than bead sizes.  

Metabolic characterization of the spinner flask cultures was also performed. The trends 

of specific glucose consumption rate (Figure IV-4) and specific lactate production rate 

(Figure IV-5) had a maximum peak in the beginning of culture corresponding to the 

beginning of the exponential growth (day 3-4). Following this peak, lower consumption 

and production values were obtained for the remaining culture time. In addition, the 
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average apparent yields of lactate from glucose were lower than the theoretical value of 

2. 
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Figure IV-4. Glucose metabolism of BM-MSC cultures under dynamic conditions. Specific 
consumption rate of glucose throughout time in culture of BM MSC, M72A07 Expanded 
(black), M48A08 Thawed (light grey) and M48A08 Expanded (dark grey) calculated for BM 
MSC expanded in a XF stirred culture system with 50% medium addition at day 3 and 25% 
daily renewal from day 4 onwards. Values are represented as mean±SEM (n=3-8). 
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Figure IV-5. Lactate metabolism of BM MSC cultures under dynamic conditions. Specific 
production rate of lactate throughout time in culture of BM MSC, M72A07 Expanded (black), 
M48A08 Thawed (light grey) and M48A08 Expanded (dark grey) calculated for BM MSC 
expanded in a XF stirred culture system with 50% medium addition at day 3 and 25% daily 
renewal from day 4 onwards. Values are represented as mean±SEM (n=3-8). 
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After expansion, cells were characterized by flow cytometry using specific monoclonal 

antibodies according to criteria defined in the literature (Dominici et al., 2006). Over 95% 

of the population should express CD73, CD90 and CD105 and not express (less than 

2%) CD14, CD19, CD31, CD34, CD45, CD80 and HLA-DR (Figure IV-6). 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell size is a particularly important aspect of the cell product this is a parameter that can 

have impact on cell administration (e.g. intracoronary, intravenously). In this context, the 

Figure IV-6. Immunophenotypic characterization of BM-MSC expanded using both 
‘’conventional’’ (DMEM) and ‘’innovative’’ (XF) protocols for the two donors studied 
(M72A07 and M48A08). The expression (%) of each marker is displayed as 
mean±SEM (n=3). 
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size of the cells produced by both ‘’conventional’’ and ‘’innovative’’ expansion protocols 

were assessed (Table IV-3) by using ImageJ software.  

 

Table IV-3. Cell diameter measurements (upon cell harvesting, i.e. in suspension) for expanded 

BM MSC of the two donors produced through the ‘’conventional’’ (DMEM) and ‘’innovative’’ (XF) 

method. Three photos from random fields were taken and at least 20 measurements were 

performed in each field. 

 

 

As it can be seen by the values displayed on the table, the cells expanded through the 

‘’innovative’’ method presented lower dimensions in comparison with the ones expanded 

through the ‘’conventional’’ method (p<0.05). The size of the cells is indeed an important 

factor in this study since the cells were intended to be infused through IC delivery in an 

animal model of AMI and we ought to understand if the differences in the size of both 

expanded populations (innovative vs. conventional) altered the index of microcirculation 

resistance (IMR) (Annex Table IV-4), as the increase of this index is related with the 

obstruction of microvessels. 

  

 M72A07 M48A08 

 
Average (µm) SEM Average (µm) SEM 

DMEM 16 0.5 16 0.4 

XF 12 0.2 12 0.3 
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IV.4 DISCUSSION AND CONCLUSIONS 

Upon several years of research on cell-based therapies for cardiovascular regeneration, 

the best cell type as well as administration route to promote angiogenesis is yet to be 

established. In this context, MSCs have been widely studied and implemented in several 

pre-clinical trials, which have been shown to engraft and reduce infarct size in rodent 

and large animal models (Kanelidis et al., 2017). Nonetheless, to be able to achieve 

clinically relevant cell numbers, expansion of these cells ex vivo is mandatory. In the 

phase 1 of this work, it was ought to evaluate the microcirculatory disruption and safety 

upon expanded MSC administration by real-time IMR measurement in a large pig model, 

resembling anatomically and physiologically the human system, as the size of these cells 

are larger in size than heart capillaries. Indeed, the safety of cultured BM-MSC 

intravenous administration and endomyocardial injection into patients with AMI have 

been reported (Hare et al., 2009; Rodrigo et al., 2013). However, a direct comparison 

between IC and intravenous route showed an increased cell engraftment for the IC route 

on a porcine model, whereas the direct comparison between IC and endomyocardial 

injection remains more controversial (Freyman et al., 2006; Kanelidis et al., 2017). 

Despite the IC route offering more advantages, as it is based on daily basis coronary 

procedures, the possibility of microvascular obstruction or myocardial microinfarctions 

due to cell size offers apprehension, with some disparities on preclinical data, although 

with some showing safety and regenerative potential of administered MSC through this 

route (Houtgraaf et al., 2013; Lee et al., 2014; Wang et al., 2011). 

This study is, to the best knowledge, the first one to address the acute microcirculatory 

effects of IC MSC delivery using IMR measurements in a controlled and blind research 

design. The number of cells needed for infusion were successfully achieved by 

expansion under tissue culture flasks in medium containing FBS and their identity 

characterized by morphology and immunophenotyping, under the International Society 

of Cellular Therapies (ISCT) definition (Dominici et al., 2006). It was seen an increase of 
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IMR values upon MSC administration, showing the potential of microcirculatory 

obstruction. Hence, this shows the potentiality of this technique to experimentally and 

clinically support in vivo real-time monitoring and safety assessment upon MSC 

administration. 

Nevertheless, assessment of this technique in a heart disease context and correlating 

IMR values after IC delivery of MSCs with data about cell fate and distribution, 

histological analysis and long-term clinical benefit are important issues that should be 

addressed. Importantly, although many studies, including clinical trials, report the MSC 

expansion under FBS containing medium, this has been criticized by the regulatory 

agencies due to the presence of xenogenic components due to risk of viral and prion 

diseases transmission, possible immunological reaction induction and batch variability. 

Another factor is the time consuming and labor intensive of the traditional 2D expansion 

flasks that adds to low robustness and high costs. Hence, considering the high cell 

number to meet clinical demand and reduction of cost-of-goods as well as moving 

towards a good manufacturing practice (GMP) platform, alternative expansion methods 

have been developed, by using 3-D systems (i.e. microcarriers) under dynamic culture 

conditions (e.g. stirred bioreactors), with several studies reporting the production of 

MSCs using xenogeneic/serum-free medium formulations using scalable culture 

technologies (Carmelo et al., 2015; de Soure et al., 2016; Dos Santos et al., 2014). 

The combination of the dynamic conditions in the spinner flask culture systems with the 

use of xeno-free media presented in the second part of this chapter represents a feasible 

and faster alternative to 2D static cell expansion technologies for a clinical-scale MSC 

production. It was ought to evaluate the safety of MSC infusion and evaluate the effect 

of different cell doses by measurement of the IMR and ultimately to assess the 

therapeutic effect of both populations (conventional and innovative) in a swine AMI 

model. Cell numbers needed for the study were achieved for both ‘’conventional’’ and 

‘’innovative’’ platforms. On the other hand, the number of initial cells (inoculum) needed 
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to reach the final target was considerably higher for the first one. This is corroborated by 

the total fold increases obtained, with an average of 2.3±1.0 for the ‘’conventional’’ and 

4.9±0.4 for the ‘’innovative’’. Importantly, the 2D expansion offered a much more labor 

intensive and time-consuming method aiding to the benefits of the 3D dynamic system. 

Dynamic expansion was carried as described by our previous data (Carmelo et al., 

2015). However, a difference is seen for the seeding efficiency between both donors 

used (61 ± 8.4 % and 92 ± 4.5 % for M72A07 and M48A08, respectively). This may be 

explained by experimental error of the microcarrier coating (i.e. with Cellstart) that was 

performed in the same concentration used for 2D culture (2x more diluted). Moreover, 

usually before starting a dynamic culture, cells are seeded into 2D flasks (seed strain) in 

order not only to achieve the cell number needed for the seeding, but as well to give cells 

the opportunity to recover from the post-thaw stress (Schmidt-Mende et al., 2000). 

Nonetheless, due to time constraints, there was experiments where cells were directly 

thawed into spinner flasks. As expected, in this situation, the seeding efficiency was 

lower (37.7±7%) than for the cultures with a seed train, although reaching similar cell 

densities at day 6 (1.56 x 105 ± 0.36 cells/mL). Importantly, successful cell expansion 

was attained for different sized spinner flasks (100mL and 250mL). Cell seeding density 

and feeding regimen were proportionally adapted when working with different volumes. 

Nonetheless, agitation speed was the same, which translated in different average and 

maximum shear stresses (τmax) and Kolmogorov-scale turbulent eddies sizes (λK). As 

expected, average shear stress decreased and eddie size increased with the increment 

in volume while maintaining the same agitation speed. Additionally, it is important to note 

that on days 1 and 2 cell culture was performed in half of the final volume with the higher 

agitation speed implemented, leading to double the energy dissipation in the vessel and 

thus increasing the maximum shear stress experienced by the cells. In this case, a 

maximum of shear stress of 2.49 dyn/cm2 was observed for the spinner with lower final 

volume (80 mL). According to these estimations, these culture conditions can generate 
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microscale eddies of a minimum size of 135 µm, 143 µm and 146 µm, for a final volume 

of 80 mL, 100 mL and 250 mL, respectively. When eddies are smaller than the 

microcarriers, they dissipate their kinetic energy against the cells, which can possibly 

cause cell damage (Cherry and Papoutsakis, 1988; Nienow, 2006). In the present case, 

for all 3 different final volumes systems, the average microscale eddie size falls within 

the microcarrier size range (90-150 µm) in that period, which means that these culture 

conditions may impose cell damage. Importantly, maximum shear stress and minimum 

eddie size occurs in a small volume near the impeller area with values above 3 dyn/cm2 

for shear stress and minimum eddie sizes of 121 µm. Of notice, these extreme values 

are achieved for the 250 mL spinner flask, and hence, one needs to be careful when 

translating a culture system into different sized vessels. In this context, some cell 

damage might have occurred, especially when operating at maximum agitation rates in 

half the final volume and in the impeller area.  Nonetheless, it has been reported for 

fibroblasts, that cell damage would only be significant when eddies’ size reached two-

thirds of the microcarriers’ size (Croughan et al., 1987). Additionally, this critera can be 

translated for human MSC cultures, as reported by Hewitt and colleagues (Hewitt et al., 

2011). Hence, microscale eddies of 100 µm or lower would employ significant cell 

damage. In this case, no such lower estimated values are achieved and therefore the 

dynamic system presented herein is not theoretically affected by significant cell damage 

through these factors. Additionally, Yi and colleagues have reported a change on the 

proteomic profile of cultured MSC being exposed to 3 dyn/cm2 (maximum value on the 

present study). More specifically, 13 proteins were found to be up- or down-regulated by 

over twofold. Such proteins are known to be involved in different cellular processes, 

which include heat shock cell membrane proteins (e.g. Annexin A2), proteins involved in 

protein synthesis, degradative proteins, chaperones, metabolic enzymes, and nuclear 

and chromatin proteins (Yi et al., 2010). Nonetheless, this extrapolation should be done 

carefully, as here Re<104 and hence the flow is in the transition region of Reynolds 

number, not being fully turbulent. Therefore, a more reasonable expression of 
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‘’moderately turbulent’’ may be applied  (Venkat et al., 1996). In this context, several 

difficulties may arise while addressing this problem via turbulent theory. However, 

Croughan and co-workers (Croughan et al., 1987) have developed a turbulence-based 

model for damage potential based on Nagata (Nagata, 1975) suggestions, where the 

flow becomes turbulent at Re>103, which is within the values calculated for this work. 

Hence, as no alternative method has arisen, this methodology was applied regarding cell 

damage on the stirred system. In addition, it is to note that the most extreme conditions 

regarding shear stress and eddies’ size occurs, as mentioned before, in a small volume 

near the impeller region, and therefore, the probability of the microcarriers and cells 

encountering those factors is lower. 

The metabolic profile of the dynamic cultures was also evaluated. Specific glucose 

consumption and lactate production present a similar trend between donors, which is 

characterized by an increasing rate on the first days, with a peak on 

consumption/production correspondent to the initial of the exponential growth phase. 

After that, levels decreased to lower levels until the end of the exponential growth, being 

maintained roughly consistent until the end of cell culture. Importantly, the values for 

glucose consumptions (5 – 30 pmol/day/cell) and lactate production (10 – 60 

pmol/day/cell) are within the ranges previously reported by our lab (Carmelo et al., 2015). 

However, in that study, higher rates were achieved in comparison with the results 

presented herein, which may be explained by the lower cell adhesion efficiencies that 

were seen here (due to experimental error / cells directly thawed into the spinners), as 

well as the different size and volumes used in this work that may affect culture 

performance. Indeed, results published present higher cell densities for the same 

timepoints. Interestingly, the peak for higher value of glucose consumption seen for the 

cells thawed directly into the spinner flasks is not accompanied by the highest value of 

lactate production, that is observed for cells of donor M48A08. This may be explained by 
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presumably metabolic and cell cycle adaptation that these cells need in order to recover 

from post-thaw stress in the dynamic environment (Galipeau, 2013; Santos et al., 2011). 

In addition, lactate levels did not reach inhibitory values (maximum of 12 mM). The 

inhibitory levels have experimentally determined for hMSCs as greater than around 35 

and 2 mM for lactate and ammonium, respectively (Schop et al., 2009). 

Expanded cells were also immunophenotypically characterized according to the ISCT 

acceptance criteria. All markers are within the accepted values on what a MSC should 

or sould not express, apart from CD14. Interestingly, the analyzed cells showed an 

inconsistent high expression of CD14 by BM MSC together with the almost null 

expression of HLA-DR. These phenomena may be due to the expression of CD14 cross-

reactive epitopes and hence, this may be a false positive (Pilz et al., 2011).  

Finally, one of the cell aspects and rationale for the comparison of the populations 

expanded under the ‘’conventional’’ and ‘’innovative’’ systems would be the cell size, as 

there is some reluctance on the intracoronary infusion of these cells for regenerative 

medicine since these cells present higher diameters than heart capillaries. Cells 

expanded under the conventional protocol presented a diameter of 16 ± 0.45 µm, 

consistent with results reported on the literature for adult MSCs (15.5 ± 4.1 µm) (Ng et 

al., 2014). Indeed, cells expanded under the ‘’innovative’’ way, by the protocol developed 

in our lab (Dos Santos et al., 2014), presented significantly smaller size in diameter than 

the ones expanded under conventional 2D culture (12 µm vs 16 µm, respectively, 

p<0.05), presenting a 25% reduction in size. Of notice, there are no previous studies 

focusing on the evaluation of the different culture methodologies impact on BM MSC 

features, namely size and its effects in coronary microcirculation, as well as their 

regenerative potential (e.g. secretion of paracrine factors), and hence being a matter of 

further research. 
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However, besides the smaller size of the ‘’innovative’’ cells, no relevant IMR differences 

in comparison with the ‘’conventional’’ group were attained. This may be explained by 

the fact that this technique is not sensitive enough to see differences between the range 

of cell sizes in this study for the two populations. Nevertheless, IMR allowed for the 

differentiation of changes in coronary microcirculation driven by intracoronary delivery of 

BM-MSC in the absence of changes in other clinical parameters in the coronary 

circulation at real time. IMR changes are progressive and enabled the evaluation of the 

effect / dose. Thus, this technique can be considered as a microcirculation disruption 

subclinical marker, whose real-time assessment may be useful during intracoronary BM 

MSC delivery and could help to define safety thresholds. Moreover, no difference was 

shown regarding the state of myocardial damage at the end of the study, although there 

are several pre-clinical studies reporting reduction of the infarct size upon MSC 

administration (Makkar et al., 2005; Shake et al., 2002). Moreover, no evidence of 

engraftment was seen from histologic evaluation after 4 weeks. Other studies had similar 

results in mouse, sheep and swine MI models, showing the widespread death 

occurrence from the donor-derived BM-MSC and failure to detect these cells in the days 

or weeks after a successful transplantation (Dixon et al., 2009; Hashemi et al., 2008; van 

der Bogt et al., 2009). Of notice, these divergences in results may be due to different 

employed MSC expansion methodologies, handling, administration method and effect 

measurement (such as hemodynamic parameters and microcirculatory obstruction). In 

the future, the evaluation of other variables of ventricular function could add further 

insights to the study, where the potential regenerative effects of the BM-MSCs could be 

depicted, as well as the comparison of the two expanded cell populations. 

Although majority of the studies use BM derived MSC, these cells can also be obtained 

from other more attractive sources (as adipose tissue or umbilical cord) due to their ease 

of access and ready availability. Nonetheless, although they are considered as the same 

cell type, they may present different characteristics (Hass et al., 2011a; Pill et al., 2015), 
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and further research in order to depict their regenerative potential in an AMI setting 

should be pursued. Some efforts have been made in that direction recently with some 

clinical trials, showing administration safety and, in some cases, clinical improvement 

(Bartolucci et al., 2017; Gao et al., 2015; Musialek et al., 2015; Perin et al., 2014).  

Importantly, the mechanism through which these cells exert their regenerative potential 

should be addressed to, not only determine which would be to consider as release 

factors, but also to determine the best via of administration as well as the relevant cell 

doses. Although differentiation mechanism into myogenic cells have been suggested 

(Pittenger and Martin, 2004), this mechanism for cardiac therapy with MSCs has been 

recently criticized (Tao et al., 2016), specially due to poor survival and engraftment in 

the ischemic tissue. Hence, exploration of the therapeutic effect through paracrine action 

has gained more attention, with studies showing this mechanism in vivo (Cai et al., 2016; 

Yao et al., 2015). However, there is still a lack of consensus regarding the existence of 

myocardial regeneration or effective clinical benefit on the MSC-based therapy for MI 

(Behbahan et al., 2015; Leri and Anversa, 2013).  

Overall, this work presents important insights on the combination of the bioengineering 

field and pre-clinical studies of the application of advanced cell-based therapies for 

cardiac disorders, giving cues on real time microcirculation disruption measurement that 

can be further applied to safety assessment on dosage of MSC administration. To our 

best knowledge, this is the first report where a comparison on cells expanded under 

different culture platforms was performed.  
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IV.6 ANNEX I- CHAPTER IV 

 

 

Figure IV-7 – Index of microcirculatory resistance at baseline, 5 and 30 minutes post MSC delivery. Baseline, 
5 and 30 minutes post-delivery IMR values are shown for Control and MSC group (n = 9). Differences from 
baseline were assessed with repeated measures ANOVA and P-values are adjusted for multiple 
comparisons (Bonferroni). 
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Table IV-4 - Values of the index of microcirculation resistance (IMR) for baseline (D0), 7 days post-MI (D7 
post-MI), post intracoronary infusion (Post-intracoronary) and 4 weeks after intracoronary infusion (D28 post-
intracoronary) of the control, “conventional” and “innovative” groups. Results presented as mean ± SD 

IMR CONTROL 

(n=6) 

CONVENTIONAL 

(n=6) 

INNOVATIVE 

(n=6) 

P 

D0 (U) 8.4 ± 0.7 7.6 ± 0.8 9.0 ± 0.3 0.182 

D7 post-MI (U) 9.6 ± 1.1 11.0 ± 2.2 10.4 ± 1.1 0.778 

Post-intracoronary 1
st

 dose 

(U) 

10.9 ± 2.5 14.8 ± 3.1 15.0 ± 3.6 0.548 

Post-intracoronary 2
nd

 dose 

(U) 

10.2 ± 2.5 18.9 ± 3.8 21.7 ± 2.7 0.034 

Post-intracoronary 3
rd

 dose 

(U) 

7.5 ± 0.4 22.1 ± 6.4 19.6 ± 5.0 0.024 

Post-intracoronary – 30 min. 

(U) 

7.6 ± 1.4 20.7 ± 5.5 19.7± 5.0 0.049 

D28 post-intracoronary (U) 11.5 ± 2.5 11.9 ± 1.8 9.4 ± 1.7 0.603 
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V.1 SUMMARY 

It has been shown, in our lab and others, that bone marrow mesenchymal stem/stromal 

cells (BM-MSCs) can support the ex vivo hematopoietic stem/progenitor cells (HSPCs) 

expansion (Andrade et al., 2010; da Silva et al., 2010a). Nonetheless, other MSC 

sources are attractive, due to wider availability and ease of collection, compared to BM, 

such as adipose tissue (AT-MSCs) and umbilical cord matrix (UCM-MSCs). However, it 

has been shown that MSCs from different sources present distinct characteristics (Hass 

et al., 2011a).However, only few studies for the comparison between different sources 

of MSCs have been performed focusing on their hematopoietic supportive capacity ex-

vivo. Thus, the aim of this work was to assess and compare the hematopoietic supportive 

capacity of MSCs from different sources, namely BM-MSC (either isolated through 

plastic adherence (MSC) or by magnetic-activated cell sorting (MACS) for Stro-1 

expression (Stro-1 cells)), UCM-MSC, AT-MSC and fetal liver MSC (FL-MSC, isolated 

by MACS for Stro-1 expression). 

All feeder layers were able to support HSPCs expansion ex-vivo, with AT cells giving the 

highest fold increase in total cells, and FL and No Stroma  condition (control without 

feeder cells) with the lowest expansion. It was attained a fold increase in total cells of 

18.6±3.0, 15.6±4.5, 17±2.2, 32.7±5.5, 8.2±0.54, 6.5±0.67 for BM, UCM, Stro-1, AT, FL 

and no stroma control, respectively. However, the higher the expansion in total cell 

number, the lower the progenitor content (CD34+, CD34+/CD90+, CD34+/CD133+) post-

culture leading to a similar fold expansion of these progenitors, with FL and No stroma 

conditions presenting again lower values. Although not significant, UCM-MSC appear to 

be able to maintain higher percentages of the CD34+/CD90+ populations leading to an 

apparent higher fold increase in the number of these progenitors (1.2±0.6) in comparison 

with the other sources. Regarding the fold increase in CD34+/CD133+ cells, BM and AT-

MSC attained apparent higher values (7.1±1.6 and 7.5±1.0, respectively), again not 
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statistically significant. Moreover, expanded cells demonstrated similar differentiation 

ability in vivo in all conditions, assessed by clonogenic formation assay (CFUs), as well 

as primitive population content measured by the cobblestone formation assay (CAFCs), 

with FL and No stroma conditions presenting lower fold increase values in both cases. 

Overall, no significant differences were observed between the different feeder layers 

tested, suggesting the possible use of more readily available MSC sources to support 

HSPC expansion ex-vivo. 

 

V.2 BACKGROUND  

Hematopoietic cell transplantation has been performed for more than 50 years to treat 

malignant and non-malignant hematological disorders. However, the clinical bottleneck 

resides on the number of cells that can be retrieved from either adult (such as BM) or 

neonatal (such as UCB) tissues. The latter offers the advantage of ease of access, less 

restringing HLA matching and higher enrichment in stem/progenitor cells. Nonetheless, 

due to the low numbers and primitiveness of cells, its transplantation is usually 

associated with graft failure. One way to overcome this hurdle is by ex vivo expansion of 

the hematopoietic progenitors. 

Interactions between vascular/stromal cells and HSPCs are known to be of great 

importance for their maintenance, thus making stromal cells ideal to mimic their natural 

BM niche in vitro by recapitulating physiological cues of the hematopoietic niche. It has 

been shown, in our lab and by others, that bone marrow mesenchymal stem/stromal 

cells (BM-MSC) can support the ex vivo HSPC expansion (Andrade et al., 2010; da Silva 

et al., 2005a). Nonetheless, other sources of MSC are attractive, due to their availability 

and ease of collection, such as adipose tissue and umbilical cord matrix. 



CHAPTER V – DIFFERENT MSC FEEDER LAYERS FOR HSPC EXPANSION EX-VIVO 

163 
 

Distinct co-culture systems have been exploited for the expansion of hematopoietic 

stem/progenitor cells (Hofmeister et al., 2007; Wagner et al., 2008), with the majority 

reporting the use of BM-MSC as feeder layers. Nonetheless ,some systems report 

different stromal sources, different isolation protocols of stromal cells (such as through 

plastic adherence or antigen cell sorting (e.g. Stro-1)), and diverse cytokine 

combinations, which consequently leads to divergent results and thus, the role of stroma 

in hematopoietic cell co-cultures remains a controversial issue (da Silva et al., 2010a). 

There are several well-defined sources for MSCs in the body besides the BM, such as 

AT, lung, liver, umbilical cord blood and matrix (i.e. Wharton’s jelly; UCM) , synovium 

tissue, amniotic fluid, FL, dental pulp, and skeletal muscle (reviewed in (Klingemann et 

al., 2008)) . Additionally, MSC can also be isolated by Stro-1 antigen sorting (through 

MACS or FACS), as this is one of the best well-known BM MSC markers (Gronthos and 

Simmons, 1995; Gronthos et al., 2003; Kolf et al., 2007). The isolation through antigen 

sorting presents the advantage of obtaining a more homogeneous population in 

comparison with the plastic adherence isolation. Importantly, in contrary with the BM, 

where HSPCs are usually quiescent, hematopoiesis occurs in the FL during the 

development, where the HSPCs are actively dividing and self-renewing, suggesting that 

the FL provides an extended HSPC support microenvironment (Mikkola and Orkin, 

2006). Nonetheless, several studies suggest that MSCs from different sources present 

different characteristics (Hass et al., 2011a). 

Although some studies have been made to determine different feeder layer potential on 

HSPC expansion ex-vivo (Magin et al., 2009), to date, no comprehensive comparison 

between different sources of MSC has been performed focusing on their hematopoietic 

supportive capacity. Thus, BM cells (either isolated through plastic adherence (MSC) or 

by MACS for Stro-1 expression (Stro-1 cells)), UCM MSC, AT MSC and FL MSC 

(isolated by MACS for Stro-1 expression) were tested and compared as hematopoietic 

feeder layers. 
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V.3 RESULTS  

Our lab has previously established and optimized a UCB derived HSPC expansion in co-

culture with BM-MSC, using QBSF-60® medium (Andrade et al., 2010). Here we present 

the ability of different MSC sources, namely BM isolated by two methods (plastic 

adherence and Stro-1), AT, UCM, and FL to support UCB derived HSPC expansion ex 

vivo. 

. 

 

 

 

 

 

 

 

 

 

Cells from the different sources studied were expanded in 2D cell culture flasks with low 

glucose DMEM containing 10% FBS (MSC qualified) for at least 2 passages before co-

culture. Upon reaching 90-100% confluence, MSC were treated with Mitomycin C (to 

arrest their growth) and then co-culture with CD34+-enriched cells isolated from UCB 

0

5

10

15

20

25

30

35

40

45

F
o

ld
 I
n

c
re

a
s
e
 i

n
 T

N
C

* 

Figure V-1 – Fold increase in total nucleated cells (TNC) from UCB cells for each MSC-HSC co-culture system: 
bone marrow (BM), adipose tissue (AT), umbilical cord matrix (UCM), BM Stro-1, fetal liver (FL) Stro-1 and No 
stroma control (noSTR). Results presented as mean±SEM (n=3-6, *p<0.05). 



CHAPTER V – DIFFERENT MSC FEEDER LAYERS FOR HSPC EXPANSION EX-VIVO 

165 
 

was initiated and maintained for 7 days (asdescribed in Material and Methods). To 

assess MSC supportive capacity in HSPC ex vivo expansion, analysis of fold change in 

total nucleated cells (TNC) (Figure V-1), hematopoietic stem/progenitor phenotypes 

CD34+, CD34+/CD133+ and CD34+CD90+ (Figure V-2 A and B), and for the more 

committed progenitors from the early lymphoid (CD7+), myeloid (CD14+, CD15+ and 

CD33+) and megakaryocytic lineages (CD41a+ cells) was performed (Figure V-2 C). In 

addition, the clonogenic potential of both fresh and expanded UCB cells was assessed 

by BFU-E, CFU-MIX and CFU-GM assays (Figure V-3), as well as their ability to form 

cobblestone areas (CAFC) (Figure V-4). 

All feeder layers were able to support ex vivo hematopoietic cell expansion, although 

with FL-MSC derived feeder layer presenting similar TNC fold values to the No stroma 

control (8.2±0.54 and 6.5±0.67 fold, respectively). AT-MSC gave the higher expansion 

fold in total cell number, presenting a value of 32.7±5.5. The cell expansion attained  on 

BM, UCM and Stro1-MSC feeder layers was similar, achieving 18.6±3.0, 15.6±4.5, 

17±2.2 fold, respectively. Nonetheless, it was seen a statistical significant difference 

between the BM cells AT cells and UCM cells.  
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Figure V-2 – Immunophenotypic characterization of the pre- and post-expanded CD34+ cells. (A) fold 
change in total hematopoietic stem/progenitor phenotype (CD34+, CD34+/CD133+ and CD34+/CD90+); 
(B) Content in percentage of the hematopoietic stem/progenitor phenotype; (C) Content in percentage in 
early lymphoid (CD7+), myeloid (CD14+, CD15+ and CD33+) and megakaryocytic lineages (CD41+). 
Results presented as mean±SEM (n=3-6) 
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Moreover, immunophenotypic analysis of pre- and post-expanded cells was performed. 

As expected a decrease from 85% to 25-38 % after expansion on the hematopoietic 

stem/progenitor cells was observed in all conditions (Figure V-2 B), with BM MSC and 

FL MSC presenting slightly higher values in CD34+ percentages of 38%, whereas the 

other conditions had values in the 25-33% range. Regarding CD34+/CD133+ and 

CD34+/CD90+ cell populations, a decrease from 77% to 19-27% (with BM MSC 

supporting the higher value) and 18% to 0.5-1.5% (with UCM giving the higher value) 

was observed. Nonetheless, when observing the fold expansion in total progenitor cells 

(Figure V-2 A), BM and AT-MSC feeder layers were however able to attain a higher 

increase of these progenitors concomitantly, more specifically to a 9 and 7-fold increase 

in CD34+ and CD34+/CD133+ cells. However, a relatively higher value for 

CD34+/CD90+ total cells was attained by the UCM-MSC feeder layer (1.2-fold), whereas 

for the other conditions there was a decrease in these progenitors (0.2-1-fold). 

It was also analyzed the differentiative potential of the UCB cells expanded in these co-

culture systems, by testing for early lymphoid (CD7+), myeloid (CD14+, CD15+ and 

CD33+) and megakaryocytic lineages (CD41a+ cells) (Figure V-2 C). All conditions were 

able to successfully maintain/expand these progenitors, in agreement with previous 

results from our lab (Andrade et al., 2013a; Andrade et al., 2010). 

In terms of the clonogenic potential (Figure V-3), the trend is consistent with the TNC 

fold expansion, where it is seen a higher fold increase in BFU-E and CFU-GM for UCB 

cells generated with the support of the AT-MSC feeder layer (13.4 and 13.5-fold, 

respectively), although not statistically significant. Cells expanded over BM-MSC and 

Stro-1 BM MSC presented similar clonogenic potential. Moreover, UCB cells co-cultured 

with UCM-MSC attained a lower fold in the total clonogenic potential, reaching similar 
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values to FL-MSC and No Stroma conditions specifically for BFU-E (3.2, 3.3 and 2.4-fold 

respectively).  

 

Finally, the expansion level in CAFCs was also measured (Figure V-4), which is 

described as a predictor of in vivo repopulating ability (Ploemacher et al., 1989). Once 

again, it was seen a lower expansion for UCB cells cultured over FL-MSC and under No 

stroma conditions, whereas all other conditions led to a roughly similar higher value, in 

the 14-16-fold range. 
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Figure V-4 - Fold increase in cobblestone area-forming cells (CAFCs) for HSPC expanded 
with the different MSC feeder layers. Results presented as mean±SEM (n=3-6). 
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Figure V-3 - Clonogenic potential of the expanded cells. Fold increase in BFU-E, CFU-MIX and CFU-
GM for each condition. Results presented as mean±SEM (n=3-6). 
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V.4 DISCUSSION AND CONCLUSIONS 

Hematopoietic stem cells are able to give rise to all blood cell types (Doulatov et al., 

2012) and its transplantation has been widely used for the treatment of malignant and 

non-malignant hematopoietic diseases. Of the sources available, UCB presents 

attractive advantages as its easy non-invasive accessibility, higher cell primitiveness and 

less restringing HLA matching, increasing the availability of this treatment to a wider 

population. However, its use in adults has been restricted by the low cell numbers that 

can be retrieved. In order to overcome this hurdle, an effort on the development of 

several ex vivo culture systems have been reported. Nonetheless, the ex-vivo expansion 

of the HSPC population is difficult to achieve as they tend to differentiate during 

proliferation in culture (Hofmeister et al., 2007). This may be presumably caused by a 

lack of appropriate cues that are provided in vivo by the microenvironment. In vivo, HSPC 

are located mainly in the bone marrow where there are specific interactions within a 

specific and complex microenvironment called the stem cell niche, which regulates their 

fate in terms of quiescence, self-renewal and differentiation, by an orchestra of signals 

mediated by soluble factors and/or cell-to-cell contact (Schofield, 1978; Zhang et al., 

2003). Interestingly, MSC are an important component of this niche. Hence, in order to 

mimic in vivo conditions, it has been shown the ability of MSC to support stem/progenitor 

cell maintenance and expansion through co-culture systems (Wagner et al., 2008). 

It has been widely reported the use of BM-MSC as support for HSPC culture (Andrade 

et al., 2010; da Silva et al., 2010a; Jing et al., 2010b). However, other MSC sources may 

present attractive advantages as higher availability and ease and non-invasive 

collection, such as AT-MSC and UCM-MSC. Some studies have reported the use of 

these alternative sources as stromal feeder layers, as AT-MSC (Corre et al., 2006; 

Nishiwaki et al., 2012), UCM-MSC (Bakhshi et al., 2008; Friedman et al., 2007; Tipnis 

and Viswanathan, 2010), and BM stromal cells isolated based on Stro-1 expression 

(rather than plastic adherence) MSC (Dennis et al., 2002; Goncalves et al., 2006). 
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Nonetheless, results have been in some cases contradictory, which may be due to the 

different isolation methods and culture formulations used in the studies. Hence, it was 

aimed herein to perform a comprehensive and systematic comparison on the ability of 

the different MSC feeder sources on HSPC maintenance and expansion. 

Here, it was shown that all feeder layers were able to support UCB cell expansion with 

exception of FL-MSC that led to similar values as the No Stroma control. Moreover, UCB 

cells expanded over AT-MSC presented the higher fold expansion in total cells. Indeed, 

Nakao and colleagues have shown that mice derived AT-MSC were able to attain higher 

fold expansion in total and hematopoietic progenitors derived UCB than BM-MSC and to 

facilitate hematopoiesis more effectively in mice (Nakao et al., 2010). Later, the authors 

also reported the same effect when using human derived cells (Nishiwaki et al., 2012). 

In contrary, although AT-MSC co-culture led to the highest expansion in total cells, it 

appears that it also promoted cell differentiation corroborated by the immunophenotypic 

analysis, where it was seen a sharper decrease on the hematopoietic stem/progenitor 

content (CD34+, CD34+/CD13+ and CD34+/CD90+ cells), whilst being able to maintain 

or even expand early lymphoid (CD7+) and myeloid (CD14+, CD15+ and CD33+) 

progenitors, as well as to demonstrate higher clonogenic capacity in comparison with the 

other feeder layers. These findings are in agreement, however, with the work reported 

by Corre and colleagues, where it is compared the supportive capacity of BM-MSC and 

AT-MSC on the maintenance and expansion of UCB derived HSPCs and it is suggested 

that the latter does not support HSPC self-renewal, but differentiation towards lymphoid 

and myeloid lineages (Corre et al., 2006). This effect could be explained by their 

observations on the secretion level of certain cytokines by the adipose derived cells with 

contrasting effects upon immature hematopoietic cells (i.e. MIP-1a inhibiting the 

proliferation of stem cells, IL-6, G-CSF and GM-CSF promoting the differentiation of 

committed progenitors).  
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Interestingly, in a work recently published by Mattiucci and colleagues, it is suggested 

that BM derived adipocytes (BM-A) are able to support HSPC survival in a co-culture 

system by secretion of cytokines directly involved in hematopoiesis regulation. They also 

shown, that although these BM-A are morphologically similar to adipocytes derived from 

AT (AT-A), the latter was not able to support HSPC survival ex vivo. Indeed, it was 

observed a distinct gene expression signature compared with AT-A, suggesting that BM-

A are involved in BM niche homeostasis processes (Mattiucci et al., 2018). 

Regarding the UCM-MSC co-culture, lower fold expansions in TNC as well in total 

hematopoietic stem/progenitor cells and concomitant clonogenic potential were attained 

in comparison specifically with BM-MSC, AT-MSC and Stro-1 BM-MSC conditions. 

These results are in contradiction from what has been published by Tipnis and 

Viswanathan, where it is shown a higher ability of UCM-MSC derived feeder layer to 

support and maintain UCB derived HSPC expansion in comparison with a BM-MSC 

feeder layer. Here, it was also assessed cytokine secretion profile from both stromal 

layers, with UCM-MSC having an increase on the release of certain factors involved in 

hematopoietic maintenance and differentiation, such as LIF, HGF, Flt3, G-CSF, GM-

CSF, Angiogenin and TPO (Tipnis and Viswanathan, 2010). Moreover, Friedman and 

colleagues has reported the release of significant concentrations of hematopoietic 

growth factors in culture by UC-MSCs (UC-MSCs secreted significantly higher 

concentrations of G-CSF, GM-CSF, HGF, LIF, IL-1a, IL-6, IL-8, and IL-11 compared with 

BM-MSCs, whereas BM-MSCs was shown to produce more VEGF and SDF-1b than 

UC-MSCs) and augmentation of hematopoietic colony formation when co-cultured with 

UCB mononuclear cells, as well as higher engraftment rates on mice upon co-

transplantation of CD34+ cells and UCM-MSC (Friedman et al., 2007). 

On the other hand, in other study published by Bakhshi and colleagues, where they also 

compare and test the hematopoietic supportive capacity of BM and UCM-MSC derived 

feeder layers on long-term culture-initiating cell (LTC-IC) assay, it was observed that 
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UCM feeder layers performed less or as good as BM (Bakhshi et al., 2008). In another 

comparative study, Magin and co-workers showed that the tested potential feeder cell 

types (BM-MSC, Wharton’s Jelly cells (UCM) and HUVECS) showed similar potential for 

UCB CD34+-support in vitro (Magin et al., 2009). These differences encountered with 

the work present herein and the literature may be explained by the different MSC 

isolation and expansion methods, as well as the different medium compositions and 

cytokines used for HSPC cultivation. To note that, in the case of this work, the 

establishment of UCM-MSC derived feeder layer was accompanied with the inability of 

cell growth arrest by inactivation with Mitomycin C. Several concentrations of this agent 

were tested although without success (i.e. 0.5 μg/mL – 5 μg/mL). Thus, co-culture 

initiation was performed upon reaching 70% confluence and cell growth was observed, 

even after changing to serum-free hematopoietic cell medium. Hence, the results 

presented in this work regarding specifically this feeder layer, need to be carefully and 

critically analyzed, as it may not represent the optimal co-culture conditions and further 

work needs to be performed. 

Stro-1 MSC are derived from BM but isolated based on the expression of the Stro-1 

marker by MACS, rather than adherence on plastic and hence, having the advantage of 

reducing feeder layer donor variability (Goncalves et al., 2006). These cells are believed 

to be a more primitive and homogeneous MSC population within the BM, however it seen 

a loss of this marker throughout serum medium ex vivo culture (Gronthos and Simmons, 

1995). Not surprisingly, this feeder layer was able to support and maintain HSPC 

expansion and their differentiative potential in similar levels as the BM MSC counterpart. 

Indeed, Dennis and colleagues have reported that Stro-1 derived feeder layer was able 

to induce a 10- to 20-fold increase in colony-forming units from expanded BM HSPC, 

and to sustain cobblestone area colony-forming cells with a distinct time course for the 

different hematopoietic precursors (Dennis et al., 2002). Later, and in agreement with 

these results, Gonçalves and colleagues also reported the successful use of Stro-1 
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feeder layer from the BM, including a side-by-side  comparison with cells isolated based 

solely on plastic adherence (i.e. from the same BM donors), on the expansion and 

maintenance of human BM derived HSPC cells, whilst retaining their engraftment ability 

in a preimmune fetal sheep model (Goncalves et al., 2006). Importantly, it was shown 

that the differentiative potential was shifted towards the myeloid lineage, in agreement 

with the results reported in this work, where it is shown a maintenance/expansion of the 

myeloid related markers (CD14+, CD15+ and CD33+ cells), as well as to 

maintain/expand the lymphocytic differentiative potential (CD7+). 

By contrast with the BM niche, where HSPCs are normally quiescent, within the human 

fetal liver (FL), there is a higher frequency of cycling HSPCs undergoing self-renewal 

(Mikkola and Orkin, 2006), which suggests that the FL provides a microenvironment that 

is more conducive in supporting HSPCs. Thus, it was hypothesized that a FL-MSC 

feeder layer would provide either same or even better HSPC support in comparison with 

the other feeder layers tested. However, the opposite was seen, with the Stro-1 FL-MSC 

stromal layer studied herein presenting similar results as the No stroma control (although 

presenting always slightly higher values), giving the poorest support to HSPC 

maintenance/expansion relatively to the other feeder layers. Nonetheless, this might be 

due to storage of the cells for a long period of time as well as the medium used in this 

experiment was different from the one used for the previous isolation and expansion of 

these cells, and hence, this might have affected the quality of the cells. In the work 

developed by Campagnoli and colleagues, they have shown the ability of fetal blood 

derived MSC to support UCB derived HSPC proliferation and differentiation in long term 

culture in the same extent of the control (M210B4 stromal line from mice) (Campagnoli 

et al., 2001). Furthermore, Young and co-workers have reported a population of 

CD34loCD133lo from fetal liver that is able to differentiate into hepatocyte and 

mesenchymal lineage, and to support both UCB and FL HSPC proliferation, due to the 

expression of growth factors involved in HSPC expansion, as well as maintenance of 
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engraftment potential (Yong et al., 2016). Although the results presented herein seem to 

be contradictory with the aforementioned reports, it is important to note the differences 

on the cell population used as stromal layer, as well as to be aware that the fetal liver 

hematopoietic niche is composed by several types of cells which constructs a complex 

microenvironment not replicable in vitro. Interestingly, Chou and colleagues reported the 

ability of hepatic progenitors to support ex vivo expansion of mice BM-HSPC in co-

culture, stating to demonstrate a direct proof that hepatic progenitors (DLK+ cells) are the 

principle supportive cells for the expansion of hematopoietic stem and progenitors in the 

fetal liver (Chou et al., 2013). This adds to the possibility, in the case of the fetal liver, 

that MSC are not the major responsible for HSPC proliferation and maintenance and 

thus, may not represent the best choice as a supportive ex vivo feeder layer.  

In conclusion, this work provides a systematic comparison between MSCs from different 

sources as feeder layers to support and expand UCB derived HSPC. All feeder layers 

tested were able to support HSPC expansion, with AT giving higher total numbers but, 

at the same time, producing more differentiated cells. Nonetheless, UCB cells expanded 

over BM MSC (including the one isolated based on Strom-1 expression) and AT MSC 

attained similar stem/progenitor fold expansion, as well as differentiative potential, 

whereas for the co-cultures with UCM MSC lower values of expansion were attained, 

which could be due to methodological hurdles on the establishment of this feeder layer. 

Moreover, FL-MSC performed the least, with values similar to the control. However, the 

use of that stromal layer would have anyhow significant ethical drawbacks in comparison 

with the other sources. Taking all together, AT-MSC seems to be a promising candidate 

for future clinical applications were co-culture strategies are used for UCB HSPC 

expansion, as it led to similar amount of total progenitor cells compared to the BM feeder 

layers studied, and presents the most available MSC source.  

However, efforts towards the use of human origin, clinical-grade MSC prepared under 

good manufacturing practice (GMP) -compliant conditions need to be addressed, to 
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overcome possible contamination risks from compounds of animal origin such as FBS. 

Hence the next step would be to repeat this study with MSC expanded under xeno-free 

conditions. 

Overall,  this work generated scientific knowledge on the differential supportive capacity 

of different MSC sources for HSPC ex vivo expansion, which has been quite difficult to 

address with the studies made so far, due to the variety of isolation, expansion and 

medium formulation (including cytokine cocktails) used. Ultimately, this study might also 

provide important insights on the potential use of these cells as adjuvants in a co-

transplantation scenario.  
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VI.1 SUMMARY 

Several culture systems have been studied to improve the number and angiogenic 

potency of CD34+ cells. Nevertheless, a scalable and GMP compliant system is yet to 

be achieved in order to obtain clinically meaningful numbers and required potency. 

Firstly, a comparison between two serum-free different media, SCGM (Cellgenix), that 

was used in Chapter III, and StemSpan (StemCell Technologies), a medium developed 

for culture and expansion of hematopoietic cells, was performed. Both culture media 

were supplemented with SCF (100ng/mL), Flt-3 ligand (100ng/mL), TPO (20ng/mL), IL-

6 (20ng/mL) and VEGF (50ng/mL).The results have shown that the StemSpan medium 

was able to support a higher fold increase in total cell number (57.5±3.6 at day 7 and 

116.17±9.4 at day 10) with concomitant higher fold increase in number of progenitors 

(20.2±10.3 and 55.9±12.7 for CD34+; 20.1±1.2 and 39.2±11.1 for CD34+/CD133+ cells at 

day 7 and day 10 respectively), in comparison with the SCGM medium (fold increases 

of 19.8±7.4, 4.5±2.7 at day 7; 54.6±17, 8.7±4.3 at day 10, in total cell number, CD34+ 

and CD34+/CD133+, respectively). Interestingly, markers associated with angiogenic and 

endothelial populations (CD31, CD105, CD14, CD18 and CD16) were either maintained 

or even increased in content when cultured with the StemSpan medium.  

Moreover, it was performed a study for the scale-up of the expansion of CD34+ cells from 

UCB into spinner flasks both under atmospheric conditions (normoxia (21% O2)) and 

hypoxia (5% O2) under serum-free conditions, together with the in vitro characterization 

of the final product. A successful dynamic scalable process was achieved, where an 

improvement in terms of quantity (total cell number fold increase of 32.1±0.9 and 

45.6±6.8 at day 7; 83.9±7.9 and 101.3±25.7 at day 10, normoxia and hypoxia 

respectively) was shown. The angiogenic profile was assessed by flow cytometry and 

tube formation assay, in comparison with uncultured cells. In addition, the hypoxia 

condition revealed to enhance the angiogenic properties of the final cell product in both 

quantity and quality. 
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VI.2 BACKGROUND 

The therapeutic properties of CD34+ cells (which is an enriched population for endothelial 

progenitor cells -EPCs) have been demonstrated in several pre-clinical and clinical 

studies, namely for the treatment of ischemic and cardiovascular diseases. However, the 

therapeutic application of these cells has been hampered by the difficulty in isolating 

enough number of circulating CD34+ cells from patient’s blood while maintaining their 

quality for clinical use. To overcome this limitation, different suspension culture systems 

have been established for the ex vivo expansion of these cells, which demonstrated 

efficiency in promoting neovascularization in ischemic animal models upon 

transplantation. Also, considering the source, umbilical cord blood (UCB) is a promising 

candidate as its collection is non-invasive and the availability is immediate. Of notice, our 

group had previously established a suspension culture system for human EPCs, with 

increased quantity and quality (QQc) of the cell product (Alaiti et al., 2012) , and its scale-

up into cell culture bags (Mata et al., 2015) (Chapter III), in order to move a step forward 

to meet GMP standards and clinically meaningful cell doses. 

Several studies have been made where the impact of oxygen tension and fluid shear 

stress forces are investigated in EPC culture. Nevertheless, a fully controlled system, 

able to comply with GMP, where these factors are explored is yet to be achieved. 

Hence, the aim of this chapter was to establish a scalable system for the manufacturing 

of these cells while studying the effect of shear stress and oxygen tension in order to 

enhance the angiogenic potential of the expanded cells. 
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VI.3 RESULTS 

VI.3.1 MEDIUM COMPARISON UNDER STATIC CULTURE CONDITIONS 

The aim of this work was to assess the differences between two different media, SCGM 

and StemSpan SFEM II (SS). Also, it was tested if adding VEGF only at day 7 

(SCGM+7VEGF and SS+7VEGF) would promote firstly the expansion and lastly the 

commitment towards a more endothelial lineage. In the next figures are the results from 

fold increase (FI) in total nucleated cells (TNC) (Figure VI-1. A), FI in total CD34+ cells 

(Figure VI-1. B) and in CD34+/CD133+ cells (Figure VI-1. C) and the percentage of 

endothelial related markers pre- and post-expansion (Figure VI-2). 

 

 

 

 

 

 

 

 

Figure VI-1 - Fold increase in total nucleated cells (A), in total CD34+ cells (B) and in total CD34+/CD133+ cells 
(C). Values are represented as mean±SEM (n=3, *p<0.05). 
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Figure VI-2 - Immunophenotypic analysis of pre- and post-expanded cells regarding endothelial related markers. 
Bars represent the % values and dots represent the fold increase (FI) in total number of cells. Values are 
represented as mean±SEM (n=3, *p<0.05).  
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The results obtained herein showed a higher capacity of the StemSpan medium to 

expand the total number of cells, as well as to increase the numbers of the more primitive 

subpopulation (CD34+ and CD34+/CD133+). Moreover, it was also seen a higher 

percentage of endothelial related markers on the post-expanded cells with StemSpan in 

comparison with the SCGM medium. The expression of other hematopoietic markers 

(CD11b, CD16 and CD19), namely from lymphoid lineage, was maintained at low levels 

and did not change significantly or even tended to decrease. Interestingly, there was an 

upregulation of the marker CD274 with the expansion especially noticed when using 

StemSpan.  

Regarding the addition of VEGF in the beginning of the culture (day 0)  or only at day 7, 

no significant differences were seen in the two media used. 

Overall, it was shown that StemSpan medium was able to support the ex vivo expansion 

as well as to prime the final cell populations towards an endothelial lineage in a more 

efficient way that SCGM medium, hence being chosen to pursue the following dynamic 

studies. 

 

VI.3.2 EXPANSION AND ANGIOGENIC PRIMING OF UCB CD34+ ENRICHED CELLS IN 

SPINNER FLAKS   

The aim of this work was to develop a dynamic and scalable system for the expansion 

and priming of the CD34+ cells derived from UCB towards a higher angiogenic profile. 

Factors known to enhance the angiogenic properties of the cells, such as shear stress 

and oxygen tension, were also assessed.  

CD34+ cells were cultured under static (well plates) and dynamic (spinner flask, 30mL 

StemSpan®) conditions, according to Materials and Methods.  
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Figure VI-3 - Growth curves of UCB cell expansion under static and dynamic conditions (A); Fold increase 
of total nucleated cells (FI TNC) at day 7 and day 10. Values are represented as mean±SEM (n=5 for 
normoxia and n=3 for hypoxia). 

 

In this preliminary study, the aim was to see for how long the expansion could be 

maintained without medium renewal (i.e. removal/dilution of culture medium enriched in 

autocrine factors and addition of fresh medium) and what proliferation in total and 

progenitor cells was obtained in these systems. 

The expansion was successful in all conditions, with the start of the exponential phase 

at day 4 and a maximum of expansion at day 10 (Figure VI-3. A). Concomitantly, the 

fold increase in total cells were higher at day 10 for all conditions, with no significant 

differences between them with a FI in total cells for the dynamic systems of 32±0.90 and 

46±6.8 at day 7; 84±7.9 and 101±25.7 at day 10, normoxia and hypoxia respectively. 

Nonetheless, the opposite tendency was observed for the static control counterparts, 

where a higher total cell FI was seen for the normoxia condition, with 55±5.9 and 34±0.9 

at day 7; 137±23.8 and 107±15.2 at day 10, normoxia and hypoxia respectively. As 

expected, the percentage of the primitive population decreased with expansion, with an 

average of 28% and 23% for CD34+ cells and 25% and 19% for CD34+/CD133+ cells, 

at day 7 and day 10, respectively (Figure VI-4 A). Nonetheless, it was observed an 

increase of total primitive subpopulation (Figure VI-4 A), specifically an average of 15-
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fold and 31-fold for CD34+ and 15-fold and 27-fold for CD34+/CD133+, at day 7 and day 

10 respectively. Moreover, regarding the expression of endothelial related markers, it is 

seen either maintenance (CD31+ average of 95% and average FI of 42 and 95-fold, at 

day 7 and day 10 respectively; CD18+ average of 80% and average FI of 53 and 112-

fold, at day 7 and day 10 respectively) or an increase (CD105 average of 67% at day 0 

increasing to an average of 95% and 56-fold at day 7 and 87% and 111-fold at day 10; 

CD14 average of 84% at day 0 increasing to an average of 98% in both timepoints, with 

an average of 53-fold at day 7 and 119-fold at day 10) with the expansion (B). 

Consequently, it was again seen a decrease on the percentage of the other 

hematopoietic markers (CD11b from an average of 19% at day 0 to an average of 3% at 

both timepoints post-expansion; CD19 from an average of 10% at day 0 to an average 

of 0.5% post-expansion) of the post-expanded cells (Figure VI-4 C). Interestingly, there 

is an increase of the CD274 percentage on the final population, specially seen for the 

dynamic systems, starting with an average of 0.5% at day 0 and increasing to an average 

of 10% and 19% for the dynamic systems and 5% and 11% for the static controls, at day 

7 and day 10, respectively. Still, no significant differences were observed between the 

different conditions tested. 

Interestingly, although no significant differences were achieved, there are two points that 

makes this study pertinent to pursue: 1) the same tendency within different experiments 

is the same regarding higher TNC fold expansion with concomitant higher number of 

progenitors of the cells expanded under dynamic hypoxia system in comparison with the 

dynamic normoxia counterpart; 2) the opposite is observed for the static controls, which 

may indicate that both factors, shear stress and oxygen tension, play a complementary 

role. One should take into consideration the correlation of both effects when engineering 

the expansion system for these cells. Also, the results of static hypoxia at day 10 are for 

n=1.  
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Figure VI-4 - Immunophenotypic characterization of pre- and post- expanded cells. Fold increase in total 
primitive cells (CD34+; CD34+/CD133+) (A); Percentage of endothelial related markers (B and C) and 
other hematopoietic markers (C). Bars represent the % values and dots represent the fold increase (FI) in 
total number of cells. Values are represented as mean±SEM (n=5 for normoxia, n=3 for hypoxia, n=1 for 
D10 static hypoxia). 
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A preliminary analysis of the concentration profile of nutrients and metabolites during the 

expansion under dynamic conditions was done (n=1), for both normoxia and hypoxia 

systems (Figure VI-5). Moreover, to assess the metabolic patterns of these cultures, the 

specific consumption and production rates were calculated (Figure VI-6). 
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Figure VI-5 – Concentration profiles of glucose, glutamine and lactate during CAPCs in spinner flasks in both 
normoxia and hypoxia (5% O2). n=1. 
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No significant differences were observed for the concentration profiles between both 

systems. However, it appears that the expansion under hypoxia produced a slightly 

higher lactate concentration from day 5 onwards. Interestingly, the levels of glucose did 

not reach a limitative value, whereas the glutamine value did (0.5 mM at day 10). 

However, glutamine degrades with time at 37ºC, and hence a control for this degradation 

was performed by measure of a mock system containing only medium throughout time. 

The value obtained for glutamine degradation was 0.11 mM/day, which was taken into 

account when presenting the results of this profile. Glucose and lactate concentrations 

were maintained high/low in the beginning of the expansion, until day 4, where a sharper 

decrease/increase is seen. This is coherent with the initial of the cell exponential growth 

phase, where higher cell numbers are obtained. Glucose levels reached a minimum of 

around 11.5 mM and lactate levels reached a maximum of around 17 mM, both described 

as non-limiting for hematopoietic cells (Patel et al., 2000a). Hence, glutamine depletion 
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Figure VI-6 – Specific production/consumption rates of glucose, glutamine and lactate during CAPCs in 
spinner flasks in both normoxia and hypoxia (5% O2). n=1 
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might be one of the factors that caused the expansion end (and resultant cell death) after 

day 10. 

Regarding the metabolic specific consumption/ production rates Figure VI-6, shows 

similar trends in all cases, which are characterized by a decrease in glucose 

consumption rates in the first days of culture with arrest of the consumption at day 3 and 

a consequent increase at day 4, corresponding to the initial of the exponential growth 

phase. After that, the rates decrease again to lower levels near to 0. Moreover, the 

glucose consumption rate appears to be higher for the normoxia condition. In terms of 

the glutamine specific consumption, once again it is seen a high consumption in the first 

days with a subsequent decrease until day 6, where after the rates are maintained low 

(near 0) until the end of the expansion. Once again, it is noted that the consumption rate 

of glutamine is higher for the normoxic condition. Lastly, the lactate consumption rates 

profile is similar between both conditions, where there is an increase of production with 

a peak at day 4 for hypoxia and day 5 for normoxia, and a decrease thereafter to lower 

values until culture end. Interestingly, the hypoxia condition had higher maximum 

production rate (at day 4) in comparison with the normoxia system (day 5), but it 

decreased to lower values from day 6 onwards.  

The in vitro tube formation assay showed higher number of branch points when using 

post-expanded cells in comparison with the pre-expanded and control (HUVECs only). 

Specifically, it is seen a statistical significant difference at day 7 for the normoxia 

conditions, with static and dynamic in comparison with the pre-expanded cells (116±4.6; 

123±5.1; 112±4.6, respectively) and higher angiogenic potential presented by the 

dynamic system. Interestingly, although without statistical significance with exception for 

the static controls at day 10, hypoxia conditions (144±13.2, 141±24.3 for dynamic 

hypoxia and 122±5.0; 125±7.2 for static hypoxia, at day 7 and day 10, respectively) 

presented higher percentage of branch points in comparison with the normoxia 

counterpart (123±5.1, 135±11.7 for dynamic normoxia and 116±4.6; 120±6.8 for static 
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normoxia, at day 7 and day 10, respectively). These results suggest that the dynamic 

condition promoted higher angiogenic potential in comparison with the static, being the 

highest promoted by the dynamic expansion under hypoxia (Figure VI-7) 

B 

C 

Figure VI-7 - Assessment of the angiogenic potential in vitro through tube formation assay by the co-culture 
of pre- and post-expanded cells (1x103) with HUVEC (1.5x104) (n=5 Normoxia; n=3 Hypoxia). (A) 
Percentage of the number of branch points relative to HUVEC (100%) (B) Representative photomicrograph 
obtained in the assay for the control (HUVEC only) and co-culture of HUVEC + pre-expanded cells and 
HUVEC + post-expanded cells after 18 hours of incubation.  (C) Ac LDL uptake. Results are given as mean 
± SEM, *p<0.05. 
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VI.4 DISCUSSION AND CONCLUSIONS 

Physiological factors such as shear stress and oxygen tension are known to have an 

influence on the quality of the culture of angiogenic progenitor cells. This may rely on the 

natural environment where these can be found, as well as the triggered response to such 

factors. In the natural environment, circulating angiogenic progenitor cells are subjected 

to vascular shear stress of blood flow, which depending on the vessels, it can be from 1-

6 dyn/cm2 to 10-70 dyn/cm2 for veins and arterial normal values, respectively 

(Papaioannou and Stefanadis, 2005). Moreover, it is also known that the natural niche 

of CD34+ cells within UCB is at hypoxic oxygen tensions (around 5% O2). For instance, 

it has been shown that shear stress not only promotes the differentiation of the tissue 

EPCs, as well as the circulating phenotype (Obi et al., 2012; Obi et al., 2009; Yamamoto 

et al., 2003). As mentioned previously, these cells have the potential to be applied on 

the treatment of ischemic diseases (such as limb ischemia and myocardial infraction). 

Nonetheless, for the achievement of that goal, a robust, scalable and GMP-compliant 

system needs to be achieved. This will allow not only the process control but will also 

reduce cost-of-goods (CoGs) in comparison to the lab-scale and manual systems due to 

the reduction of labor and optimization of the process. To this end, this work aimed at 

the establishment of a scalable stirred system together with the assessment of the effect 

of the shear stress and oxygen tension on expansion and quality of the final cell product.  

One of the factors that can drastically influence the expansion performance is the culture 

medium chosen. One should consider which culture medium to use based on (but not 

only), on the following aspects, when possible: i) the medium is xeno-/serum- free; ii) is 

able to comply with GMP standards; iii) it is easy and reliable to be obtained (assess 

supply chain); iv) is economically viable; v) performs the best for the final product to be 

achieved. Although SCGM (Cellgenix) was used in the Chapter III, due to recent 

literature showing better results using StemSpan medium (Masuda et al., 2012), it was 

aimed to assess and compare both media for the expansion of angiogenic circulating 
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cells (CD34+) derived from UCB. For the experimental conditions tested, StemSpan 

medium showed not only to be able to expand the total number of cells at a higher extent, 

but remarkably to keep a higher content of the more primitive population (CD34+, 

CD34+/CD133+) and maintain, or even increase the content on endothelial related 

markers (CD105+, CD31+, CD14+, CD18+). Hence, this medium was chosen to pursue 

to test the capability of developing a dynamic system for the expansion of circulating 

angiogenic progenitor cells. 

Here, the focus was on developing a scalable system, but also to assess the effect of 

shear stress and oxygen tension, factors that are known to have a biological influence 

on the biological mechanism of angiogenesis, on the quality of the obtained final product. 

Overall, a scalable system in spinner flasks was established, although with no significant 

differences seen between normoxia and hypoxia in terms of cell expansion. However, 

when observing the results within the same experiment, the same tendency of higher FI 

for the hypoxia system was maintained in all experiments. Indeed, it has been shown for 

UCB-CD34+ expansion an increase in cell proliferation under hypoxic (5% O2) conditions 

in comparison with normoxia (Andrade et al., 2013a). Interestingly, the opposite 

tendency was observed for the static control counterparts, where a higher total cell FI 

was seen for the normoxia condition. As it can be seen, a higher FI of the static controls 

is achieved at day 10. This can be explained by the fact that the shear stress may have 

a detrimental effect on more sensitive cells by causing mechanical damage, and hence 

higher cell death occurs in the beginning of cell culture (Andrade-Zaldivar et al., 2008). 

Regarding the characterization of the achieved cell population, it is observed an 

expected overall decrease of progenitor cells in comparison with the pre-expanded cells 

(CD34+, CD34+/CD133+), since assumedly stem/progenitor cells divide through culture 

asymmetrically producing one of the same kind (stem/progenitor) and other already more 

committed (differentiation) (Beckmann et al., 2007; Bullock et al., 2007). However, no 

significant difference was seen between the conditions tested, with a slightly decrease 
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between day 7 and day 10, roughly around 30% and 20%, respectively. In terms of the 

endothelial markers, it was seen an increase of the percentage of CD105+ and CD14+ 

markers, and a maintenance of high percentage of CD31+ and CD18+, again with no 

difference between the conditions tested and similar on both time points. Interestingly, 

for the CD105 marker, a slightly higher expression was observed on day 7 in comparison 

with day 10. This may be due to the start of cell growth arrest at day 10. Indeed, it has 

been reported that endoglin/CD105 is highly detectable in cultured endothelial cells 

showing high levels of RNA, DNA, and proteins consistent with cellular proliferation and 

activation and correlated with the rate of cellular proliferation and density in cultures of 

human umbilical vein endothelial cells (HUVEC) (Fonsatti et al., 2010). 

In the context of this chapter, the aim of ex-vivo expansion is not only to increase cell 

numbers but to prime the cells towards a more endothelial lineage, and hence a 

decrease in the hematopoietic population. As demonstrated by the results of Figure VI-4 

C a decrease of these markers is obtained post expansion (CD11b and CD19). 

Importantly, there was an increase of the CD274+ percentage on the final population. 

Indeed, it was also observed that conditions in dynamic culture were more prone to 

increase this population than their respective static controls, with higher values at day 

10. The interaction of this ligand with its receptor is known to inhibit T-cell activation and 

cytokine production, which may have the potential to address the limitations imposed by 

immune rejection and graft-versus-host disease (Rodig et al., 2003; Wilcox et al., 2009), 

and therefore, being an important factor for the final cell product. 

A preliminary study on the metabolic profile of these cells cultured under dynamic system 

was performed by measuring the concentration of glucose, glutamine and lactate on the 

media throughout expansion. Although this was done for only one experiment, the 

profiles obtained herein are interesting. Firstly, it is seen a slightly decrease of glucose 

concentration and a sharper decrease on glutamine concentration, where its degradation 

has been considered. Contrarily to glucose, glutamine concentration reached a limiting 
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value (near 0) at day 10, what it seems to be the end of the exponential growth phase. 

Hence, this may suggest that glutamine depletion to be one of the factors responsible 

for cell growth arrest. Indeed, glucose and glutamine metabolism are interrelated: 

glutamine transport is the rate limiting step in the activation of mammalian target of 

rapamycin (mTOR), and mTOR upregulates the Glut1 glucose transporter and glucose 

transport (Nicklin et al., 2009; Sundrud et al., 2009). Although the metabolism patterns 

of these specific cells is yet to be studied deeply, some work already performed with 

hematopoietic stem/progenitor cells and their differentiation can give some hints on the 

how the metabolism affects cell proliferation and differentiation. For instance, Oburoglu 

and colleagues (Oburoglu et al., 2014) have shown that these cells require the ASCT2 

glutamine transporter and active glutamine metabolism for erythroid specification, where 

mechanistically, erythroid specification requires glutamine-dependent de novo 

nucleotide biosynthesis. Nonetheless, while glucose and glutamine are both precursors 

in the tricarboxylic acid (TCA) cycle, and precursors in lipids, nucleotides, and amino 

acids production, their relative contributions to metabolic pathways driving HSPC lineage 

commitment remain to be defined. However, linear pathways can increase the flow-

through for high metabolic demand adaptation, and hence, conversion of the TCA cycle 

to such pathways, termed glutaminolysis, are a considerable advantage for rapidly 

dividing cells, such as stem cells and cancer cells (Newsholme; et al., 1985; Wise and 

Thompson, 2010). Glutamine can either be metabolized as substrate for protein 

biosynthesis or as source of energy. Inside the cell, glutamine is converted to glutamate 

and then to α-ketoglutarate, yielding ammonia (NH4+). α-ketoglutarate is converted to 

pyruvate which can either be converted to lactate or alanine or be completely broken 

down in the TCA cycle, being an energy-efficient catabolism, resulting in 27 moles of 

ATP and 2 moles of ammonia. Inefficient catabolism can yield 1 mole of lactate or 

alanine, 1 mole of ammonia and 9 moles of ATP. Glutamine consumption and ammonia 

production on cell cultures can indicate whether glutamine is being used for either 

efficient or inefficient energy production or for protein biosynthesis only (Schop et al., 
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2009). Hence, it would be important for this study to also measure the concentration of 

ammonia that would probably give some clues on what way is glutamine being 

processed. Interestingly, some studies have shown that glutamine administration in 

ischemic or diabetic animal models promotes the mobilization of circulating EPCs by 

increasing the release of CXCL-12, VEGF, and NO and contributing for a higher 

vasculogenic potential in vivo  (Pai et al., 2016; Su et al., 2017). Hence, putting together 

these evidences, glutamine may play a key role on the proliferation and differentiation of 

EPCs. 

Nonetheless, other components, such as cytokines or other inhibitory molecules 

(Csaszar et al., 2012), will also need to be addressed for cell growth arrest. Indeed, the 

half-life time of cytokines is known to be quite short, some even being stable only for a 

couple of days at 37ºC, and they are known to be essential for both maintenance and 

growth of CD34+ derived cells (Banu et al., 2001; Gothot A et al., 1998; Spence SE et 

al., 1998). Thus, a more thorough study of all these factors (nutrients and cytokines by 

ELISA, for example) needs to be performed to achieve an optimized feeding strategy 

yielding the maximum number of cells with the higher angiogenic potential possible for 

this system. The lactate levels increased throughout time, although not reaching a 

limiting value either (18 mM vs inhibiting value of 20 mM) (Patel et al., 2000b). When 

observing the specific consumption rates, it is seen that the normoxia condition has 

higher values for both glucose and glutamine. Interestingly, these consumptions start at 

a maximum value, have a slight increase at the beginning of exponential growth phase 

and decrease to almost 0 with time. This high consumption rate in the beginning of 

culture could be explained by the adaptation of the cells to the culture system which 

usually is associated with higher stress and metabolic adaptation. Unexpectedly, when 

observing the lactate specific consumption, is noted that the peak occurs earlier for 

hypoxia than for normoxia (day 4 and day 5, respectively), although the peak 

corresponding to the initial of exponential growth for the specific glucose consumption is 
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at day 4 for both. This may be due to experimental error, as this was a preliminary 

experiment (n=1) and more replicates needs to be done in order to be able to take solid 

conclusions. 

To characterize the angiogenic potential in vitro of the expanded cells, a tube formation 

assay with HUVEC co-culture was performed. All post expansion conditions showed a 

higher tube formation potential in comparison with the pre-expansion cells, measured by 

the percentage of branch points in comparison with HUVEC control. Overall, the dynamic 

cultures presented an increased ability on tube formation than their static counterparts. 

Higher difference appears to be at day 7 between the dynamic systems, although the 

potential does not change significantly between both time points. Of notice, the effect of 

shear stress and oxygen tension has been extensively described throughout the 

literature to  being part of the biological aspects of the angiogenesis mechanism and to 

even enhance the angiogenic ability and proliferation of the cells when exposed to these 

(Obi et al., 2012; Obi et al., 2009; Papaioannou and Stefanadis, 2005; Yamamoto et al., 

2003). This may suggest that the system tested herein (spinner flask under 5% O2) might 

be pertinent to be further explored to optimize the ex vivo production of angiogenic 

progenitor cells where both factors can be applied (in an attempt to mimic in vivo 

conditions) to enhance their angiogenic properties. However, the results presented 

herein are not consistent with some other studies in the literature in terms of cell 

proliferation between static and shear exposed systems (flow), that has been shown to 

be greater for the latter. These differences may be explained by the different type of 

shear stress that was applied that in the majority of those studies, is through tangential 

flow, mimicking vasculature traffic. Hence this is another matter of further research: if 

different types of flow and shear stress can cause the same effect on cell proliferation.  

Efforts on this direction have already been made by Abaci and colleagues (Abaci et al., 

2012), where they developed a microbioreactor with independent control of shear stress 

and oxygen tensions. Although that system might be useful to study the differentiation 
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and maturation into endothelial cells, the system presented here has the advantage of 

ease of scalability, which can be further adapted into a fully controlled stirred bioreactor, 

moving towards a GMP compliant process required for cell manufacturing. 

In addition, as a characteristic of endothelial like lineage, it was also shown the ability of 

the cells to take up AC-LDL, which further contributes for the statement of priming 

through culture (Asahara et al., 1997; Rehman, 2003). 

Overall, it was demonstrated the scale-up from 2D culture to dynamic and scalable 

spinner flasks, while maintaining expansion of the total number of cells as well as the 

final population produced assessed by surface markers and their angiogenic potential 

measured in vitro. Although no significant difference was observed between normoxia 

and hypoxia systems, it was seen the same tendency within the same experiment, 

pointing the latter system to have more positive features in some of the results (total 

number of cells and tube formation assay for example). Nonetheless, more experiments 

need to be performed in order to define that. Of notice, this is, to the author’s best 

knowledge, the first report aiming to bioengineer angiogenic UCB CD34+ cell culture to 

explore shear stress and oxygen tension in a scalable manufacturing system to improve 

quantity and angiogenic quality of the final product. 

In the future, it would be interesting to also address the effect of higher shear stress, 

since in vivo these cells are subjected to high shear in blood vessels, and in the 

experiment herein the shear stress was considerably low (0.8 dyn/cm2). Moreover, qPCR 

and ELISA assays to access their paracrine activity should be performed and finally, to 

address the regenerative potential in vivo in an ischemic animal model. 
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VII.1 SUMMARY 

Umbilical cord blood (UCB) hematopoietic stem/progenitor cell (HSPC) expansion is 

mandatory to meet the clinical demands for non-pediatric transplantation. However, in 

order to move towards the clinic, several aspects need to be taken into account, more 

specifically, the manufacturing needs to be performed under good manufacturing 

practices (GMP), where medium formulation and components need to be carefully 

chosen in order to attain high expansion yield with progenitor maintenance and usually 

be free of xeno(geneic)/serum components. Thus, several companies have understood 

this need and they have been developing media suited for HSPC ex-vivo expansion 

within these parameters. Hence, Company X have been developing a new clinical grade 

xenofree medium, SP, together with an optimized cytokine cocktail for HSPC expansion. 

As collaborators, our lab participated in the alpha testing of this not yet commercially 

available medium. A comparative study with the QBSF-60 medium used in our lab, 

together with the previously optimized cocktail (Z9) (Andrade et al., 2010) was 

performed, as well as the use of bone marrow mesenchymal stem/stromal cells (BM-

MSCs) derived feeder layers (Str), which we have previously shown to enhance and 

support UCB CD34+ enriched cell proliferation. It was shown that the SP medium, 

supplemented with Soluble SCF (100 ng/mL), Flt3-L (100 ng/mL), IL-3 (20 ng/mL) and 

IL-6 (20 ng/mL),  in combination with our stromal feeder layer technology (SP+Str) led to 

the highest fold expansion in total cell (TNC) numbers (41±13) and progenitors (50±12 

CD34+, 26±9.9 CD34+/CD133+ and 268.9±201.5 CD34+/CD90+ cells), as well as 

maintenance/expansion of megakaryocyte (CD41+), early lymphoid (CD7+) and myeloid 

(CD14+, CD15+ and CD33+) lineages. Concomitantly with the higher TNC and 

progenitor expansion, the total fold of colony forming units (CFU) and cobblestone area 

forming cells (CAFCs) was significantly higher for UCB cells expanded under this 

condition. 
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Furthermore, a preliminary study on the dynamic culture using SP medium, with and 

without stroma (in this case, BM MSCs that have previously expanded adherent to 

microcarriers), was assessed in spinner flasks. Here it is shown a successful scale-up of 

the co-culture system into spinner flasks, with 7.6-fold expansion in TNCs. However, the 

static controls (with and without stroma) produced similar values of expansion for UCB 

CD34+ enriched cells. Interestingly, static condition without stroma was able to maintain 

higher levels of the progenitor population compared with Z9 culture system with stroma 

(17.6±7.6 vs 16.8±5.4 for CD34+; 11.6±4.6 vs 10.5±4.2 for CD34+/CD133+; 38.2±24.4 

vs 8.1±5.4 for CD34+/CD90+).  

Finally, it was ought to assess the engraftment ability of pre- and post SP expanded cells 

in static culture in the presence of stroma. It was observed that non-expanded UCB cells 

upon transplantation gave rise to T lymphocyte lineages, whereas the expanded grafts 

did not. Nonetheless, it was seen a BM long-term engraftment (16 weeks) in both cases, 

however in a lower extent for the expanded population. 
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VII.2 BACKGROUND  

Umbilical cord blood (UCB) represents an attractive and readily accessible source of 

stem cells for Regenerative Medicine. In particular, UCB represents a unique and rich 

source of hematopoietic stem/progenitors cells (HSPCs) and its transplantation have 

been performed worldwide to treat malignant and nonmalignant disorders in pediatric 

and adult patients (Ballen et al., 2013). Nonetheless, the bottleneck resides on the 

number of progenitors that can be retrieved from this source, which not reach clinical 

demand for the treatment of an adult patient. Therefore, the development of efficient and 

cost-effective strategies to generate large numbers of functional stem cells, while 

maintaining the progenitor cells populations would be of major importance. Since the 

breakthrough work of Dexter and colleagues on the ex-vivo culture of hematopoietic cells 

using stromal cells as a feeder layer (Dexter et al., 1973; Dexter et al., 1984), several 

methods for human hematopoietic cell cultivation have been developed. Those include 

serum-containing or serum-free culture systems, using pre-established xenogeneic or 

human feeder layers, including human MSCs with (or without) the addition of exogenous 

cytokine cocktails, while others include the addition of cytokines in liquid culture in the 

absence of stroma (reviewed in (Andrade et al., 2015; Dahlberg et al., 2011a; Pineault 

and Abu-Khader, 2015) ).  However, in order to be good manufacturing practice (GMP)-

compliant, HSPC ex-vivo expansion processes require clinical-grade 

medium/supplements formulations, as well as effective standards and methodologies for 

preclinical safety and efficacy evaluation, product characterization, and process 

validation and control (Kirouac and Zandstra, 2008). Companies understand this market 

demand, and efforts are being made towards the development of completely defined 

xeno/serum-free media for HSPC expansion, usually combined with an optimized 

cytokine cocktail. 

Alpha testing relies on the product quality improvement , while ensuring beta readiness. 

It is performed near the end of the development process, thus variation on the 
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formulation is likely to occur. This process is usually a time-consuming, consisting in 3-

5x the length of the next test phase, as it requires many iterations. Contrarily to beta-

testing – which usually involves the whole product team (i.e. product marketing, support, 

quality testing and engineering) and is tested by product customers –, alpha testing 

focuses on emulating ~80% of the customers, and is normally performed by test 

engineers and by collaborations with laboratories specialized in the area of focus, such 

as our lab. Thus, Alpha testing allows for the most critical issues to be fixed, and it gives 

strong indications of how a product performs, whether it meets the market criteria. After 

this fine tuning of the product, one can then proceed to the last testing phase (beta), 

which explores the limits of a product, and provides a decent notion of what customers 

think about the product, and what they are likely to experience when they purchase it. 

Of importance, static conditions in traditional culture flasks have some limitations as in 

the  cell numbers generated, their non-homogeneous nature, monitoring difficulty, and 

extensive handling requirement for feeding/harvesting procedures (Cabrita et al., 2003; 

dos Santos et al., 2011). In this context, dynamic cultures have been developed as 

alternatives to standard flask cultures for in vitro culture. 

Therefore, in this work in collaboration with Company X, it was aimed to test their new 

non-commercially available SP on UCB derived HSPC expansion and maintenance in 

both static and dynamic cultures, testing cultures with and without stromal layer (BM-

MSC). Moreover, a preliminary in vivo engraftment study of the produced cells was 

performed on NOD scid gamma (NSG) mice, in collaboration with Instituto de Medicina 

Molecular (IMM). 
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VII.3 RESULTS  

VII.3.1 SP MEDIUM PERFORMANCE UNDER STATIC CULTURE 

Evaluation of the performance of the new SP medium supplemented with the 

recommended cytokine cocktail  - Soluble SCF (100 ng/mL), Flt3-L (100 ng/mL), IL-3 (20 

ng/mL) and IL-6 (20 ng/mL) - under static culture was performed and compared against 

serum-free culture (QBSF-60) system using human BM-MSC-derived feeder layers (Str) 

and supplemented with cytokines (Z9 comprising Soluble SCF (60 ng/mL), Flt-3L (55 

ng/mL), TPO (50ng/mL) and bFGF (5 ng/mL)) that was previously established at iBB-

IST (Andrade et al., 2010). Moreover, it was ought to assess SP performance in 

conjugation with our lab technology (MSC-HSPC co-culture – SP+Str). No stroma 

cultures were also performed. 

To assess the impact of different medium and experimental conditions on UCB HSPC 

ex vivo expansion, analysis of fold change in total nucleated cells (TNC) (Figure VII-1) 

the hematopoietic stem/progenitor phenotypes CD34+, CD34+/CD133+ and 

CD34+CD90+ ( 

Figure VII-2 A and B), and for the more committed progenitors from the early lymphoid 

(CD7+), myeloid (CD14+, CD15+ and CD33+) and megakaryocytic lineages (CD41+ 

cells) was performed ( 

Figure VII-2 C). In addition, the clonogenic potential of both fresh and expanded cells 

was assessed by BFU-E, CFU-MIX and CFU-GM assays (Figure VII-3), as well as their 

ability to form cobblestone areas (CAFC) (Figure VII-4). 
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Figure VII-1 - Fold increase in total nucleated cells (TNC) for each medium (QBSF and SP) with (Str) and 
without (noStr) BM-MSC stromal feeder layer. QBSF supplemented with Soluble SCF (60 ng/mL), Flt-3L (55 
ng/mL), TPO (50ng/mL) and bFGF (5 ng/mL); SP supplemented with Soluble SCF (100 ng/mL), Flt3-L (100 

ng/mL), IL-3 (20 ng/mL) and IL-6 (20 ng/mL). Results presented as mean±SEM (n=5, *p<0.05). 

 

The new medium developed by Company X, in the absence of feeder layer (SP noStr) 

together with their recommended cocktail was shown to promote higher fold expansion 

in TNC in comparison with our routinely used culture conditions comprising QBSF 

medium with a BM-MSC feeder layer (stroma) (QBSF+Str), with 48±14 and 25±7.9 – 

fold, respectively (p<0.05). Interestingly, the highest TNC fold expansion was attained 

upon the combination of SP medium with our stroma co-culture system (SP+Str) 

presenting 77±18 – fold (p<0.05). As expected, and as previously reported for QBSF 

medium (Andrade et al., 2010), the condition without stroma (QBSF noStr) led to the 

lowest fold expansion (4.8±2.1,p<0.05). 
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Figure VII-2 - Immunophenotypic characterization of the pre- and post-expanded CD34+ cells. (A) fold 
change in total hematopoietic stem/progenitor phenotype (CD34+, CD34+/CD133+ and CD34+/CD90+); (B) 
Content in percentage of the hematopoietic stem/progenitor phenotype; (C) Content in percentage in early 
lymphoid (CD7+), myeloid (CD14+, CD15+ and CD33+) and megakaryocytic lineages (CD41+). Results 

presented as mean±SEM (*p<0.05, n=5). 
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Moreover, immunophenotypic analysis of pre- and post-expanded cells was performed 

by flow cytometry. As expected, a decrease from 75% to roughly similar values after 

expansion on the hematopoietic stem/progenitor cells was observed in all conditions ( 

Figure VII-2 B), with feeder layer cultures, SP+Str and QBSF+Str presenting slightly 

higher values in CD34+ percentage of 53% and 51%, respectively, whereas the other 

conditions had a decrease to 28 and 38%, for SP noStr and QBSF noStr, respectively. 

Regarding CD34+/CD133+ and CD34+/CD90+ populations, a decrease from 71% to 18-

32% (with QBSF noStr giving the highest value) and 5% to 0.3-4% (with SP+Str giving 

the higher value) was observed, which may suggest a higher ability of the combination 

SP+Str to maintain a hematopoietic stem/progenitor population. Indeed, when observing 

the fold expansion in total progenitor cells (Figure V-2 A), SP+Str was able to attain a 

higher increase of these progenitors concomitantly, more specifically to a 50.4±11.9, 

25.8±9.8 and 269±208 - fold increase (p<0.05) in CD34+, CD34+/CD133+ and 

CD34+/CD90+ cells, respectively. In addition, SP medium (without stroma) led to a 

slightly higher stem/progenitor expansion than the previous optimized QBSF+Str system 

in our lab (17.6±7.6 vs 16.8±5.4 for CD34+; 11.6±4.6 vs 10.5±4.2 for CD34+/CD133+; 

38.2±24.4 vs 8.1±5.4 for CD34+/CD90+). 

The differentiative potential of the cells expanded in these culture systems was also 

analyzed, by testing for early lymphoid (CD7+), myeloid (CD14+, CD15+ and CD33+) 

and megakaryocytic lineages (CD41a+ cells) ( 

Figure VII-2 C). With exception of the QBSF noStr condition, all culture systems were 

able to maintain/expand these progenitors. Interestingly, it was seen a higher ability of 

SP+Str to increase CD7+ early lymphoid to 53% and CD15+ myeloid lineages to 44%, 

in comparison with pre-expanded cells and expanded cells under the other conditions. 

In addition, QBSF medium maintain a higher CD41+ megakaryocytic population (3% and 

4% for Str and noStr conditions, respectively, at day 7?) than SP medium, where it was 
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seen a decrease in this population (roughly 1% for both Str and noStr). This is in 

agreement with the results reported previously, where it is a seen a shift towards the 

myeloid lineage, with the presence of megakaryocytic cells, when using QBSF medium 

(Andrade et al., 2013a; Andrade et al., 2010). 
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Figure VII-3 - Clonogenic potential of the expanded cells. Fold increase in BFU-E, CFU-MIX and CFU-GM 
for each condition. Results presented as mean±SEM (*p<0.05, n=5). 

 

In terms of the clonogenic potential, the trend is consistent with the TNC and CD34+ fold 

expansion, where it is seen a significant higher fold increase in BFU-E, CFU-Mix and 

CFU-GM generated by SP+Str (21.3±3.0, 18.6±2.3 and 24.4±3.8-fold, (p<0.05) 

respectively). QBSF+Str and SP noStr presented similar clonogenic potential, whereas 

QBSF noStr attained an expected lower clonogenic potential (p<0.05), concomitant with 

lower TNC fold increase. 
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Finally, the expansion level in CAFCs was also measured (Figure VII-4), which is 

described as a predictor of in vivo repopulating ability (Ploemacher et al., 1989). Once 

again, it was seen an increased fold for SP+Str system (37.1±9.4 – fold, p<0.05), 

whereas QBSF noStr attained the lowest, with just 1.9±1 – fold (p<0.05). Interestingly, 

SP noStr led to a higher cobblestone formation (17.9±5.1 – fold, p<0.05) than the iBB-

IST used system, QBSF+Str (12.2±4.0, p<0.05). This is in agreement, however, with the 

higher stem/progenitor cell content seen by immunophenotypic analysis for SP noStr. 
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Figure VII-4 - Fold increase in cobblestone area-forming cells (CAFCs) for HSPC expanded under the 
different mediums with and without stromal layer. Results presented as mean±SEM (*p<0.05, n=5). 

 

VII.3.2  SP MEDIUM IN UCB HSPCP EXPANSION UNDER DYNAMIC CONDITIONS 

To test the ability of SP to expand UCB derived HSPC in a dynamic system, UCB CD34+ 

enriched cells were cultured in a spinner-flask (VT = 15 mL, 5 x 104 cells/mL). Co-culture 

with stromal cells was also evaluated, with BM-MSC previously expanded in adherence 

to plastic microcarriers under xeno-free media, in a spinner flask, previously established 

in our lab (Carmelo et al., 2015; Santos et al., 2011) (Figure VII-5). Relevant static 

controls with (Str) and without (noStr) stroma were performed. 
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Figure VII-5 – BM MSC expansion on plastic microcarriers on spinner flask under xenofree conditions. 
Growth curve (cells/mL) throughout culture time (days) (n=1). 

 

Figure VII-6 – UCB derived HSPC expansion under dynamic (spinner) and static conditions, with (+ Str) and 
without (noStr) BM-MSC stromal feeder layer. (A) growth curve (cells/mL) throughout time of expansion 
(days). (B) Fold increase in total nucleated cells (TNC) (n=1). 

 

UCB cell expansion was characterized by analysis of cell count throughout time (growth 

curve) (Figure VII-6 A), fold increase in TNC (Figure VII-6 B), hematopoietic 

stem/progenitor phenotypes CD34+, CD34+/CD133+ and CD34+CD90+ (Figure VII-7 

A and B) , and for the more committed progenitors from the early lymphoid (CD7+), 

myeloid (CD14+, CD15+ and CD33+) and megakaryocytic lineages (CD41a+ cells) 

(Figure VII-7 C). 
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Conditions under Static noStr and Spinner+Str presented similar growth curves and 

concomitant TNC expansion fold (7.6-fold), converging roughly to the same cell density 

(3.8x105 cells/mL), whilst static+Str attained slightly lower cell densities (3x105 cells/mL) 

and fold expansion (6-fold) and Spinner noStr presenting the less efficient system in 

retrieved cell numbers (6.5x104 cells/mL) and fold expansion (1.3-fold). To note that 

regarding the static controls, these values are significantly lower than the ones presented 

in the previous section focusing on the study of static culture performance of SP medium. 

Furthermore, immunophenotypic analysis demonstrate an expected decrease on the 

hematopoietic stem/progenitor population from 94% to 47-64% in CD34+, from 86% to 

17-33% for CD34+/CD133+. It appears that the static+Str condition was able to maintain 

these primitive populations more efficiently. Indeed, for the CD34+/CD90+ progenitors, 

it was seen an increase from 0.5% to 1.4% in that condition, whereas a maintenance or 

drop in that population was observed for the other conditions. In agreement, total 

stem/progenitor expansion followed the same trend, with similar values for Spinner+Str 

and static with and without stroma, with exception for CD34+/CD90+ fold expansion for 

both static conditions that presented higher values, especially for static culture with 

stroma (16.3-fold). 

Finally, the differentiative potential of the UCB expanded in these systems was analyzed, 

by testing for early lymphoid (CD7+), myeloid (CD14+, CD15+ and CD33+) and 

megakaryocytic lineages (CD41+ cells) (Figure VII-7 C). Firstly, it was seen a decrease 

on the megakaryocytic lineage population in all conditions. Nonetheless, all culture 

systems where able to maintain/expand early lymphoid and myeloid lineages. 

Interestingly, it appears that early lymphoid progenitors (CD7+) are more efficiently 

expanded in dynamic conditions with stroma. The same occurs for the myeloid CD15+ 

marker, although with spinner and static cultures giving rise to roughly the same 

proportion. 
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Figure VII-7 - Immunophenotypic characterization of the pre- and post-expanded CD34+ cells under static 
and dynamic cultures. (A) fold change in total hematopoietic stem/progenitor phenotype (CD34+, 
CD34+/CD133+ and CD34+/CD90+); (B) Content in percentage of the hematopoietic stem/progenitor 
phenotype; (C) Content in percentage in early lymphoid (CD7+), myeloid (CD14+, CD15+ and CD33+) and 

megakaryocytic lineages (CD41+) (n=1). 
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VII.3.3 IN VIVO STUDY OF THE REPOPULATING POTENTIAL OF UMBILICAL CORD DERIVED 

HSPC EXPANDED USING SP MEDIUM IN A NSG MICE MODEL 

Ultimately, the objective of expanding UCB HSPC in vitro is to transplant these cells to 

treat hematological malignancies, thus, it is critical that not only the expansion system to 

achieve a relevant number of hematopoietic stem/progenitor cells, but also that these 

cells are able to efficiently engraft into the living tissues of the recipient. Hence, a 

preliminary study of the cells produced under SP in co-culture with BM-MSC feeder layer 

(best condition tested – see VII.3.1) on the homing and engraftment ability was 

performed in a NSG mice model, in collaboration with iMM. A schematic figure of the 

experiment layout is presented in Figure VII-8. 

 

Figure VII-8 – Schematics of the experiment outline to assess engraftment potential in a NSG mice model. 
Pre- and post-expanded UCB derived CD34+ cells cultured in SP were intravenously injected in the tail vein 
and mice kept for 16 weeks. At this endpoint, mice were sacrificed and bone marrow, spleen and thymus 
collected to analyze for human hematopoietic populations. In addition, bleeds were made at 30 and 60 days 
post infusion timepoints to look for circulating human hematopoietic cells (hCD45+/HLA+). n=5/condition. 

 

Hence, 240 cGy-irradiated mice were transplanted via tail vein injection either with fresh 

(primary) or expanded fractions of CD34+, at IMM mouse facility (Figure VII-8, 

n/condition = 5; 1x105 cells/mouse). Cord blood purification and CD34+ expansion was 

performed at iBB-IST, for 7 days in cytokine supplemented SP medium, in co-culture 

with BM-MSCs in static conditions.  Fold increase in total nucleated cells (TNC), in 
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hematopoietic progenitors (CD34+/CD133+) and hematopoietic stem cells 

(CD34+CD38-CD90+CD45RA-) was measured from day 0 to day 7 (Figure VII-9). 

 

Figure VII-9 – Fold increase in total cells of the attained hematopoietic populations: Total nucleated cells 
(TNC), hematopoietic progenitors (CD34+/CD133+) and hematopoietic stem cells (HSPC, CD34+CD38-

CD90+CD45RA-). 

 

A modest fold expansion in TNC and HSPC was attained, by 2.8 and 1.4-fold, 

respectively. In addition, it was observed a decrease on the hematopoietic progenitor 

population relatively to the initial starting material (0.6-fold). 

Peripheral blood samples were collected 30 and 60 days following transplantation for 

flow cytometry detection of human surface markers. No human cells were detected in 

the periphery for day 30. At day 60, one mouse from the primary UCB transplantation 

group was found dead. Human CD45 surface marker (i.e. type I transmembrane protein 

that is in various forms present on all differentiated hematopoietic cells) was detected in 

all of the surviving mice transplanted either with primary (Supplementary Figure VII-1) 

or expanded UCB cells (Supplementary Figure-VII-2). Furthermore, CD45+/CD19+ cells 

(specific for B lymphocytes) were also found to be in the periphery of all transplanted 

mice (Supplementary Figure VII-1,Supplementary Figure-VII-2). On the other hand, 

only mice transplanted with non-expanded UCB cells group were found to have CD3+ 
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cells (present throughout T lymphocyte development) in the periphery (Supplementary 

Figure VII-1,Supplementary Figure-VII-2). CD34+, CD56 (NK cells), and CD235a 

(erythroid lineage) surface markers were not detected in neither of groups. 

Sixteen weeks following transplantation, mice were sacrificed, and samples taken from 

the bone marrow, thymus, spleen, and peripheral blood, to analyze several surface 

markers by flow cytometry. Mice were considered to be positively engrafted if human if 

human CD45+/HLA+ values were detected above 1%. 

For the group receiving non-expanded UCB cells, only one mouse survived (1 out 3), 

while for the group transplanted with expanded UCB cells all mice survived. Engraftment 

(CD45+/HLA+ > 1%) was detected in all organ samples for the animals receiving non-

expanded cells.  (Figure VII-10). 

 

 

 

 

 

 

 

 

Figure VII-10 – Immunophenotypic analysis of animals receiving non-expanded cells ***(LGR-00359 
mouse) Engraftment in a) Bone Marrow b) Thymus c) spleen d) Peripheral Blood  
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On the other hand, for the group of animals receiving expanded cells, cell engraftment 

was only detected in bone marrow and peripheral blood samples (Figure VII-11, 

Supplementary Figure VII-3), and to a lesser extent. The absence of cells in the thymus 

for this group is consistent with the absence of T lymphocyte cell surface markers at day 

60 (Supplementary Figure-VII-2). 

Figure VII-12 – Immunophenotypic analysis of mice infused with pre-expanded cells (LGR-00359 mouse): a) Bone 
Marrow, T lymphpcytes; b) b) Thymus, T lymphocytes; c) spleen, B lymphocytes; d) Spleen, T lymphocytes. 

Figure VII-11 – Immunophenotypic analysis of animals receiving expanded cells *** (LGR-00362 mouse) 
Engraftment in a) Bone Marrow b) Peripheral Blood 
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Additionally, the animal receiving non-expanded cells had human T lymphocytes in the 

bone marrow and thymus, as well as B and T lymphocytes in the Spleen (Figure VII-12), 

whereas in the group receiving expanded cells it was only found to have markers specific 

for B lymphocytes in the bone marrow and spleen (Figure VII-13, Supplementary 

Figure VII-4).  

 

 

 

 

 

 

 

 

 

Figure VII-13 - Immunophenotypic analysis of mice infused with expanded cells (LGR-00362 mouse): a) 
Bone Marrow, B lymphocytes b) Spleen, B lymphocytes. 

Figure VII-14 - Immunophenotypic analysis of mice infused with expanded cells (LGR-00362 mouse) – 
myeloid lineage in the bone marrow. 
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No CD34+, CD33+ (myeloid lineage), CD56 (NK cells), and CD235a (erythroid lineage) 

surface markers were detected in neither of the organs of both groups, with exception of 

one mouse in the expanded cell transplantation group, which had CD33+ positive cells 

in the bone marrow (Figure VII-14). 

VII.4 DISCUSSION AND CONCLUSIONS 

The major bottleneck to the widespread use of umbilical cord blood (UCB) in 

hematopoietic stem/progenitor (HSPC) cell therapy is the low cell dose available. The 

ability to successfully expand HSPC ex vivo would have a profound impact in HSPC 

transplantation, but also in terms of tumor cell purging, somatic cell gene therapy and 

adoptive immunotherapy. However, the major focus in HSPC expansion is the rational 

establishment of optimal culture conditions to provide an amplification of the primitive 

HSPC  (AurÈlie et al., 2008) namely: cytokine cocktails used (Andrade et al., 2010), 

enrichment for initial stem/progenitor cells, the presence/absence of feeder layers (da 

Silva et al., 2005b; da Silva et al., 2010b; da Silva et al., 2009b) or duration of culture 

(Douay, 2001a), which have a critical impact on the final quality of the expanded cells 

and on the cost effectiveness of the cell manufacturing process (Kirouac and Zandstra, 

2008). Importantly, culture medium used have a major impact on the manufacturing and 

it needs to be carefully chosen in order to attain not only higher quantity but to assure 

quality of the final product, and to be compliant with GMP standards (for instance, to be 

serum/xeno-free). Several companies have realized this market need and Company X 

in particular aims to enter the competitive market of medium development for HSPC with 

the development of a new clinical grade xeno-free medium: SP together with the 

suggested cytokine cocktail. Thus, this project was performed within the collaboration 

between iBB-IST and Company X to perform the alpha testing of their new developed 

medium, by combining iBB-IST expertise in HSPC expansion, including co-culture 

systems with BM MSC, using the reagents developed by Company X currently not 
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commercially available to the iBB-IST, allowing early stage feasibility testing and 

optimization of workflow solutions based upon performance in their culture system. 

SP performance was tested against the routinely HSPC expansion system used at iBB-

IST, in co-culture with BM-MSC (QBSF+Str). In addition, it was also tested the combined 

effect of our system (BM-MSC feeder layer) with this new medium (citokine-

supplemented) (SP+Str). As seen by the data, SP medium (SP noStroma) was able to 

perform better in terms of fold expansion in TNC in comparison with the system used in 

our lab (QBSF+Str), whereas giving similar values in stem/progenitor maintenance and 

expansion compared to QBSF+Str. Interestingly, when combining SP medium with our 

co-culture technology, the performance in HSPC expansion increased significantly. 

Importantly, it was seen that by adding the stromal layer, this expansion system was not 

only able to increase TNC but as well to maintain a higher content in early progenitors 

(CD34+, CD34+/CD90+) and concomitant fold expansion of these populations, in 

agreement with previous reports (Jing et al., 2010a; Noort et al., 2002). Of notice, SP 

medium has a higher maintenance capacity of the most primitive CD34+/CD90+ 

population, still an effect enhanced by the use of the stromal feeder layer.  

Regarding differentiative potential of the expanded UCB cells, early lymphoid and 

myeloid, including megakaryocytic, lineages were maintained/expanded in all conditions. 

However, SP medium resulted in higher differentiative potential for early lymphoid 

(CD7+) and myeloid (CD15+) lineages, whereas QBSF yielded a higher differentiative 

potential of UCB cells towards megakaryocytic lineages (CD41+), which is in agreement 

with previous reports (Andrade et al., 2013a; Andrade et al., 2010). Concomitantly, the 

capacity for CFU and CAFCs formation by the expanded UCB cells  was the best when 

using the SP+Str culture system, consistent with the higher fold expansion in TNC, 

CD34+ and the more primitive CD34+/CD90+ population. Hence, it is shown that the 

conjugation of our technology (MSC-HSPC co-culture) with the prototype medium SP 

showed highly positive results in terms of quantity and quality of the expanded HSPCs. 
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However, it is mandatory to develop a clinical-grade and cost-effective system. Thus, 

HSPC expansion in dynamic culture (spinner flasks) with SP medium was tested 

preliminarily (n=1), as it provides a scalability step towards a fully controlled bioreactor 

system. Again, cultures with and without stromal layers were tested. All systems 

expanded HSPCs effectively and at the same extent with exception of spinner flask 

without stroma (SP noStr). These observations enforce the ability of the MSC-derived 

stromal layer on supporting ex vivo HSPC expansion, even in stirred conditions, 

potentially more stressful due to agitation shear stress. However, when comparing 

historical data from our lab using QBSF+Str (Andrade et al., 2011; Andrade et al., 2013a; 

Andrade et al., 2010) and the results of the static experiment presented in VII.3.1. , it is 

seen that there was an underperformance in terms of fold expansion in TNC and 

progenitors. This could be due to the low viability percentage (60%) of cells following 

CD34+ purification through MACS in this particular experiment. In addition, low values 

of viability at the start of the culture in combination with potential detrimental sheer stress 

present in dynamic cell culture might had a severe impact on the cells. Of importance, 

regarding the static controls, it was not observed a clear benefit of the stromal layer in 

TNC fold expansion of UCB cells, contrarily to what was attained in the previous 

experiments in alpha testing process of this product. This may be due to the nature of 

alpha testing, where medium fine tuning and formulation changes occurs throughout the 

process. Thus, the lot that was used for the first experiments may be different from the 

one used for the dynamic study, which may provide an explanation for the differences 

between the results. On the other hand, an increased maintenance of the most primitive 

CD34+/CD90+ population was benefited by the stromal layer, in agreement with previous 

results. Nonetheless, in the spinner flask it was obtained a considerable higher number 

of cells (3.8x105 cells/mL) in comparison with the static counterpart (3.0x105 cells/mL), 

showing the ability of this system to be scaled-up in order to achieve clinical meaningful 

numbers. 



CHAPTER VII – ALPHA TESTING OF PROTOTYPE MEDIUM FOR HSCP EXPANSION  

226 
 

In these studies, the scale-up of the of UCB hematopoietic progenitors with or without 

microcarrier immobilized MSC-derived stromal cells was evaluated under stirred 

conditions, using spinner flasks, using a novel culture medium not commercially available 

supplemented with cytokines. Efficient, but moderate expansion of UCB CD34+ cells 

was obtained in a short-time period (7 days), generating significant cell numbers. The 

system presented herein features process scalability and might be compliant with GMP 

standards for the production of cellular products, namely through the use of commercially 

available, highly controlled disposable technologies. 

No conclusive results were retrieved from the in vivo engraftment of the expanded HSPC 

in comparison to freshly purified HSPC (non-expanded cells). Only 1 out of 3 mice 

transplanted with fresh UCB cells survived up to the sixteenth week, while 3 out of 3 mice 

transplanted with expanded UCB cells survived. However, engraftment in surviving mice 

occurred to a lesser extent in the latter than in the former. Furthermore, transplantation 

of non-expanded UCB cells gave rise to T lymphocyte lineages, whereas that was not 

observed for the expanded cells. In either group, the absence of CD34+ cells in the bone 

marrow after 16 weeks indicates that long-term reconstitution is unlikely to be 

maintained. Poor engraftment, lack of lineage diversity and CD34+ may be attributed 

both to the poor ex-vivo expansion of UCB cells, and to the low viability values upon 

purification (60%). 

In conclusion, although the combination of cytokine supplemented SP with our feeder 

layer technology represent the best system tested, the results of the study under dynamic 

conditions and the in vivo study must be repeated. Moreover, variation in medium 

composition and methodological problems (low viability after MACS isolation) may have 

led to these discrepancies in the results.  
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VII.6 SUPPLEMENTARY FIGURES – CHAPTER VII 

 

 

 

 

Supplementary Figure VII-1 - Immunophenotypic analysis of mice infused with pre-expanded cells –  ELGR 
359 (A,B) and ELGR 360 (C,D) – peripheral blood analysis at day 60 for T lymphocytes (A,C) and B 
lymphocytes (B,D) 
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Supplementary Figure-VII-2 - Immunophenotypic analysis of mice infused with expanded cells –  ELGR 
361 (A,B) and ELGR 362 (C,D) mice – peripheral blood analysis at day 60, for T lymphocytes (A,C) and B 
lymphocytes (B,D). 
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Supplementary Figure VII-3 - Immunophenotypic analysis of mice infused with expanded cells –  ELGR 
361 (A,B) and ELGR 363 (C,D) mice – engraftment analysis after 16weeks in Bone Marrow (A,C) and spleen 
(B,D) 
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Supplementary Figure VII-4 - Immunophenotypic analysis of mice infused with expanded cells –  
ELGR 361 (A,B) and ELGR 363 (C,D) mice – B lymphocyte analysis after 16weeks in Bone Marrow 

(A,C) and spleen (B,D). 



 

233 
 

  



 

234 
 

  



 

235 
 

 

 

 

 

 

CONCLUSIONS AND FUTURE TRENDS 

 

 

 

 

 



CONCLUSIONS AND FUTURE TRENDS 

236 
 

  



CONCLUSIONS AND FUTURE TRENDS 

237 
 

Stem cells hold a great promise in the advanced regenerative medicine field towards the 

development of innovative and further improved therapies that can be applied in a wide 

range of inherited and acquired medical conditions. 

Blood derived CD34+ stem/progenitor cells, in particular, present several therapeutic 

advantages due to their intrinsic characteristics. Indeed, this marker is widely used to 

isolate hematopoietic stem/progenitor cells (HSPCs), as well as to target angiogenic 

progenitor cells (believed to include blood derived endothelial progenitor cells (EPC)) 

(Sidney et al., 2014). In addition, hematopoietic cell transplantation is a well and widely 

established therapy to treat malignant and non-malignant hematopoietic disorders, since 

the first bone marrow (BM) transplantation in 1956. After transplantation, these cells are 

able to home and repopulate patient BM and to give rise to all blood cell types. However, 

hematopoietic cell transplantation with BM cells has some drawbacks as it involves an 

invasive procedure and it stringently requires a specific HLA matched donor. 

Umbilical cord blood (UCB) has arisen as an alternative source for CD34+ 

stem/progenitor cells, as it presents several advantages namely: i) easy and ready 

availability (as it is considered as biological waste); ii) non-invasive collection; iii) less 

HLA restringing (with less probability of GVHD and wider availability); iv) source of more 

primitive cells. On the other hand, this is accompanied by some step-backs as the cell 

number that can be retrieved from a single unit is limited and usually enough to treat only 

a small child. To overcome this, it has been reported the transplantation of 2 partially 

HLA-matched UCB units to transplant adult patients(Barker et al., 2005). However, the 

holy grail still relies on the ex vivo expansion of these cells, not only to achieve clinical 

meaningful numbers, but also a final product with quality/potency where the maintenance 

of the progenitor cells is attained. Indeed, an effort has been made in this direction, by 

optimization of several culture factors as cytokine cocktails (Andrade et al., 2010), initial 

stem/progenitor cell enrichments (Andrade et al., 2011), the presence/absence of feeder 
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layers (da Silva et al., 2005a; da Silva et al., 2010a), culture duration (Douay, 2001b) 

and feeding regime (Csaszar et al., 2012). 

On the other hand, as stated previously, Asahara and colleagues stated the isolation of 

a putative EPC population with angiogenic potential from peripheral blood-derived 

CD34+ cells (Asahara et al., 1997) and later from BM (Asahara et al., 1999). This 

population has the potential to be applied for cardiovascular ischemic disease therapy 

(Kalka et al., 2000; Zhang and Xu, 2014). It is believed that HSPCs and EPCs are 

originated from a common progenitor throughout embryonic life, the hemangioblast. 

However, they relation and the distinct pathway is yet to be determined (Ingram et al., 

2004). Furthermore, the complete characterization of these cells and mode of action 

when used in cell therapy has generated controversy amongst the scientific community, 

with a variety of different isolation and culture methods and assays that hinders an 

impossible comparison between the works reported and controversy on the clinical 

benefit.  

Alternative suspension culture methods have been developed in order to meet the 

translational scenario to the clinical setting, with higher quantity and quality (efficient 

neovascularization in ischemic animal models) of the expanded cells  (Bouchentouf et 

al., 2011; Masuda et al., 2012; Masuda et al., 2014; O et al., 2011). In this context, a 

successful scale- up of PB-derived CD34+ circulating angiogenic progenitor cells 

(CAPCs) into GMP compliant cell culture bags combined with defined culture reagents 

(QQc), suitable for the clinical setting was achieved (Chapter III). Our data showed 

effective expansion of the cultured population (7-fold), while maintaining the 

stem/progenitor content and increasing the endothelial population with further increased 

angiogenic potential in vitro.  

CD34 enrichment using MACS technology is a routinely applied strategy to isolate CD34+ 

cells as EPC containing cell fraction (Schmidt-Lucke et al., 2010). However, its frequency 
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in peripheral blood is very low (less than 0.1%), which limits the number of cells that can 

be obtained (Scheubel et al., 2003). In addition, in the autologous therapy setting, one 

must take into account that increasing age and disease hinders the cell’s angiogenic 

potential (Numaguchi et al., 2006). Therefore, regarding the aforementioned factors, 

UCB is an advantageous source for an allogeneic clinical setting. The effects of shear 

stress and oxygen tension have been extensively described throughout the literature to 

participate biologically in the angiogenic mechanisms and to promote the angiogenic 

potential of cells exposed to these (Lee et al., 2013b; Obi et al., 2012; Obi et al., 2009; 

Papaioannou and Stefanadis, 2005; Yamamoto et al., 2003). Moreover, the chosen 

medium plays a critical part on culture performance. Based on reports from literature, it 

was ought to test StemSpan® medium in comparison with the medium used in Chapter 

III (SCGM®) to evaluate its ability on UCB-CD34+ CAPC expansion and in vitro 

angiogenic potential of the final product (Chapter VI). It was observed, in agreement with 

data found in literature (Masuda et al., 2012), a higher performance of StemSpan® 

medium not only in generating higher cell numbers, but as well as in 

maintenance/expansion of progenitor and endothelial related lineages, assessed by flow 

cytometry. 

In addition, a scalable dynamic system, in spinner flasks, was tested for the expansion 

of CAPCs derived from UCB-CD34+ cells to test shear and different oxygen tensions 

(hypoxia – 5% and normoxia – 21%) on the angiogenic potential of the final product. A 

successful dynamic scalable process was achieved, with an improvement in terms of cell 

quantity (total cell number fold increase of 32±0.9 and 46±6.8 at day 7; 84±7.9 and 

101±26 at day 10, normoxia and hypoxia respectively) in comparison with unexpanded 

cells. Moreover, progenitor and endothelial progenitors were shown to be 

maintained/expanded and it was observed higher angiogenic potential in vitro in 

comparison with pre-expanded cells. Nonetheless, the differences between the systems 

tested were not significant, although cells cultured under hypoxic culture in the spinner 
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presented consistently higher immunophenotypic marker expression and tube formation 

capacity than the other conditions, within the experiments performed. Thus, it is pertinent 

to further explore this system.  

On the other hand, the shear stress that cells were exposed to in this study (0.8 dyn/cm2) 

was significantly lower in comparison to physiological shear (2.9 dyn/cm2 to 65.5 

dyn/cm2). Hence, the next step would be to also to test higher agitation rates (rpm) on 

the angiogenic profile of cultured cells. Nonetheless, optimization of the feeding regime 

(cytokines and nutrients), as well as determination of angiogenic factor expression 

(qPCR) and secretion (ELISA) of the cultured cells, and clonogenic assays (Masuda et 

al., 2011) should be conducted to render the highest potential of this system and to fully 

characterize the final product, with ultimately, assessment of in vivo potential (Yang et 

al., 2009). 

However, there are several cell types with potential to be applied in ischemic disease 

therapy (Dragneva et al., 2013; Ouma et al., 2013; Wu et al., 2018). Specifically, 

mesenchymal stem/stromal cells (MSCs) present attractive advantages since after 

systemic administration, MSCs preferentially home to site of injury and/or inflammation, 

whereupon they set a regenerative microenvironment through mechanisms which 

involve both the secretion of bioactive molecules and cell-to-cell interaction, which 

regulate and/or modulate local innate, and promote tissue-specific cell proliferation and 

repair (Caplan and Correa, 2011a; Prockop and Oh, 2012). Importantly, these cells 

present immunomodulatory properties (Meirelles  et al., 2009), rendering them as 

potential allogeneic off the shelf therapy upon their GMP compliant ex vivo expansion 

(Dos Santos et al., 2014). Moreover, MSCs have been extensively investigated in cardiac 

regenerative therapy trials during the past decade due to their angiogenic properties 

(Kanelidis et al., 2017; Squillaro et al., 2016; Watt et al., 2013). 
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Benefits of MSC therapy for myocardial infraction are still a matter of debate, that may 

be due to methodological differences, mainly cell dose and administration route. 

Nonetheless, intracoronary MSC administration allow for the deliver of high cell number 

into the myocardial region, and therefore being widely studied. (Dib et al., 2011). 

However, MSC IC delivery may increase the risk of vessel obstruction due to their bigger 

size (10-20 µm) in comparison with heart capillaries (5-10 µm),  prevailng a matter of 

debate s(Sanganalmath and Bolli, 2013). In this context, and in collaboration with 

António Fiarresga, MD, Hospital Santa Marta, PhD work, it was aimed to assess if the 

index of microcirculatory resistance (IMR) was able to detect changes on microcirculation 

in a pig model upon MSC IC administration and ultimately to compare microcirculatory 

obstruction and regenerative potential of MSC expanded under two platforms 

(conventional – 2D with FBS ‘large’; innovative – dynamic microcarrier based in xenofree 

conditions, ‘small’) known to produce different sized cells, in an acute myocardial 

infarction (AMI) pig model (Chapter IV). It was observed that IC MSC delivery caused 

microcirculatory obstruction assessed in real time by IMR. Moreover, IMR was not able 

to detect significant differences between the different sized cells and, ultimately, no 

regenerative function was seen upon cell administration. Of notice, successful dynamic 

cell expansion was attained for different sized spinner flasks (100mL and 250mL). 

Although no difference of the different sized cells was not detected by IMR, this technique 

can be considered as a microcirculation disruption subclinical marker, whose real-time 

assessment may be useful during intracoronary BM MSC delivery and could help to 

define safety thresholds.  

The discrepancies encountered in the regenerative potential upon MSC administration 

(Makkar et al., 2005; Shake et al., 2002), may be derived to methodological issues, 

namely expansion method, handling, administration method and effect measurement 

and thus, the evaluation of other variables of ventricular function as well as regenerative 
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potential (e.g. secretion of paracrine factors) could add further insights to the study and 

are a matter of further research. 

Some efforts have been made towards the use of more readily available MSC sources, 

as AT and UCM, with clinical trials reports of safety and, in some cases, clinical 

improvement (Bartolucci et al., 2017; Gao et al., 2015; Musialek et al., 2015; Perin et al., 

2014). Nonetheless, it has been reported that MSCs from different sources also may 

present different characteristics, such as immunological properties, as well as 

proliferative and differentiation abilities (Dmitrieva et al., 2012; Hass et al., 2011a; Pill et 

al., 2015; Puissant et al., 2005),. Thus, further research in order to assess the potential 

of these cells in an AMI setting should be pursued. 

In parallel, MSCs have shown to have an important role in the hematopoietic BM niche 

and, to mimic physiological conditions, and they have been applied to HSPC-MSC co-

culture systems, which have shown that the stromal layer plays an important role on the 

ex vivo expansion and maintenance of HSPCs (da Silva et al., 2005a; da Silva et al., 

2010a). In addition, our lab has established an optimized cytokine cocktail for HSPC 

expansion co-cultured with BM-MSC derived feeder layer (Andrade et al., 2010), which 

has been used routinely. However, as mentioned previously, other MSC sources are 

more attractive due to their availability but may present different characteristics. Based 

on this, it was aimed to perform a systematic and comprehensive comparison of different 

MSCs sources (BM (including cells isolated based on Stro-1 expression by MACS vs. 

plastic adherence), AT, UCM, fetal liver (FL)) on the HSPC ex vivo expansion supportive 

capacity (Chapter V), which was not available to date. All feeder layers were able to 

support the expansion of CD34+-enriched cells, with AT yielding the highest fold 

increase in total cells (32.7±5.5) and FL and the No Stroma control with the lowest and 

similar values. Maintenance/ expansion of progenitors (CD34+, CD34+/CD133+ and 

CD34+/CD90+), differentiative potential, CFUs and CAFCs formation ability, was roughly 

the highest and similar between BM-MSCs (plastic adherence), Stro-1 BM-MSCs and 
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AT. Taking all together, although all three best feeder layers could be considered, AT-

MSCs seems to be a highly candidate for to replace BM feeder cells in clinical trials 

attesting the administration of UCB cells expanded in co-culture systems, as led to 

similar amount of total progenitor cells and presents a more available MSC source. 

Nonetheless, further studies to assess UCM-MSC HSPC expansion support need to be 

completed due to methodological problems on the establishment of this feeder layer 

establishment.  

On the other hand, in order to overcome possible contaminants from compounds of 

animal origin such as fetal bovine serum (FBS), efforts towards the use of human origin, 

clinical-grade GMP-compliant MSCs need to be addressed, Thus, the next step would 

rely on the repetition of this study with MSCs expanded under xeno-free conditions in 

order to establish a clinical grade co-culture system. 

Furthermore, it has been previously stated the importance of culture medium on the 

performance of cell expansion and final product quality, as well as in the financial 

manufacturing viability (Cost of Goods – CoGs). As partners for Alpha testing of 

Company X new clinical grade defined xenofree medium, SP, it was ought to test its 

performance on HSPC expansion and progenitor maintenance with and without stromal 

layer (Chapter VII). SP medium have shown to be able to expand cells, in both static and 

dynamic cultures, in a higher extent while maintaining higher progenitor cell content in 

comparison with the medium used routinely in our lab (QBSF). Although SP medium 

presents an attractive alternative, comparison with other commercial available mediums 

should be conducted, as well as a cost analysis to assess the best manufacturing choice 

with attained cell product quality. In addition, in collaboration with Instituto de Medicina 

Molecular (IMM), a preliminary study of SP+Str expanded cells engraftment potential in 

an in vivo NSG mouse model was conducted. However, results indicate a poor long-term 

engraftment and hence the results are inconclusive and further studies are needed. 
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Overall, the work presented in this thesis give important insights for stem cell based 

therapies, where the potential of different cell types (CD34+ and MSCs) and end 

applications (Ischemic diseases and hematological disorders) were addressed and 

correlated. Bioengineering strategies and critical component factors (such as medium) 

were explored in the different systems towards the optimization of final cell product 

quantity and quality clinical grade manufacture. It is predicted a field contribution to a 

further fully controlled systems, which will possibly render higher productivity, and 

concomitant cost reduction moving towards a financially viable advanced cell therapy. 

Importantly, exchange of knowledge and translation between different fields were 

attained, by the collaborative projects that were performed. 

Finally, considering the recent encouraging findings of cell based therapy in preclinical 

and clinical trials, further research needs to be pursued in order to depict effective 

therapeutic potential, as to determine best cell population, doses and administration 

route for a specific clinical need. In addition, it has been difficult to compare therapeutic 

potential with contradictory reports in the field. This would be achieved by a 

standardization on isolation methods as well as culture methodologies. Future advances 

will probably rely on the systematic exploitation of scalable and clinical grade expanded 

cells therapeutic potential, as conventional methods not only present a cost-effective 

process to achieve the high number demanded by the clinical need, are also usually 

associated with the use of animal components, which is critically seen by regulatory 

agencies. 
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