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Resumo 

Apesar das células estaminais/estromais do mesênquima (CEM) terem já demonstrado o seu potencial 

na regeneração do miocárdio em numerosos ensaios pré-clínicos e clínicos no contexto do enfarte agudo 

do miocárdio (EAM), a análise dos mesmos indica resultados moderados, o que demonstra a necessidade 

de melhorar a eficácia das CEM. O pré-condicionamento de CEM através da modulação do 

microambiente tem resultado numa melhoria da taxa de sobrevivência destas células, prolongado o seu 

efeito terapêutico. No contexto das terapias celulares, são necessárias elevadas doses de células para fins 

clínicos e o sucesso para obtenção de tais doses celulares depende de protocolos de expansão celular 

eficientes. 

Esta tese tem como objetivo o desenvolvimento de um produto celular de CEM com propriedades 

terapêuticas aumentadas para a regeneração do miocárdio, através da modulação do microambiente. 

Três tipos diferentes de fontes de CEM (medula óssea (MO), tecido adiposo (TA) e matriz do cordão 

umbilical (MCU)) foram cultivas em condições livres de componentes do soro e de origem animal e o 

seu potencial angiogénico foi analisado. Os resultados indicam que as CEM MCU bem como as do TA 

expressam e secretam maiores níveis de fatores pró-angiogénicos, comparado com células da MO, o que 

se traduziu num maior potencial angiogénico in vitro por parte das CEM MCU e TA. O pré-

condicionamento de CEM MO com meio condicionado proveniente de CEM TA e MCU resultou num 

aumento do potencial angiogénico das CEM MO. Contrariamente, CEM MCU cultivadas com meio 

condicionado recolhido das CEM MO induziu um decréscimo no potencial angiogénico das CEM MCU. 

O pré-condicionamento físico de CEM MCU através do seu cultivo em microtransportadores em 

condições agitadas e baixa concentração de oxigénio (2%) originou um aumento da secreção de fatores 

pró-angiogénicos, o que se traduziu num potencial angiogénico superior ao de células cultivadas em 

estático e em concentrações de oxigénio atmosférico (21%). Além disso, os processos de 

criopreservação e entrega das células não alterou o perfil de expressão dos genes pró-angiogénicos. Para 

ser possível produzir tal produto, foi estabelecida uma plataforma de expansão de CEM COM e TA, 

com recurso a microtransportadores e em condições livre de componentes do soro e de origem animal. 

Os resultados obtidos contribuem para o desenvolvimento de um produto celular de CEM com 

propriedades terapêuticas aumentadas para a regeneração do miocárdio. 

 

Palavras-chave: células estaminais/estromais do mesênquima (CEM), angiogénese, enfarte agudo do 

miocárdio (EAM), pré-condicionamento celular, expansão ex vivo 
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Abstract 

Although mesenchymal stem/stromal cells (MSC) have successfully proved to promote myocardial 

regeneration in numerous experimental and clinical studies, recent analyses of MSC-based clinical trials 

in the context of acute myocardial infarction (AMI) demonstrated limited benefits, indicating a need to 

improve its efficacy. Preconditioning MSC through microenvironment modulation was found to 

improve MSC survival rate and thus prolong their therapeutic effect. In a cell therapy context, large cell 

doses are required for clinical purposes and the success in obtaining those cell numbers is dependent on 

efficient ex vivo expansion protocols. 

This thesis aims at developing an MSC-based product with enhanced therapeutic features for myocardial 

regeneration, by modulating the cell microenvironment. Three different MSC sources (bone marrow 

(BM), adipose tissue (AT), and umbilical cord matrix (UCM)) were cultured under xenogeneic-/serum-

free (XF) culture conditions and their angiogenic potential was studied. Results indicated that UCM and 

AT MSC expressed and secreted higher levels of proangiogenic genes, compared with the BM source, 

which resulted in a higher in vitro angiogenic potential of the UCM and AT sources. Preconditioning 

BM MSC with conditioned medium (CM) harvested from UCM MSC cultures increased BM MSC 

angiogenic potential. In contrast, UCM MSC cultured with CM derived from BM MSC resulted in 

reduced cell angiogenic potential. Physically preconditioning UCM MSC through a microcarrier-based 

culture platform and low oxygen concentration (2% O2) promoted an increased secretion of several 

proangiogenic factors, resulting in a superior in vitro angiogenic potential of these cells. Additionally, 

both cryopreservation and delivery processes preserved the angiogenic gene expression profile of 

preconditioned UCM MSC. To develop such product, a XF microcarrier-based culture system was 

successfully established for the expansion of UCM and AT MSC. 

These results are expected to contribute towards the development of an MSC-based product with 

enhanced therapeutic features for myocardial regeneration. 

 

Keywords: mesenchymal stem/stromal cells (MSC), angiogenesis, acute myocardial infarction (AMI), 

cell preconditioning, ex vivo expansion 
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This chapter is based on the chapter: Pinto, DS, da Silva, CL, Cabral, JMS. Scalable Expansion 

of Mesenchymal Stem/Stromal Cells in Bioreactors: a Focus on Hydrodynamic 

Characterization. In submission. 
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I.1 Cardiovascular Diseases 

Cardiovascular diseases (CVD) are a group of disorders that affect the heart and blood vessels [1]. 

Different types of diseases are categorized as CVD, including: i) coronary heart disease, which is a 

disease of the blood vessels supplying the heart; ii) cerebrovascular disease, a disease of the blood 

vessels supplying the brain; iii) peripheral vascular disease, referring to a disease of blood vessels 

supplying the arms and legs; iv) rheumatic heart disease, characterized by damaged heart muscle and/or 

heart valves due to rheumatic fever, caused by streptococcal bacteria; v) congenital heart disease, 

resulting from malformations of the heart structure existing at birth; and vi) deep vein thrombosis and 

pulmonary embolism, which are the results of blood clots in the leg veins that were dislodge and 

transported to the heart and lungs [2]. 

Most types of CVD are caused by a process called atherosclerosis, including coronary heart, 

cerebrovascular and peripheral vascular diseases, while a minority of them are not originated through 

this biological process, such as congenital heart disease, rheumatic heart disease, cardiomyopathies, and 

cardiac arrhythmias [1]. Atherosclerosis is a pathological process in the walls of the blood vessels, 

characterized by the deposition of fatty material and cholesterol (also known as plaques) inside the 

lumen of medium- and large-sized vessels [1]. As a result, the inner surface of the blood vessels becomes 

irregular and the lumen becomes narrow, making it harder for the blood to flow through. The formation 

of plaques also leads to a decreased flexibility of the blood vessels. Eventually, the plaque can rupture, 

resulting in the formation of a blood clot in the blood stream. If the clot gets trapped in the coronary 

artery, it can cause a heart attack; if it develops in the brain, it can cause a stroke [1]. However, the cause 

of heart attacks and strokes are usually associated with a combination of risk factors, such as tobacco 

use, unhealthy diet and obesity, physical inactivity and harmful use of alcohol, hypertension, diabetes 

and hyperlipidemia [2]. 

CVD represent 30% of global mortality and 10% of the global disease burden, making them a global 

health problem [3]. In fact, CVD are the leading causes of death worldwide, contributing to a total of 

17.3 million deaths per year [1] (Figure II.1). Among them, 7.6 million were due to coronary heart 

disease, where the most common adverse event is the acute myocardial infarction (AMI). 
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Figure I.1 Distribution of CVD deaths due to coronary heart diseases, cerebrovascular diseases, hypertension heart diseases, 

rheumatic heart diseases, inflammatory heart diseases, and other CVD [1]. 

 

I.1.1 Acute Myocardial Infarction 

AMI occurs as a result of myocardial cell necrosis due to sustained and significant ischemia [3]. The 

ischemic process might be due to either the atherosclerosis process, which involves obstruction to blood 

flow due to the existence of plaques in the coronary arteries or, much less frequently, to other obstructing 

agents (e.g. spasm of plaque-free arteries). In a coronary heart disease scenario, the underlying plaques 

can be stable or unstable. Unstable plaques are related to activated inflammation of the vascular wall at 

the site of plaques, making them susceptible to erosion, fissuring or even rupture. Platelets, which are 

activated during inflammatory events, can accumulate at the site of an active plaque, further obstructing 

blood flow and leading to another coronary heart disease known as unstable angina [3]. Atherosclerotic 

plaques may expand slowly but more often enlarge with time. Moreover, during the healing process, 

more layers are added to the plaque, eventually leading to the formation of a stable, fibrotic and calcified 

plaque [3]. 

At cellular and molecular levels, AMI triggers numerous events, including apoptosis, necrosis and 

hypertrophy of cardiomyocytes, tissue fibrosis and inflammation, reduced neovascularization, impaired 

contractility and pathological remodeling [4]. In fact, scar tissue is formed in the infarct site to maintain 

the heart’s structure while the remaining cardiomyocytes gradually hypertrophy, in an attempt to 

compensate for those that were lost [5]. The results is the thinning of the myocardial wall and subsequent 

inadequate ventricular contractions that lead to further dilatation, eventually causing organ failure and 

death [6]. 

Various pharmacologic and surgical therapies have proved successful in limiting myocardial remodeling 

and alleviating some symptoms related to heart failure. A variety of drugs have been shown to reduce 
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the progression of the disease, including β-blockers, angiotensin converting enzyme (ACE) inhibitors, 

antiplatelet agents, angiotensin II receptor blockers, statins, among others [7], [8]. Surgery can also be 

used to revascularize myocardial tissue downstream from a coronary artery occlusion, using a coronary 

artery bypass graft (CABG). This technique limits the amount of myocardial tissue that is lost during 

ischemia, statistically improving patients’ survival [7]. Despite the demonstrated success of these 

therapies in improving the damaged heart, severe myocardial infarctions inevitable result in ventricular 

remodeling, characterized by reduced ejection fraction (EF) and cardiac output. In this scenario, left 

ventricular assist device (LVAD) or a heart transplant are the only remaining treatment options currently 

available [7]. LVAD has showed to prolong patients’ survival, but problems such as increased risk of 

thrombosis, gastrointestinal bleeding, infections, and organ failure limit its effectiveness [9]. LVAD are 

thus being used as an intermediate step before heart transplant, rather than a long-term solution. 

Consequently, heart transplant is the only therapy that can address tissue loss. However, limited donor 

supplies, life-lasting use of immunosuppressive drugs, and eventual organ rejection impedes the use of 

heart transplantation as a viable, widely used cardiac therapy [7]. 

The main challenge regarding heart failure is its restricted ability for self-regeneration [10]. In this 

context, cell-based therapies emerged as attractive therapeutic alternatives to repair the damaged heart. 

 

I.2 Cell-Based Therapies in Acute Myocardial Infarction Context 

In the last decades, cell-based cardiac therapies have been developed as promising strategies to replace 

noncontractile fibrous scar tissue after AMI and modulate heart remodeling [11]. In this context, several 

preclinical and clinical studies have demonstrated the potential of different cell populations in increasing 

blood flow via neovascularization, modifying scar tissue formation, and eventually improving cardiac 

function [12], [13]. Although the exact mechanisms of cardiac repair by which transplanted cells exert 

their therapeutic effect are still poorly understood, two main mechanisms have been hypothesized by 

researchers: i) direct cardiomyogenic/vasculogenic differentiation, after cell engraftment in the 

myocardial tissue, and ii) indirect stimulation of the tissue regeneration through paracrine factors, i.e., 

bioactive factors secreted by transplanted cells that trigger activation of the reparative mechanisms in 

the damaged tissue [14]. Other mechanisms are now being unveiled and a more detailed discussion of 

these mechanisms will be performed further. 

Several different cell populations have been used to address myocardium damage after AMI, including 

adult stem cells (ASC), such as skeletal myoblasts (SM), bone marrow mononuclear cells (BMMNC), 

hematopoietic stem cells (HSC), endothelial progenitor cells (EPC), MSC, cardiopoietic cells, and 
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cardiac stem/progenitor cells (CS/PC), or pluripotent stem cells (PSC) [11], [15], [16]. The major 

benefits and limitations of ASC and PSC are represented in Figure I.2. 

 

Figure I.2 Major benefits and limitations of using adult stem cells and pluripotent stem cells for heart regeneration and repair 

(adapted from [17]). 

 

ASC are multipotent cells that were isolated from many fully developed organs. These include 

populations from both extra-cardiac sources (SM, BMMNC, HSC, EPC, MSC) and from cardiac tissue 

(CS/PC) [17]. The use of ASC for myocardium repair has demonstrated encouraging (although 

inconsistent) results in improving cardiac function [18]. Several studies reported ASC ability to 

modulate the extracellular matrix (ECM) and promote neovascularization through paracrine actions 

[19]–[21], rather than being from true cardiomyogenic potential. In fact, ASC appear to have little 

intrinsic cardiomyogenic ability and are unable to generate contractile cardiomyocytes syncytia, despite 

the positive results regarding cardiomyogenic differentiation in vitro [17]. Additionally, inadequate cell 

survival, retention and homing (i.e. cell migration from the site of delivery to the site of injury) is still 

observed in ASC therapy. 

Unlike ASC, PSC have a tremendous potential to differentiate into cardiomyocytes [22]. Both small and 

large animal model results show the ability of cardiomyocytes and cardiovascular progenitors derived 

from PSC to engraft in the infarcted heart [23]–[25]. PSC are capable of limitless proliferation and hence 

are a potentially unlimited source of cardiomyocytes. Nevertheless, PSC raise some concerns in terms 
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cardiac differentiation efficiency and teratoma formation. Moreover, some studies have demonstrated 

electrical instability and cardiac arrhythmias after PSC-derived cardiomyocyte engraftment [17]. 

MSC, a heterogeneous population of multipotent cells isolated from different human tissues, have been 

successfully used in the context of AMI, showing promising results under preclinical and clinical studies 

[26], [27].  

 

I.3 Mesenchymal Stem/Stromal Cells 

I.3.1 Mesenchymal Stem/Stromal Cell Definition 

Since the discovery of these cells, the definition of MSC has been subject of intense evolution. In 1924, 

Alexander Maximov used extensive histological findings to identify a singular type of precursor cell 

within mesenchyme that develops into different types of blood cells [28]. In 1960, scientists McCulloch 

and Till first revealed the clonal nature of marrow cells [29]. An ex vivo assay for examining the 

clonogenic potential of multipotent marrow cells was later reported in the 1970s by Friedenstein and 

colleagues [30]. In this assay system, stromal cells were referred to as “colony-forming unit-fibroblasts” 

(CFU-f) or “marrow stromal fibroblasts”. These terms have been gradually abandoned and replaced by 

diverse, still indistinct denominations like “marrow stromal cells”, “mesenchymal stem cells”, or 

“mesenchymal progenitor cells” [31]. To address the inconsistency in nomenclature and account for the 

biological properties of multipotential, clonogenic, plastic adherent cells derived from various stromal 

tissues, the committee for the International Society for Cellular Therapy (ISCT) stated that “multipotent 

mesenchymal stromal cells” (MSC) is the currently recommended designation for multipotent, 

mesenchymal stromal cells (fibroblast-like, plastic adherent cells, regardless of their tissue of origin) 

and mesenchymal stem cells (cells that meet specific stem cell criteria) [32]. Chamberlain and co-

workers defined mesenchymal stem cells as “nonhematopoietic stromal cells that are capable of 

differentiating into, and contribute to the regeneration of, mesenchymal tissues such as bone, cartilage, 

muscle, ligament, tendon, and adipose.” [33]. Although most denominations reflect a semantic rather 

than a functional issue, in this work it will be used the term “mesenchymal stem/stromal cells". 

It should be noted that clonogenic MSC are a heterogeneous mix of progenitors, in which a subset 

population is capable of differentiating into cells of mesodermal (adipocytes, osteoblasts, chondrocytes, 

tenocytes, skeletal myocytes, and visceral stromal cells) [34], as shown in Figure I.3. 
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Figure I.3 The mesengenic process. This process depicts mesenchymal progenitor cells entering distinct lineages pathways 

that contribute to mature tissues [35]. 

 

I.3.2 Mesenchymal Stem/Stromal Cell Characteristics 

It is first important to mention that the definition of a set of characteristics of MSC is inconsistent among 

investigators. Many laboratories have developed methods to isolate and expand MSC, which invariably 

have subtle, and occasionally quite significant, differences. Furthermore, investigators have isolated 

MSC from a variety of tissues with apparently similar properties [36]. These varied tissue sources and 

methodologies of cell preparation beg the question about a direct comparison of reported biologic 

properties and experimental outcomes, especially in the context of cell therapy [32]. 

To address this problem, the Mesenchymal and Tissue Stem Cell Committee of the ISCT proposes a set 

of standards to define human MSC for both laboratory-based scientific investigations and for pre-clinical 

studies. The aim of this position is to define a standard set of criteria to identify MSC, assuming that 

future research will probably mandate a revision of the criteria as new data emerge. Three parameters 

are used to describe MSC: 1) adherence to plastic; 2) specific surface antigen expression; 3) multipotent 

differentiation potential [32]. 
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The first criterion defined by the ISCT is that MSC must present adherence to plastic surfaces when 

maintained in standard culture conditions using tissue culture flasks. Under these circumstances, most 

of the cells should acquire a fibroblast-like morphology due to the interactions with the plastic surface 

[33]. However, cell culture presents a heterogeneous morphology, containing cells ranging from narrow 

spindle-shaped cells to large polygonal cells and, in confluent conditions, some slightly cuboidal cells 

[37]. Nevertheless, plastic adherence is a well-described property of MSC, and even unique subsets of 

MSC that have been described maintain this property [38]. MSC can also be maintained, and possibly 

expanded, without adherence, although these protocols typically require very specific culture conditions, 

and these cells, if maintained under standard conditions, would be expected to demonstrate adherence 

if the cells demonstrate to be a population of MSC [32]. 

Phenotypically, MSC should express CD105 (endoglin), CD73 (ecto 5’ nucleotidase) and CD90 (Thy-

1) [32]. MSC are also typically positive for Major Histocompatibility Complex (MHC) class I and Sca-

1 [37]. Some other biomarkers have also been reported to be expressed by MSC, but typically their 

expression is dependent on the tissue source from where the cells were isolated, the method of isolation 

and culture, and intra-specific variability [37]. In 2007, Chamberlain and co-workers mentioned that 

MSC do also express CD44 antigen, CD71, CD117, and Stro-1 as well as the adhesion molecules CD106 

(vascular cell adhesion molecule [VCAM]-1), CD166 (activated-leukocyte cell adhesion molecule 

[ALCAM]), intercellular adhesion molecule (ICAM)-1, and CD29 [33].  

To avoid MSC misidentification, ISCT recommended that MSC should not express hematopoietic 

antigens. These markers include CD45 (pan-leukocyte marker), CD34 (primitive hematopoietic 

progenitors and endothelial cells), CD14 or CD11b (prominently expressed on monocytes and 

macrophages), and CD79α or CD19 (B cells). HLA-DR (MHC class II surface receptor) molecules 

should also not be expressed on MSC (unless stimulated), such as CD80 (B7-1), CD86 (B7-2), or CD40 

[32]. Other costimulatory molecules not expressed by MSC are the adhesion molecules CD31 

(platelet/endothelial cell adhesion molecule [PECAM]-1), CD18 (leukocyte function-associated 

antigen-1 [LFA-1]), or CD56 (neuronal cell adhesion molecule-1) [33]. The expression of MHC class I 

and the absence of expression of MHC class II and co-stimulatory molecules by MSC is a prerequisite 

to possible usage of these cells in clinical applications due to their low or no immunogenicity and no 

need for immunosuppression before administration [39]. 

The third criterion defined by ISCT to identify MSC is their ability to trilineage mesenchymal 

differentiation. Using standard in vitro tissue culture-differentiating conditions cells must be shown to 

differentiate into osteoblasts, adipocytes, and chondroblasts [32]. 
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MSC minimal criteria has been revised to improve the assessment of MSC potency in vitro and the 

clinical outcome of a potential MSC-based therapy. Recently, Samsonraj et al purposed additional 

characterization of MSC identity and potency, including the rate of self-renewal, mRNA expression of 

TWIST-1 and DERMO-1, and the expression of the cell surface biomarkers STRO-1 and platelet-derived 

growth factor receptor alpha (PDGFR-α) [40]. 

Apart from the criteria defined by ISCT and other authors to identify MSC, these cells also present two 

other interesting characteristics that make them ideal candidates for cell therapy – their 

immunomodulatory and trophic activities [41]. MSC immunomodulatory properties occur through both 

cell-cell contact and secretion of a broad range of biologically active molecules, such as growth factors, 

cytokines and chemokines [41]. When exposed to an inflammatory microenvironment, MSC can 

regulate many immune effector functions through specific interactions with immune cells that 

participate in both innate and adaptive responses [42]. The mechanisms of the immunomodulatory 

effects of MSC include suppression of T cell proliferation, induction of regulatory T cells, influencing 

dendritic cell maturation and function, suppression of B cell proliferation and terminal differentiation, 

in addition to immune modulation of other immune cells such as natural killer (NK) cells and 

macrophages, as shown in Figure I.4. Furthermore, MSC express toll-like receptors, which respond to 

pathogen-associated molecules to stimulate immune response [43].  

 

Figure I.4 Possible mechanisms of MSCs immunomodulatory effects on immune cells [39]. 

The bioactive factors secreted by MSC also mediate trophic mechanisms, whose functions can be 

divided into four different categories: i) anti-apoptosis; ii) anti-scarring; iii) mitotic (stimulation of 
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mitosis, proliferation and differentiation of organ-intrinsic precursor or stem cells); and iv) angiogenesis 

(Figure I.5). 

 

Figure I.5 Trophic activity of cultured MSCs (adapted from [41]). 

 

Some authors also consider the secretion of a variety of chemoattractant molecules, a process called 

chemoattraction, and the reduction of inflammation by anti-microbial peptides, such as LL-37 [44], as 

potential therapeutic applications of the paracrine effects of cultured MSC. It is also important to 

consider that the number of molecules capable of inducing a paracrine action of MSC increases every 

day and some of them will fit in more than one category [41]. 

 

I.3.3 Mesenchymal Stem/Stromal Cell Sources 

Using the ISCT minimal criteria, MSC have been isolated from different human adult tissues, including 

BM (where they were firstly isolated [30]), AT [45], and synovial membrane [46], [47], as well as from 

neonatal sources, such as UCM [48], umbilical cord blood (UCB) [45], placenta [49], and amniotic fluid 

[50]. 

Different MSC sources present different biological features, including cell surface biomarkers, 

proliferation capacity, differentiation ability, and immunomodulatory and trophic activities [51]. BM 

MSC are isolated from the MNC fraction of BM aspirates using density-gradient centrifugation. This 
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harvesting method represents an invasive and painful procedure and it is accompanied by a risk of 

infection. The MNC fraction contains, among other cell populations, only 0.001 to 0.01% of MSC that 

can be isolated by two methods: i) plastic adherence or ii) immune-based cell sorting, using different 

epitopes, such as Stro-1, CD271, SUSD2, MSCA-1, CD13, and CD105 [52], [53]. Plastic adherence is 

the most common approach to isolate BM MSC, due to its higher cost-effectiveness and cell yields, ease 

of scaling-up, and reduced risk of contamination [54]. Additionally, cell sorting may cause cell damage 

and it has not proved to successfully distinguish between multipotent and less potent cells. This method, 

however, allows the collection of a more homogeneous cell population [54]. BM MSC have proved to 

differentiate into several types of cells, including chondrocytes, myocytes, osteocytes, adipocytes [55], 

neurons [56], and hepatocytes [57]. 

AT MSC are isolated from biological material generated from liposuction, which is a well-tolerated, 

safer and less invasive procedure than BM aspiration [58]. Moreover, high cell yields can be achieved 

using a relatively simple isolation protocol consisting of enzymatic digestion of the lipoaspirate with 

collagenase (about 100,000 MSC per gram of fat) [59]. Despite high similarities with the BM 

counterpart, some differences were also observed. AT MSC possess higher colony-frequency and a 

longer culture period without reaching senescence [45]. In addition, MSC derived from the AT do not 

express CD106 and Stro-1 markers, which are expressed on BM MSC, as well as BMP-2 and dlx5, 

which are regulators of osteogenic genes. AT MSC were also found to differentiate towards multiple 

cell lineages, including chondrocytes [60], cardiomyocytes [61], smooth muscle cells [62], endothelial 

cells [61], and neurons [63]. Nevertheless, the harvesting and isolation methods are also prone to 

contamination since they consist of open-culture systems [54]. 

Neonatal sources, such as UCM and UCB, have a significant advantage compare to adult tissues, which 

is their ready availability since they are considered medical waste and typically discarded after birth, 

thus avoiding invasive procedures and ethical concerns [51]. UCM MSC also have no accumulated 

genomic mutations due to disease or aging, compared with adult sources, and a more primitive ontogenic 

origin, even expressing considerable levels of pluripotency markers [64], [65]. However, the number of 

MSC isolated from a single UC unit is limited [48].Three different UCM MSC isolation protocols have 

been described: the enzymatic digestion method, the explant-based culture method and a combination 

of both protocols [66], [67]. Despite being the most commonly used isolation protocol, the enzymatic 

digestion presents some drawbacks, such as possible cell damage associated to the exposure to 

enzymatic agent. The explant-based culture though minimizes cell damage and it is also more cost-

effective, compared with the enzymatic digestion [54]. Nonetheless, the overall isolation time is 

typically higher and associated to lower cell yields [68]. Like the other sources previously mentioned, 

UCM MSC have the ability to differentiate into adipocytes, osteocytes, chondrocytes, neurons and 

hepatocytes, although only partially for some lineages [69]–[71]. 
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I.3.4 Mesenchymal Stem/Stromal Cells Ex Vivo Expansion 

In order to fulfill the potential of MSC as therapeutic agents, large cell numbers and perhaps repeated 

doses are required, generally in the order of 106 to 107 cells per kilogram of body weight [72]–[75], 

depending on the type of disorder. Moreover, human cells that are cultured ex-vivo are classed as 

advanced therapy medicinal products (ATMP) and only 13 MSC-based ATMP are currently approved 

by the regulatory agencies, partially due to the lack of suitable manufacturing processes [76]. (Table 

I.1). 

 Table I.1 Human MSC-based products currently approved by regulatory agencies [77]. 

Medicinal Product Company hMSC source Indication Regulatory approval 

Allostem AlloSource AT MSC Bone regeneration FDA 

Cartistem Medipost UCB MSC Osteoarthritis Korea 

Grafix 
Osiris 

Therapeutics 
BM MSC Soft tissue defects FDA 

Prochymal Mesoblast BM MSC Graft-versus-host disease 
FDA, EMA, Canada 

and New Zealand 

OsteoCel NuVasive BM MSC Spinal bone regeneration FDA 

OvationOS 
Osiris 

Therapeutics 
BM MSC Bone regeneration FDA 

TEMCELL HS 
JCR 

Pharmaceuticals 
BM MSC Graft-versus-host disease Japan 

Trinity Evolution Orthofix BM MSC Bone regeneration FDA 

Trinity ELITE Orthofix BM MSC Bone regeneration FDA 

Hearticellgram-AMI Pharmicell BM MSC Acute myocardial infarction Korea 

Cupistem Anterogen AT MSC Crohn’s fistula Korea 

QueenCell Anterogen AT MSC Regeneration of subcutaneous AT Korea 

Ossron RMS BM MSC Bone regeneration Korea 

FDA – Food and Drug Administration; EMA – European Medicines Agency 

Therefore, there is need for robust, efficient, and good manufacturing/clinical practice (GM/CP)-

compliant processes for the isolation and expansion of MSC, without compromising their therapeutic 

features. To achieve this, strategies for the clinical grade production of MSC must ensure not only the 

quality of the final product, but also of the different products at each step and part of the system [78]. In 

this context, process analytical technology (PAT) is a tool that can be used to control process quality 

based on online and offline monitoring of different culture parameters [79]. In order to comply with 

GMP, efforts have been made towards the use of chemically defined, animal-free materials, closed 

production systems, while performing system validation for each production process, which favors 

disposable equipment [78]. Scalable culture systems with optimized culture strategies are also 

prerequisites for the successful transfer of stem cell-based research to clinical settings [80]. 
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I.3.4.1 Critical Culture Parameters and their Impact on Mesenchymal Stem/Stromal Cell 

Expansion 

Appropriate culture conditions are essential for the successful ex vivo expansion of MSC. In vitro culture 

conditions aim at mimicking the in vivo, highly specialized microenvironment. This microenvironment 

interacts with several physical and biochemical factors, such as the ECM surrounding the cells and 

biomolecules affecting growth and differentiation [80]. For the successful ex vivo expansion of MSC, 

these factors have to be modeled by appropriate selection of the biochemical (cell culture medium) and 

the physicochemical parameters (oxygen concentration, temperature, pH, osmolarity, and culture 

platform) [80]. 

 

I.3.4.1.1 Culture Medium Formulations 

Culture medium plays a crucial role on MSC growth and differentiation. Culture medium is typically 

composed by basal medium comprising salts, glucose (and/or other carbon sources, e.g. glutamine), 

amino acids and a buffer system [54], [78], and a protein-rich supplement that contains growth and 

adhesion factors, hormones, and fatty acids required for adhesion and proliferation of MSC [54].  

There are different types of basal media commercially available, including Dulbecco’s Modified Eagle’s 

Medium (DMEM), Iscove’s Modified Dulbecco’s Medium (IMDM), and Minimum Essential Medium 

Eagle Alpha (αMEM), among others. The only carbon source present in these media is glucose, either 

at low (1 g/L – αMEM and DMEM-low glucose) or high (4.5 g/L – DMEM-high glucose) concentration. 

Indeed, high glucose levels have been reported to be either detrimental to MSC [81], inducing 

senescence by upregulating autophagy mechanisms [82], or having no effect on their proliferative and 

differentiation abilities [83]. Basal media can be supplemented with L-glutamine, an essential alternative 

source of energy in cell culture, usually at a concentration of 2 mM [84]. Like glucose, reports on L-

glutamine consumption are inconsistent [85]–[87]. Another alternative is the supplementation of culture 

medium with GlutaMAX™ (containing the di-peptide L-alanyl-L-glutamine), which is more stable and 

allowed a better MSC proliferation compared with L-glutamine, probably due to a lower ammonia 

accumulation in culture supernatant [87], [88]. Lactate also plays a critical role on MSC expansion. It is 

reported that lactate levels above a certain threshold (35.4 mM) inhibit MSC growth by increasing the 

acidity of the culture medium [87]. Even though not essential, some amino acid are preferentially 

metabolized by MSC [86], particularly asparagine or tyrosine. Basal media such as Glasgow Minimum 

Essential Medium (GMEM) are supplemented with non-essential amino acids [89]. Ascorbic acid might 

also be important for human MSC expansion [90], [91], due to its antioxidant properties, which delay 

MSC senescence in culture [92]. This vitamin is present in DMEM/F12 and αMEM, but not in DMEM. 
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The most common type of supplement used for MSC expansion is fetal bovine/calf serum (FB/CS), 

supplemented in a concentration ranging from 2 – 20% [88]. However, the use of FB/CS in a clinical 

context carries several disadvantages, including being ill-defined, the wide batch-to-batch variability, 

and the risk of contamination (with virus and prions) and immunogenicity, which increases the 

complexity of downstream processing and process standardization [54], [78]. Over the past years, 

humanized culture medium supplements have been exploited for the isolation and expansion of MSC, 

such as thrombin-activated platelet rich plasma, pooled human platelet lysate (hPL), and autologous or 

allogeneic human serum. Despite the positive effects reported for MSC isolation, expansion, and 

functionality using humanized supplements, extended used for large scale production is discouraged due 

to limited availability, risk of transmission of human diseases and ill-definition [93]. Replacement of 

serum- and xenogeneic-derived medium by X/SF formulations is thus of utmost importance. Different 

groups have successfully promoted the isolation and expansion of MSC using S/XF medium 

formulations, without compromising cell multilineage differentiation potential [48], [94]–[97]. The ideal 

candidate should be a chemically defined, serum-free, animal origin-free (AOF, including human) 

culture medium, which would improve the performance of MSC manufacturing systems both in terms 

of cell quality and reproducibility [54]. Even though to a lower extent, some groups have reported the 

efficient expansion of MSC using chemically-defined S/XF formulations [98], [99]. A representative 

list of the commercially available S/XF formulations used for MSC expansion are reviewed on [78]. 

Found in supplements or added individually (particularly to chemically-defined S/XF formulations), 

growth factors are also vital modulators of MSC critical quality attributes (CQA), by regulating their 

proliferative capacity, differentiation potential, and survival mechanisms [54]. Some factors include 

basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), PDGF family, transforming 

growth factor (TGF)-β1, insulin-like growth factor (IGF)-1, and hepatocyte growth factor (HGF) [84], 

[100]–[102]. In particular, a significant amount of studies have demonstrated that supplementation of 

culture medium with the potent mitogen bFGF enhances the proliferative and differentiation capacity of 

BM MSC [102]. However, a more recent study revealed an altered morphology of these cells and 

increased expression of HLA-DR (i.e. immunogenicity), which may compromise their therapeutic use 

[88]. The effect of growth factor supplementation on MSC CQA can greatly vary depending on their 

concentrations and interactions (reviewed in [84]). 

 

I.3.4.1.2 Oxygen Concentration 

MSC are traditionally cultured under normoxic oxygen concentration (21% O2 in ambient air). However, 

this oxygen concentration might not be the most adequate for the cultivation of MSC, since they are 



 

16 

 

derived from tissues with a wide range of oxygen tensions (e.g. 1 – 7% in BM and 10 – 15% in AT) 

[103]. Moreover, researchers found that exposure of MSC to atmospheric oxygen can induce DNA 

damage, leading to cell senescence and decreased therapeutic efficacy [104]. Therefore, oxygen 

concentration in culture medium has been studied by comparing standard (21% O2) to hypoxic (1 – 5% 

O2) conditions. Hypoxic conditions have been found to be advantageous for MSC expansion and 

osteogenic and adipogenic differentiation [105]. Our group has also compared the proliferative and 

clonogenic potential of BM MSC when cultured at 21% O2 vs 2% O2 [106]. We reported that cells 

expanded under low oxygen concentration present significantly higher proliferative and clonogenic 

capacities. The same results were reported for AT and UCM MSC cultured under 1 and 5% O2, 

respectively [107], [108]. Lavrentieva et al. have also demonstrated the improved proliferative potential 

of different hypoxic MSC populations, compared with normoxic conditions, and the maintenance of 

their differentiation properties [109]. More important, this group proved that the enhanced growth 

potential and maintained undifferentiated status of these cells is linked to the oxygen-dependent 

expression of a particular set of cytokines [110]. Our group has also demonstrated that 2% O2 leads to 

an immediate down-regulation of genes involved in DNA repair and damage response pathways, 

concomitantly with the occurrence of microsatellite instability while maintaining telomere length [111]. 

In this study, AT MSC were found to react to hypoxic environment more slowly than BM MSC, 

highlighting the need to optimize oxygen tension according to the cell source. Estrada and co-workers 

have also verified that MSC expanded under low oxygen concentrations present limited oxidative stress, 

DNA damage, telomere shortening, and chromosomal abnormalities [104]. 

Despite the demonstrated enhanced characteristics of MSC cultured under hypoxic conditions, some 

authors have reported contradictory results [112]. These findings may be due to the duality of cell 

response facing either short- (also called preconditioning) or long-term exposure to hypoxia [113]. In 

fact, short-term exposure of MSC to low oxygen concentrations before transplantation is shown to 

increase their therapeutic capacity [114]–[117]. Nevertheless, oxygen tension plays an important role 

on MSC metabolism. When MSC are cultivated under hypoxia, they switch their marginal oxidative 

metabolism towards a complete glycolytic metabolism via the expression of hypoxia-inducible factor-

1-alpha (HIF-1-α) [118], [119]. Moreover, Deschepper et al. demonstrated that MSC can withstand 

severe hypoxia, if not combined with glucose depletion [120]. The effects of hypoxic culture on MSC 

features are well-reviewed by Haque et al. [121] and also by Sart et al [122], particularly how oxygen 

tension interacts with glucose levels and its influence on MSC proliferation and differentiation. 
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I.3.4.1.3 Temperature and pH 

Temperature and pH are also known to play an important role on MSC expansion performance. The 

effect of temperature on MSC cultures have been mainly studied for rodent MSC. Two reports revealed 

distinct findings regarding the effect of temperature on rat MSC. Stolzing et al. observed a lower cell 

growth rate at a temperature of 32°C, compared with the standard 37°C [123], while Chang and co-

workers demonstrated an increased proliferative capacity at a temperature of 33°C [124]. Nonetheless, 

both studies found that the decreased temperature enhanced MSC differentiation and lowered stress 

levels (nitric oxide, reactive oxygen species (ROS), and apoptosis). 

The optimal range for human MSC expansion has been identified between pH 7.47 and 8.27 [125]. In 

fact, current strategies to regulate pH in MSC cultures consist in restricting the pH range between 6.8 

(lower than this value makes it too acidic for stem cells [126]) and 9 (using a bicarbonate-based buffer 

[127]). However, depending on the species, alkalinity showed opposite effects on differentiation 

potential. While a pH over 7.9 inhibited chondro- and osteogenic differentiation in human MSC [125], 

it enhanced these differentiation potentials in rat MSC [128]. In a different study, human MSC self-

renewal capacity and matrix mineralization were found to be affected by pH, in which pH other than the 

physiological inhibited the deposition of ECM [129]. Contrastingly, pH did not affect MSC osteogenic 

differentiation since some osteoblast markers were upregulated at both physiological and acidic pH. 

More data about the effect of temperature and pH on MSC CQA, including differentiation potential, 

cytokine release, immune modulation, migration capacity and/or angiogenic potency, as examples [130], 

is required to establish an efficient and robust protocol for MSC expansion. 

 

I.3.4.1.4 Two-Dimensional vs Three-Dimensional Culture Systems 

MSC expansion has traditionally been carried out in planar cultivation systems such as tissue culture 

flasks or cell factories, for simplicity and easy handling [103]. At a laboratory scale, such systems are 

cost-effective and easily operable solutions to successfully achieve MSC expansion. However, a 

considerable high number of flasks would be required to attain clinical-relevant cell numbers. The whole 

process would be highly time consuming, labor intensive, and would increase the risk of contamination. 

To overcome these issues, companies have developed static culture system platforms as, for instance, 

the multi-layered cell factories, as Nunc®’s cell factory and Corning®’s Cell Stack and HYPER-Stack, 

with increased size and number of polystyrene-treated stacks (1 – 120 layers) [54]. Nonetheless, planar 

systems are limited by the low surface area-to-volume ratio and lack the ability to monitor and control 

culture parameters, which most likely results in variability regarding cell numbers and quality [54]. To 
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overcome these limitations, three-dimensional (3D) culture systems have been developed and optimized 

for the culture of MSC, including microcarriers, scaffolds or spheroids [54]. 

MSC cultivation as 3D spheroids emerged from the fact that the 2D culture systems represent an 

artificial environment, different from the 3D in vivo niche. Conversely, 3D culture systems would 

possibly mimic more accurately the in vivo environment of the cells [131]. Thus, efforts have been made 

towards the development of 3D culture systems using different protocols, including the hanging drop 

protocol [132] or the AggreWell™ system [133]. Despite their ability to successfully induce MSC 

aggregation, these platforms are not suitable for the expansion of MSC. To date, there are no reports 

demonstrating the efficient expansion of MSC cultured as 3D spheroids. However, spheroid culture has 

been shown to enhance MSC immunomodulatory and regenerative properties [132], [134]–[136], which 

will be discussed later in detail. 

Since there are no protocols reporting the expansion of MSC cultured as spheroids, the development of 

a more efficient and robust culture platform is of the utmost importance. An efficient approach is based 

on the use of microcarriers. 

 

I.3.4.1.5 Microcarrier-Based Culture Systems 

Microcarriers are small particles made of distinct core materials and presenting different densities, 

diameters, and surface charges. They are produced from a variety of materials, including polystyrene, 

glass, gelatin, dextran, alginate or cellulose, and present different physical properties, like stiffness and 

nanotopography. The majority of the commercially available microcarriers are spherical, but cylindrical 

(DE53, Whatman) and disc-shaped (Fibra-Cel®, Eppendorf) microcarriers are also available [103]. 

Depending on their porosity, microcarriers are divided into nonporous, microporous (pore sizes < 1 µm), 

and macroporous (pore sizes between 10 – 50 µm) types [80]. While for nonporous and microporous 

microcarriers, the cells attach to and proliferate on the surface of the bead, for macroporous 

microcarriers the cells grow inside and around the pores. In general, microcarriers were developed as 

physical support for anchorage-dependent cell culture in suspension systems, providing large surface to 

volume ratio and facilitating higher density cultures [103]. Additionally, microcarrier-based culture 

systems overcome some of the issues related to static cultures, such as large volumes of medium 

required, inefficient gas transfer, existence of oxygen and nutrient concentration gradients, and 

inadequate monitoring and control [137]. 

Microcarriers can be functionalized with peptides or ECM proteins, such as fibronectin, collagen, and 

laminin, to enhance MSC adhesion and proliferation [103]. AOF, synthetic proteins are preferable for 



 

19 

 

microcarrier functionalization, to avoid contamination with xenogeneic agents and improve process 

reproducibility. Additionally, components from the culture supplement (i.e. FB/CS and hPL) such as 

ECM proteins, also nonspecifically bind to the microcarrier surface. This is the reason why an ECM-

based protein coating is even more critical when MSC are cultured in SF culture media. The properties 

of the surface define which ECM proteins will bind to it, and thus the selection of an appropriate 

microcarrier/protein coating combination is crucial for optimal MSC adhesion and proliferation. For 

instance, positively charged microcarriers will selectively bind albumin, whereas gelatin-based or coated 

microcarriers will preferentially bind to fibronectin [138]. 

MSC from multiple sources have been successfully expanded under S/XF culture conditions using 

microcarrier-based systems, including cells from BM, AT, UCM, and synovium [47], [94], [139]. 

However, the source and isolation method by which MSC were obtained can affect their proliferative 

capacity on the microcarriers. Indeed, distinctive MSC sources express different adhesion molecules 

and thus the choice of microcarrier/coating solution is highly dependent on the MSC population to be 

expanded [54]. 

Despite the demonstrated efficiency, additional data is required on the impact of different 

microcarrier/coating combinations on MSC CQA. Moreover, cell harvesting from the microcarriers may 

also raise several challenges regarding MSC properties, especially when MSC are cultured in macro-

porous microcarriers. Another key aspect in microcarrier-based culture is the ability of the selected 

culture systems to support the transfer of the cells from one microcarrier to another, a process known as 

“bead-to-bead transfer” [140]. This mechanism allows the addition of fresh microcarriers to ongoing 

cultures and thus providing additional surface area for cells to proliferate [54]. Furthermore, it represents 

an advantage over conventional planar culture systems since there is no need of cell passaging and sub-

culturing to increase the surface area available for cell growth. This reduces culture handling, costs 

associated with the process, and minimizes the use of enzymatic reagents which can alter cell properties 

[54]. 

 

I.3.4.2 Bioreactor Configurations and Operation 

Microcarrier-based culture offers a reproducible, cost-efficient, scalable, and automated platform to 

successfully achieve the production of MSC in a dynamic 3D system, because they allow controlled 

inoculation, expansion, and cell harvest in closed bioreactor systems [141]. Such systems provide online 

monitoring to ensure quality throughout the process, e.g. cell density, medium properties (pH, 

temperature, dissolved oxygen (DO) and CO2), and metabolite concentration such as glucose, lactate, 

ammonia, and glutamine [78]. Some considerations need to be taken into account when operating a 
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bioreactor system, including: achieving a high surface-volume ratio; sterility must be guaranteed by 

minimizing the contamination risk, where single-use equipment represent the ideal choice for complying 

with GMP; low-shear oxygenation by internal or external aeration; and a homogeneous nutrient supply 

[78]. Important to notice is the difference between the concepts of “scale-up” and “scale-out”: while the 

first one means increasing the size of a single unit, the second means adding more units. The last presents 

several disadvantages, including increased associated costs and labor and time consuming. 

Several bioreactor types have been reported for the expansion of human MSC (Figure I.6). The most 

commonly used is the stirred tank reactor (STR) [142]–[145]. Other available bioreactor configurations 

were also used for the efficient expansion of MSC, including wave-mixed bioreactors [146], [147], 

fixed/packed bed bioreactors [148], [149], hollow fiber bioreactors [150]–[152], parallel plate 

bioreactors [153], rotating bed bioreactors [154]–[156], and the innovative Vertical-Wheel™ 

technology [157]. Once the bioreactor configuration is chosen, the cultivation procedure and operation 

mode must be defined. The operation mode strongly affects the process parameters, which must be 

adapted to achieve the product specifications [78]. Bioreactors can operate under: batch (i.e. medium is 

not replaced), fed-batch (i.e. with intermittent/continuous addition of fresh medium), or perfusion (i.e. 

continuous medium replacement). Both fed-batch or perfusion modes can ensure that key nutrients are 

replenished and metabolic waste products are kept under inhibitory levels [158]. Importantly, paracrine 

and autocrine growth factors produced by MSC have also been shown to have a determinant role in their 

successful expansion [159]. Hence, the beneficial paracrine and autocrine factors cannot be completely 

removed or even excessively diluted, affecting MSC proliferation. 
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Figure I.6 Different bioreactor configurations tested for mesenchymal stem/stromal cell expansion: (a) stirred tank reactor, (b) 

wave-mixed bioreactor, (c) fixed/packed bed bioreactor, (d) Vertical-Wheel™ bioreactor, (e) hollow fiber bioreactor, (f) 

parallel plate bioreactor, (g) rotating bed bioreactor. 

 

I.3.4.2.1 Stirred Tank Reactors 

Most studies regarding MSC expansion in stirred conditions have been performed using spinner flasks 

[94], [95], [139], [160], [161]. These systems are however difficult to automate and control, since the 

only process control options are pH and oxygen concentration monitoring [78]. Thus, MSC expansion 

should be performed in fully controlled stirred reactor systems, which allow for a more complete 

optimization of the culture parameters. 
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STR consist of a simple vessel that have a centrally located impeller, which agitates the inoculum inside 

the vessel and provides relatively uniform conditions throughout the medium [158]. There are some 

STR commercially available at different volumes, such as DASGIP® Parallel Bioreactor Systems, 

CelliGen® Bioreactors, BIOSTAT® B, BioFlo®, PADReactor®, to name a few. At benchtop scale, our 

group reported BM and AT MSC expansion in a BioFlo® 1.3 L bioreactor (800 mL working volume), 

to maximum cell yields of 1.1 x 108 and 4.5 x 107 cells (1.3 x 105 and 0.6 x 105 cell/mL), respectively 

[142]. Both MSC sources were cultured in S/XF conditions, with 25% culture medium renewal every 

day or every 2 days. Interestingly, BM MSC were also expanded in a perfusion system leading to a 

higher cell yield of 2 x 108 cells (5 x 105 cell/mL), compared with the fed-batch regimen with 

concentrated feeds. These results evidence the importance of providing fresh nutrients/growth factors 

and removing toxic metabolic products. In two other studies carried out under XF conditions, BM MSC 

were expanded in 0.25 L BIOSTAT® QPlus and 2 L UniVessel® SU STR to final cell concentrations of 

2.8 x 105 and 3.4 x 105 cell/mL, respectively [143], [157], using MesenCult™-XF culture medium. In 

MSC production processes with serum-containing media, cells were efficiently expanded in the 

Mobius® Cell Ready 3 L bioreactor [162], [163], the BIOSTAT® UniVessel 2 L SU [164], [165], and 

the BIOSTAT® B Plus 5 L bioreactor [144], among others. 

The expansion of MSC in stirred bioreactors at an industrial scale was carried out by Schirmaier and 

colleagues [165], using a BIOSTAT® CultiBag STR 50 L. Culture was performed with 35 L working 

volume of FBS-supplemented medium, while realizing a partial medium exchange on day 4. Growth on 

polystyrene microcarriers allowed 3 x 108 cells to be harvested on cultivation day 9. Recently, Lawson 

and colleagues developed an efficient process for MSC expansion in a Mobius® 50 L bioreactor, using 

hPL-supplemented medium [145]. Different culture parameters were optimized using lab-scale 

bioreactors, including agitation rate, pH, DO, and medium formulation, resulting in a 43-fold expansion 

of harvested MSC after 11 days of culture in the 50 L bioreactor. 

 

I.3.4.2.2 Wave-Mixed Bioreactors 

Wave-mixed bioreactors consist of a “pillow-like” culture bag, which relies on rocking motion of the 

platform to create a wave for mixing and bubble-free aeration [103]. The rocking angle and rate must 

be carefully set up to meet the required culture homogenization and gas transfer through the headspace 

of the bag. Wave-mixed bioreactors also allow for temperature, pH, and DO monitor and control [80]. 

The first attempt for MSC expansion using a wave-mixed bioreactor was performed by Akerström [146], 

in 2009. The author reported the feasibility of expanding MSC in a 2 L Wave Bioreactor™ 2/10 on 

Cytodex-3 (gelatin-coated dextran) and Cultispher-S (macroporous gelatin) microcarriers. A fold 
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increase in cell number of around 6 was determined after an 18-day expansion protocol, with carrier 

feeding on day 11 and 13. More recently, Timmins and co-workers reported the expansion of placental-

derived MSC to a fold expansion of around 16, in a Wave Bioreactor™ system using macroporous 

gelatin microcarriers [147]. 

 

I.3.4.2.3 Fixed/Packed Bed Bioreactors 

Fixed or packed bed bioreactors consist of an immobilized matrix of particles densely packed enclosed 

in a cylindrical vessel, where the cells are then seeded [54]. Several types of particles have been used, 

including macroporous microcarriers, porous ceramic beads, porous glass beads, glass fibers, polyester 

discs, alginate beads and hydrogels [80]. In these bioreactor configurations, the culture medium is 

perfused through the bed, providing nutrients to the cells while removing toxic metabolic products. 

Medium can be supplied through either an external medium reservoir or circulation in an internal loop. 

However, medium perfusion throughout the bed may generate concentration gradients [166]. 

Fixed-bed bioreactors have been successfully employed for the expansion of MSC. One such example 

was reported by Mizukami and colleagues [148] where  umbilical cord blood-derived MSC were 

expanded in a packed-bed bioreactor consisting of immobilized Fibra®-Cel disks in a disposable sterile 

bottle. Starting with an inoculum of 6 x 107 cells, it was possible to produce 4.2 x 108 cells, representing 

a fold increase of 7. However, after using TrypLE™ as dissociation agent, only 18% of the cells were 

retrieved, highlighting the need to optimize this system in terms of downstream processing. Placental-

derived MSC have been cultivated in a scalable fixed bed reactor, consisting of a 13 mL bed encased 

within a gas-permeable shell for indirect aeration and nutrient supply [149]. A 10-fold expansion in 

MSC number was achieved after 1 week in culture using serum-supplemented medium. Nevertheless, 

cell growth in the fixed bed culture was slower than growth in static 2D cultures [149]. 

Also using immobilized Fibra®-Cel disks, PluriStem Therapeutics is using reusable fixed bed 

bioreactors (PluriX™ 3D bioreactors) to produce placental MSC (PLX cells). In this system, adherent 

stromal cells are first isolated from the placenta and then expanded in the PluriX™ bioreactor for several 

weeks. Cells are harvested based on a proprietary vibration method and stored as ready-to-use products 

in a cellular therapy context [167], [168].  Fibra®-Cel disks can also be accommodated in a single-use 

version of the BioBLU® bioreactor, for a vessel volume of up to 5 L [80]. The largest single-use fixed-

bed bioreactor is Pall’s Integrity™ iCELLis™ bioreactor, with a maximum growth surface of 500 m2 

and a fixed-bed made of polyethylene terephthalate microfibers [169]. To date, there are no reports 

regarding the expansion of MSC using these two approaches. 
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I.3.4.2.4 Vertical-Wheel™ Bioreactors 

PBS Biotech® has recently developed a novel type of bioreactor system using the innovative Vertical-

Wheel™ technology. These systems consist of U-shaped vessels incorporating a vertically rotating 

wheel, resulting in faster and more efficient mixing at lower agitation rates [157]. The Vertical-Wheel™ 

bioreactors have proved to be efficient for the expansion of BM MSC, achieving a maximum cell 

concentration of 3 x 105 cells/mL [157]. Despite no significant differences in terms of cell volumetric 

concentration and expansion factors, Sousa and co-workers reported a higher percentage of proliferative 

cells in the Vertical-Wheel™ bioreactor, compared with a STR culture. Additionally, this type of 

bioreactor features easy scalability to industrial volumes, including 15 and 80 L bioreactors. 

 

I.3.4.2.5 Hollow Fiber Bioreactors 

Whereas stirred, wave-mixed, fixed-bed, and Vertical Wheel™ bioreactors used for the expansion of 

MSC are usually operated using microcarriers, hollow fiber and parallel plate reactors run carrier-free. 

Hollow fiber bioreactors present high surface area-to-volume (100-200 cm2/mL) and create 3D 

environment for cells. They consist of several parallel hollow fibers made of cellulosic, polysulfone, 

polypropylene, or polyethylene materials, which are encased in a cylindrical cartridge, for instances in 

polycarbonate, with ports for flow around or inside the fibers. Undesired molecular species are rejected 

according to the pore size of the semi-permeable hollow fiber membrane [80]. Total cell yields of 108 

and 109 are reported in the literature regarding the use of hollow fiber bioreactors for MSC expansion. 

Such numbers were achieved using two different commercial systems: FiberCell System (max. growth 

surface of 2.5 m2) and Quantum Cell Expansion System (max. growth surface of 2.1 m2) [80]. Both 

systems were used for the isolation and propagation of MSC isolated from bone marrow, adipose tissue, 

periosteum and placenta over few weeks, under FBS-supplemented culture media [150], [170]–[174]. 

More recently, MSC were also cultivated in the Quantum Cell Expansion System under SF/XF culture 

conditions, contributing towards the development of GMP-compliant production processes [151], [152]. 

Nonetheless, hollow fiber bioreactors have limitations regarding nutrient and oxygen gradients in 

culture, like fixed-bed bioreactors. Thus, these systems are restricted in scalability, specially concerning 

the length of the fiber and height of the fixed bed. The major challenge, however, for both bioreactor 

types is posed by cell harvest [80]. 
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I.3.4.2.6 Parallel Plate Bioreactors 

In parallel plate bioreactors, the plates are typically made from polystyrene and each plate consists of 

two compartments separated by a gas-permeable membrane (and impermeable to liquids). Whereas the 

upper compartment is filled with air, the lower one contains the cells adhered to the surface as 

monolayer, being continuously supplied with culture medium [80]. Two commercially available 

examples of parallel plate bioreactors are E-Cube™ System and Integrity™ Xpansion™ Multiplate 

Bioreactor. Whereas E-Cube™ provides 21,250 cm2 of maximum growth area and requires an incubator 

for operation, Integrity™ Xpansion™ bioreactor offers 122,400 cm2 of maximum growth surface and 

controls pH and DO with installed sensors and inlets/outlets for gases [80], [103]. Gas exchange is 

performed in a central column with channels along the stacked circular plates (10-stack planar flasks), 

where the medium circulates. BM MSC were successfully expanded in the Integrity™ Xpansion™ 

Multiplate Bioreactor to up to 109 cells per batch [153]. The major issue regarding the use of parallel 

plate bioreactors for MSC expansion is based on the lack of opportunity to monitor cells. However, 

using holographic microscopy, MSC morphology was monitored on the 10 top plates of the Integrity™ 

Xpansion™ bioreactor [153]. 

 

I.3.4.2.7 Rotating Bed Bioreactors 

Rotating bed bioreactors have also been employed for the ex vivo expansion of MSC. Diederichs and 

colleagues firstly reported the cultivation of MSC in a rotating bed bioreactor system (the Zellwerk’s 

rotating bed bioreactor system – ZRP), based on a macroporous zirconium dioxide based ceramic disc 

called Sponceram [154]. The ZRP system consists of a cylindrical culture vessel with a rotating bed of 

polycarbonate plates, whose rotation is caused by a non-contact magnetic drive coupled to the culture 

vessel. Moreover, the system is equipped with ports for sampling, medium exchange, and monitoring 

and control of culture parameters [80]. The results evidenced a much higher proliferation rate of AT 

MSC cultured in the ZRP system, compared with static cultivation, measured by glucose and lactate 

concentrations. Also using a ZRP bioreactor system, Reichardt and colleagues demonstrated a 39-fold 

increase in the number UC arteries-derived MSC after 9 days [155]. In a different study, culture of UC 

MSC in a disposable Z 2000 H bioreactor resulted in a reproducible 8-fold expansion of cell numbers 

after 5 days [156]. 
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I.3.4.3 Hydrodynamic Characterization of Different Bioreactor Configurations and its 

Impact on the Expansion of Mesenchymal Stem/Stromal Cells 

The use of different bioreactor systems to create a highly dynamic culture environment aims at 

improving the flow of nutrients and oxygen to cells, as well as the removal of waste products away from 

the cells. However, the hydrodynamic stimuli generated by the dynamic environment interact with the 

MSC, activating mechanotransduction pathways involved in cell differentiation (versus self-renewal) 

or, ultimately, induction of apoptosis [175]. Thus, a balance must be achieved between culture 

homogeneity and hydrodynamic forces. In this chapter, different bioreactor configurations will be 

characterized in terms of fluid dynamics/hydrodynamics, including shear stress and mixing, and oxygen 

diffusion and the impact of these factors on MSC expansion will be discussed. 

 

I.3.4.3.1 Shear Stress 

Doran has defined “fluid” as a substance that undergoes continuous deformation when subjected to a 

shearing force [176]. Such shearing forces act tangentially to the surfaces over which they are applied. 

In MSC dynamic cultures, those surfaces can be either planar surfaces, such as the plate surface of 

parallel plate bioreactors, or 3D surfaces, including scaffolds, 3D spheroids or microcarriers. Thus, MSC 

growing adherent to a surface are exposed to shear forces from the moving fluid [80]. Shear stress is 

known to be one of the main culture factors affecting MSC expansion and differentiation [175]. Shear 

stress strongly depends on the viscosity of the fluid and, in the case of MSC culture medium, the fluids 

are considered as laminar Newtonian fluids. Under these conditions, the flow regimen in which a 

bioreactor can operate can be either laminar (viscous forces dominate inertial ones and Reynolds 

number, Re (conceptually the ratio of these two forces) < 2 x 104) or turbulent (inertial forces dominate 

viscous ones, Re > 2 x 104) [80], [177]. Examples of bioreactor configurations operating in a laminar 

flow regimen are packed/fixed-bed bioreactors, parallel plate bioreactors, and hollow fiber bioreactors. 

Conversely, types of bioreactors operating under turbulent or transiently turbulent regimes for MSC 

expansion include STR, wave-mixed bioreactors, rotating bed bioreactors, and the Vertical-Wheel™ 

bioreactors [80]. 

Parallel plate bioreactors have been well-investigated regarding shear stress, which is low in their case. 

In 1996, Peng and Palsson studied the influence of the bioreactor geometry on fluid low and the resulting 

growth and differentiation of BM stem cells [178]. The results indicated a higher cell density and 

uniformity in the radial-flow bioreactor due to a more uniform environment caused by the hyperbolic 

velocity and tube-like shear stress contribution, as well as the absence of walls parallel to the flow paths 

creating slow flowing regions. Flow pattern and shear stress levels were also studied in the Integrity™ 
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Xpansion™ Multiplate Bioreactor, using a computational fluid dynamics (CFD) approach [80]. The 

analysis revealed the occurrence of gentle laminar flow and a maximum wall shear stress lower than 10 

mPa, which was 1000 times lower than in stirred bioreactors. The influence of the superficial velocity 

of the culture medium on MSC expansion in a fixed-bed bioreactor was carried out by Weber and 

colleagues [179]. The fact that MSC are exposed to shear stress caused by the medium flow in this type 

of bioreactors demands the determination of an upper limit for the superficial velocity. Results showed 

a decrease of more than 50% of the mean growth rate when the superficial velocity was increased from 

2.65 x 10-4 m/s to 1.59 x 10-3 m/s, demonstrating the importance of controlling the fluid velocity on 

laminar flow-operating bioreactors. 

Local shear rates in stirred bioreactors vary within the vessel [80]. It is therefore more difficult to 

associate cellular effects (like cell differentiation or damage) with the magnitude of the prevailing shear 

rate or the associated shear stress. Several concepts have been proposed to describe the effect of shear 

stress on cells growing on microcarrier cultures in bioreactor systems [180]. In our lab, dos Santos and 

colleagues estimated the theoretical values of maximum shear stress under stirred conditions, τmax, as 

result of flow through Kolmogorov eddies, in a 1.3 L Bioflo® bioreactor system [142]. A maximum 

shear stress of 1.5 dyn/cm2 (0.15 N/m2) was reported for a 0.8 L working volume of BM MSC culture, 

which was lower than the one determined for a spinner flask culture [95]. Using the same approach, 

Kaiser and co-workers performed a fluid flow and suspension characterization inside a 125 mL spinner 

flask [181]. Researchers found that AT MSC cultured in this system tolerate mean and maximum shear 

stresses in the order of 0.004 to 0.2 N/m2, respectively. Shear stress levels were also calculated for a BM 

MSC culture in a Vertical Wheel™ 3 L bioreactor system [157]. Under the culture conditions studied, 

the shear stress rate was 0.021 N/m2, which is roughly an order-of-magnitude lower than the levels 

reported as detrimental for cell growth [181], [182]. Other authors proposed different approaches to 

estimate the shear stress in stirred bioreactors, including the concept of an “Integrated Shear Factor” 

(ISF), a measure of strength of the shear field between the impeller and the walls [183]. In wave-mixed 

bioreactor systems, shear stress is highest at the lowest filling level together with the highest rocking 

rate and rocking angle [184], [185]. Furthermore, shear stress pattern was more homogeneous in wave-

mixed bioreactors with 1D motion than in stirred bioreactors. For this reason, wave-mixed bioreactors 

are good candidates for the manufacturing of shear sensitive cells. 

To summarize, shear effects need to be minimized to successfully expand MSC and prevent undesirable 

differentiation or cell damage. Controversial results regarding shear stress tolerance of MSC might be 

due to protective effects of medium components, such as serum, or differences in the type of surface or 

cell density [80]. For example, cells growing on macroporous microcarriers are better protected against 

shear than cells growing on non-porous carriers [186]. To minimize shear stress levels in a bioreactor 

culture, it is important to understand which parameters affect the mixing efficiency. 
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I.3.4.3.2 Mixing 

Mixing is defined as a physical operation that aims at reducing nonuniformities in fluids by eliminating 

gradients of concentration of solutes, temperature, and other properties [176]. If the system is perfectly 

mixed, a random, homogeneous distribution of the system components occurs. Mixing efficiency 

strongly depends on the equipment used, which has a significant effect on agitation efficiency, power 

input requirements, and operating costs [176]. 

A crucial factor for the expansion of MSC in microcarrier-based stirred culture systems is the agitation 

required to maintain a homogeneous suspension of microcarriers. Agitation rate should be set to the 

minimum value required to maintain the microcarriers in suspension, to reduce shear stress levels on 

MSC [54]. If the agitation is too low, the microcarriers will settle in the bottom of the culture vessel and 

will aggregate, impairing cell growth [103]. Conversely, if the agitation is too high, the associated shear 

stress may induce cell differentiation or cell damage, as previously discussed. To date, the empirical 

correlation derived by Zwietering in 1958 is still the most widely-used method to characterize a 

minimum stirring rate to reach a “just suspended” state of the particles, NJS (rev/s) [187]. At this agitation 

rate value, microcarriers should not remain on the bottom of the vessel for more than 1 or 2 s [187]. At 

NJS, the concentration of microcarriers decreases with height and could be zero near the surface. As NJS 

increases, microcarrier distribution becomes homogeneous. When agitation is below NJS, microcarriers 

fall out of suspension and settle in areas of low flow at the bottom of the vessel [103]. Such conditions 

may impair cell growth due to the inefficient nutrient supply or the formation of microcarrier aggregates 

resulting from cell overgrowth [188]. This parameter has been widely accepted as a reliable scale-up 

factor [165] and depends on the vessel design, the type and concentration of microcarriers used, and 

those related to the specific process employed [145], [187]. NJS1U has also been employed as suspension 

criteria and refers to the NJS lower limit, meaning the impeller speed required to locate the particles at 

the bottom of the vessel with none of them at rest [80]. NJS is strongly related to the specific energy 

dissipation rate (ɛT), which is defined as the energy lost by the viscous forces in the turbulent flow [176].  

Another important factor impacting MSC expansion in dynamic culture systems is the Kolmogorov 

eddy length scale (λK). This parameter is based on Kolmogorov’s theory of isotropic turbulence, which 

claims that mechanical stresses generated on cells growing in dynamic culture systems are originated 

from the energy transmitted on microcarrier surface by eddies whose size were similar to microcarrier 

diameter [189], [190]. The Kolmogorov eddy length scale corresponds to the diameter of the smallest 

eddy generated in the bioreactor, which is formed from bigger eddies that were broken down by the 

turbulent environment [80]. When the Kolmogorov eddy length scale is 1 to 2/3 of the size of the 

microcarrier, the flow can cause shear rates that are sufficiently large to damage or even remove cells 
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from the microcarriers. This parameter is affected by stirrer speed, impeller design, liquid properties, as 

well as the existence of baffles (protrusions) in the reactor vessel [80]. 

Other process parameters have been used to characterize different bioreactor systems, including 

geometric dimensions, volumetric power input, power number, mixing time, Reynolds number, impeller 

tip speed (utip), volumetric gas flow, volumetric mass transfer coefficient (kLa), and maximum oxygen 

demand (ODmax) [80]. These values are used to compare process parameters in different bioreactor 

systems and scales. 

NJS and λK values were determined for different stirred bioreactor configurations used for MSC 

expansion, including a 15 mL TAP ambr™ bioreactor, a 250 mL DASGIP bioreactor, and a 5 L Sartorius 

bioreactor [191]. Depending on the culture conditions and bioreactor geometry, the NJS values ranged 

from 6.67 s-1 in the 15 mL TAP ambr™ bioreactor to 1.25 s-1 in the 5 L Sartorius bioreactor, representing 

a 5-fold decrease in the latter system. λK values varied from 52 µm in the 15 mL TAP ambr™ bioreactor 

to 68 µm in the 250 mL DASGIP bioreactor. Nevertheless, MSC were successfully expanded to cell 

densities up to 3 x 105 cell/mL in each type of bioreactor. Kaiser and colleagues also determined the 

impeller speed for suspension criteria, including NJS and NJS1U, in 100 mL spinner flask cultures using 

two different types of microcarriers: Hillex®-II and ProNectin®-F [181]. Results showed that the 

suspension criteria were fulfilled for ProNectin®-F (NJS = 63 rpm and NJS1U = 49 rpm) at lower stirred 

speeds than for Hillex®-II (NJS = 105 rpm and NJS1U = 82 rpm) microcarriers, due to their higher density 

and slightly larger mean particle size of the latter. Moreover, the minimum λK value was estimated to be 

44 µm at 82 rpm of impeller speed (much lower than the proposed 2/3 microcarrier size), at which no 

cell death was detected. The highest cell expansion factor was obtained using the ProNectin®-F 

microcarriers stirred at 49 rpm (31.4 ± 3.6) compared with stirring at 60 rpm (26.4 ± 3.1), demonstrating 

the importance of optimizing dynamic culture conditions. At a larger scale, Lawson and colleagues 

defined NJS value as 74 rpm for a 50 L single-use stirred tank reactor culture operating with 15 g/L of 

collagen coated microcarriers under optimized conditions. The authors also predicted the upper limit for 

λK to be 114 µm and applied to the bioreactor culture. No impact was predicted regarding cell expansion 

potential and a 43-fold MSC expansion was reached [145]. 

Mixing efficiency and impact on wave-mixed bioreactors was studied by measuring mixing time, i.e., 

the time required to achieve 95% homogeneity [184]. Values of mixing time were found to directly 

depend on the rocking rate and indirectly depend on rocking angle in the BioWave® bioreactor. Mixing 

times achieved ranged from 10 s to 1,400 s for Newtonian fluids, using 40% to 50% culture volume, 

respectively. Interestingly, the most inefficient mixing takes place at the lowest rocking rate and rocking 

angle with 50% culture volume. Regarding cell culture bag size, the most efficient mixing was obtained 

in a 2 L culture bag, whereas the most inefficient mixing of all bags investigated was found in the 20 L 
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culture bag [184]. To date, no studies were found regarding the effect of rocking rate, rocking angle 

and/or culture volume on MSC expansion efficiency. 

The novel Vertical-Wheel™ technology features a uniform distribution of the hydrodynamic forces, as 

demonstrated by Löffelholz and co-workers [192]. Consequently, Sousa and colleagues determined the 

shear stress rate and the Kolmogorov length scale in a PBS-3 Vertical-Wheel™ (PBS-VW) bioreactor 

operating at a stirring rate of 17 rpm and compare this with the Biostat Qplus STR agitated at 40-45 rpm 

[157]. These agitation rate values were set based on previous suspension experiments to determine NJS. 

Shear stress rate was uniform in the PBS-VW culture vessel (0.021 N/m2) but proved to be 

heterogeneous in the STR culture (average: 0.008-0.010 N/m2; impeller: 0.019-0.024 N/m2). Also, 

mixing time is about 3 times lower in the PBS-VW culture (18 s), compared with the STR culture (56 

s), as results of the greater degree of fluid dynamic homogeneity observed in the PBS-VW bioreactor. 

The estimated λK values are also above the critical threshold considering the type of microcarriers used 

in both PBS-VW (151 µm) and STR (average: 220-202 µm; impeller: 157-143 µm) cultures. Despite 

the hydrodynamic differences, both systems achieved similar BM MSC concentrations (~3 x 105 

cell/mL) [157]. 

In non-stirred bioreactors, efficient mixing of the culture medium can be difficult to achieve, particularly 

when operating at low Reynolds number. Both parallel plate and hollow fiber bioreactors operate in a 

laminar flow regimen, as previously discussed, which means that the fluid flows in parallel layers and 

with no disruption of those layers [176]. In these configurations, a low fluid velocity is mandatory, so 

the fluid flows without lateral mixing and formation of cross-currents perpendicular to the direction of 

the flow or eddies [193]. At higher fluid velocities, the flow regimen changes from laminar to turbulent 

and the formation of eddies can induce the activation of pathways involved in cell differentiation and 

apoptosis and even promote cell removal from the surface of the bioreactor. A low fluid velocity is also 

required to promote successful MSC expansion in packed/fixed-bed bioreactors. Under these conditions, 

flow is not disturbed due to the carriers composing the packed-bed and cells remain viable and attached 

to their surface [176]. At higher velocities, the flow is disturbed due to the presence of the carriers and 

turbulent eddies are generated behind the particles. Such eddies can be responsible for cell damaging or 

washout. The influence of the superficial velocity on the growth rate of MSC cultured in a fixed-bed 

bioreactor system was studied by Weber and co-workers [179], as previously discussed. Yet, no other 

reports were found studying the impact of fluid velocity and mixing efficiency on MSC expansion in 

non-stirred bioreactors. 
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I.3.4.3.3 Oxygen Transfer 

Either culturing under normoxic or hypoxic conditions, MSC always require a minimum level of oxygen 

demand, which must be met and it is related to the cell-specific oxygen uptake rate and maximum cell 

concentration [177]. The rate of oxygen transfer from gas to liquid is therefore of major importance, 

particularly in dense cell cultures where the demand of oxygen is high. The rate of oxygen transfer is 

related to the liquid-phase mass transfer coefficient (kL, m/s), which links the area available for transfer 

from the gas phase to the motion of the fluid surrounding that surface [176], [177]. General 

considerations and calculations regarding oxygen transfer are comprehensively discussed elsewhere 

[176], [177]. 

In STR cultures, oxygen has been typically supplied through headspace aeration, since this induces 

lower shear stress when compared with other aeration systems such as air sparging [54], [142], [176]. 

Thus, the surface area available is referred to the upper surface of the medium, A (surface aeration) and 

V (medium volume). As the scale increases, the A/V ratio of the medium decreases. Conversely, kL 

increases when the velocity at the surface increases, roughly proportional to the square root of the 

agitator speed [194]. In 2013, Rafiq and colleagues reported a 5 L stirred bioreactor culture for BM 

MSC operating without bubbling or headspace aeration, though additional DO entered the bioreactor in 

the medium during its exchange [144]. After 12 days of culture, DO decreased from 100% to ~50%, 

which represents the oxygen tension inside the incubator (21% and 10% O2). During this time, the 

average specific O2 uptake of the cells in the 5 L bioreactor was 8.1 fmol/cell.h, which is around one 

order of magnitude less than with animal cells in free suspension [177]. Due to this very low specific 

oxygen demand for MSC, it can be achieved at NJS with 100% DO by headspace aeration with air [177]. 

In other studies, with closer DO control, lower O2 concentrations (typically 10–30%) led to higher MSC 

proliferation [143], [157], [164], [165], [195]. When agitation was increased and the surface aeration 

was substituted by membrane aeration, bubble aeration or microsparging, the kLa values increased from 

0.4-1 h-1 to 1.9-5.2, 10-15 or 7-50 h-1, respectively [184]. Nevertheless, some of these types of aeration 

have been shown to be lethal to cells as bubbles burst and a surfactant, typically Pluronic F-68, may be 

required to prevent it [196]. 

Volumetric oxygen transfer coefficients measured in wave-mixed bioreactors were comparable to or 

higher than those published for STR operating with surface or membrane aeration [184]. In the currently 

available disposable wave-mixed cultivation systems, the oxygen is mainly supplied through surface 

aeration and kLa lies between 1-15 h-1 [184]. Importantly, CELL-tainer® presents superior oxygen mass 

transfer capacity (up to 700 h-1 [197]), compared with the other systems. Oxygen transfer efficiency is 

directly correlated to rocking rate, rocking angle, and aeration rate. At constant parameters, a decreased 

culture volume in the bag results in increased specific surface area and power input and thus increases 
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kLa values. Even minor changes in the rocking rate and/or rocking angle can increase kLa more 

significantly than raising the aeration rate [184]. 

Aeration in the PBS-VW bioreactor occurs through two different mechanisms: headspace aeration in 

the PBS MagDrive reactors and gas sparging introduced into the vessel of PBS AirDrive reactors [198]. 

In the AirDrive reactors, the air is captured by the cups and then released as the wheel turns, thus driving 

further wheel rotation. Due to foaming, AirDrive reactors are intended for cultures that can be 

supplemented with Pluronic F-68 or other antifoaming agents, capable of eliminating the problem of 

bubble bursting. PBS-VW AirDrive reactors have been characterized and successfully used for the 

expansion of MSC, as previously mentioned [157]. Since there is no sparging in the MagDrive reactors, 

they should be used for cultures growing in medium that cannot be supplemented with antifoaming 

agents [198]. 

An interesting study developed by Weber and colleagues [199] aimed at modeling a laboratory-scale 

MSC expansion process in order to transfer a fixed-bed bioreactor system to the production scale – a 

target cell number of 2 x 1010 cells. At a fixed superficial velocity and at 100% DO in the inlet, the 

maximal fixed bed height is a function mainly of the cell density and the minimal oxygen saturation in 

the fixed-bed. Thus, the fixed-bed height decreases with increasing outlet oxygen saturation and cell 

density. This correlation was used to determine the number and volume of parallel operated fixed-bed 

reactors required for the cultivation of 2 x 1010 cells, as function of the thickness ratio, outlet oxygen 

saturation, and cell density at the end of the cultivation. After 233 h of culture, 2 x1010 MSC were 

obtained using an initial cell density of 1.83 x 104 cells/cm3, a target cell density of 1.83 x 106 cells/cm3, 

an outlet oxygen saturation of 30%, a fixed-bed height and volume of 13.53 cm and 1946 cm3, 

respectively, and 6 fixed-bed reactors operating in parallel [199]. 

Gas control in hollow fiber bioreactors is performed through a hollow fiber oxygenator [151], [173], 

which means that oxygen is supplied from a premixed gas tank. Cells can be expanded at their optimal 

gas concentration by choosing a tank with the desired gas mixture. In 2016, Lambrechts and colleagues 

developed a monitored hollow fiber bioreactor for large-scale progenitor cell expansion [150]. Here, the 

bioreactor circuit was modified to able to measure the DO concentration and pH. The results show that 

DO drops to values close to 10% in the outlet, after 8 days of culture. Although these values are not 

limiting of cell proliferation, the authors claim that the 10% drop in DO could be counteracted with a 

feedback control loop. This system would increase the medium circulation rate in the external space 

between the hollow fibers to increase the homogeneity of oxygen availability over the length of the 

hollow fibers, without increasing the shear stress on the cells [150]. 
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Internal membrane oxygenators can also be added to parallel plate bioreactor systems to provide oxygen 

control during the culture [200]. The use of an internal membrane oxygenator can avoid oxygen 

limitation by appropriate selection of the membrane and thus providing greater control over cell 

oxygenation. 

Several commercially available types of bioreactors allow for an efficient oxygen control using internal 

oxygenators. An example is the Rotary Cell Culture System, by Synthecon, a rotating bed bioreactor 

that contains an internal co-axial oxygenator placed in the center that rotates concurrently with outer 

wall of the vessel. [201]. Here, the gas transfer occurs by diffusion through the silicone oxygenator, 

thereby avoiding bubble formation and consequent turbulence. 

 

I.3.5 Mesenchymal Stem/Stromal Cells in Acute Myocardial Infarction Context 

The immunomodulatory and trophic activities of MSC make them promising candidates in the context 

of cell-based therapies for the treatment of several different disorders (e.g. auto-immune, 

neurodegenerative, and cardiovascular disease) [202]–[205]. Overall, MSC have been used in 

preclinical and clinical studies based on two different approaches: i) tissue engineering (i.e. regeneration 

of tissues based on MSC differentiation) and ii) regenerative medicine (i.e. therapeutic effects based on 

the paracrine activity of MSC) [206]. Since MSC have the ability to differentiate into distinctive 

mesenchymal phenotypes, including bone, cartilage, muscle, fat and tendon [207], they have been used 

in tissue engineering applications to rebuild damaged or diseased tissues when enclosed in tissue-

specific scaffolds and implanted into specific sites. Alternatively, MSC secrete a broad range of 

bioactive molecules with immunomodulatory, anti-apoptotic, anti-scaring, proangiogenic and 

promitogenic, as well as chemoattractant properties [41], which can provide a regenerative 

microenvironment for a variety of injured tissues [206]. In this context, MSC have been exploited (in 

pre-clinical and clinical studies) for the treatment of AMI [26], [27]. To date (April 2018), a total of 17 

ongoing or completed clinical studies involving MSC in AMI context were registered at 

ClinicalTrials.gov. Most of the studies aim at reporting preliminary data on safety and preliminary 

efficacy of MSC administration in human patients and, thus, they are phase I, phase I/II, and phase II 

studies [208]. 

The clinical use of MSC may involve autologous cells (patient-specific cells that will be used in a 

personalized therapy) or allogeneic cells (isolated from another individual, expanded ex vivo and used 

in the patient) [78]. In an autologous setting, MSC are collected from the patient, shipped to a facility to 

be isolated and expanded, shipped back to the clinical center and then infused in the patient [209]. This 

setting presents two major drawbacks: i) the lag period between the harvesting and infusion of cells, 
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which may be crucial depending on the condition of the patient; and ii) age- or disease-related 

morbidities affecting the quality (i.e. potency) of the harvested cells, thus reducing the efficacy of the 

treatment [210], [211].  

 

I.3.5.1 Mechanisms of Action of Mesenchymal Stem/Stromal Cells in Cardiac 

Regeneration 

During the last years, researchers have proposed four potential mechanisms of MSC mediated 

cardiovascular repair, namely MSC transdifferentiation into cardiomyocytes, MSC fusion with native 

cells, MSC-induced stimulation of endogenous CS/PC via direct cell-cell interaction, and MSC-

paracrine signaling [4], [212] (Figure I.7). 

 

Figure I.7 Mechanisms of action of adult stem cells in cardiac regeneration [20]. 

  

MSC in vivo transdifferentiation into cardiomyocytes was successfully demonstrated by Shake et al. 

and Toma et al., in studies where injected MSC engrafted into scarred myocardium and expressed 

cardiomyocyte markers, such as α-actin, desmin, tropomyosin, and myosin heavy chain [213], [214]. 

However, Shake and colleagues showed that, although injected MSC stained for several muscle markers, 

their morphology resembled fibroblasts more than cardiomyocytes and no electromechanical junctions 
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with other graft cells or with host cells were observed [213]. Quevedo and colleagues reported allogeneic 

MSC engraftment and differentiation into cardiomyocytes, smooth muscle cells, and endothelium in a 

swine model of chronic ischemic cardiomyopathy [215]. Despite the successful engraftment of MSC, 

the transdifferentiation process was found to be inefficient at best [214], and occurs only in the presence 

of native cardiomyocytes [216]–[218]. Moreover, in vitro cardiomyocyte transdifferentiation requires 

the use of inducing factors, such as 5-azacytidine (5-aza), which limits the clinical applicability of such 

strategy [219].  

MSC fusion with native cells was very infrequently observed, eliminating eventual MSC-mediated 

cardiomyocyte regeneration [217], [218]. Although the stimulation of endogenous CS/PC by MSC via 

direct cell-cell interaction has been verified in vitro and in vivo [216], [220], evidences suggest that 

CS/PC possess only a limited capacity to differentiate into fully mature cardiomyocytes with an adult 

phenotype [221], [222]. Moreover, the suggested mechanism requires MSC engraftment at the target 

site of injury, which may be impaired due to the harsh ischemic microenvironment characterized by 

oxidative stress, inflammation, cytotoxic cytokines and in some instances an absence of ECM for MSC 

attachment [223], [224]. 

The most accepted explanation for MSC-mediated cardiovascular repair occurs via paracrine signaling 

through the secretion of growth factors, cytokines and other signaling molecules. This hypothesis is 

supported by the work developed by Toma and colleagues, where they reported that after 4 days, only 

0.44% of transplanted MSC resided in the myocardium [214]. The secreted factors may induce vascular 

growth and remodeling, modulate inflammation, attenuate fibrosis, regulate cell survival and 

differentiation and recruit resident stem or progenitor cells [225], [226]. 

 

I.3.5.2 Immunomodulatory Properties of Mesenchymal Stem/Stromal Cells 

AMI, as well as other forms of heart failure, is associated with immunological processes in the heart. 

MSC respond to inflammation by migrating to the site of injury, where the immunological processes is 

actively suppressed and the inflammation reduced by inhibiting T cell proliferation [227]. MSC-

mediated T cell inhibition is determined by the local balance of anti- and pro-inflammatory cytokines 

[228]. Moreover, Spaggiari and colleagues showed the ability of MSC to inhibit the proliferation of 

interleukin-2 (IL-2) and IL-15 stimulated natural killer cells [229]. MSC are also capable of altering B 

cell proliferation, activation, IgG secretion, differentiation, antibody production, and chemotactic 

behaviors, as well as reducing the expression of MHC II, CD40 and CD86 on dendritic cells following 

maturation induction [230]. MSC were also found to secrete TSG-6, a powerful anti-inflammatory factor 

critical for the clinic improvement of myocardial infarct [231]. However, several reports suggested that 
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the immunomodulatory effects of MSC are transient, dose dependent, require a certain degree of 

inflammation [232] and might not be strictly suppressive [233], [234].  

Two major types of macrophages can be found in the heart after an AMI event: 1) M1 (expressing 

inducible nitric oxidase synthase (iNOS), MHC class II, CD80, CD86), that cleans the debris and 

produces pro-inflammatory factors IL-1β, tumor necrosis factor-α (TNF-α), and interferon-ɣ (IFN-ɣ) 

[235], and after 5 days, 2) M2 (expressing arginase, macrophage mannose receptor CD206), which 

presents an anti-inflammatory phenotype, reduces the release of pro-inflammatory cytokines and 

stimulates scar formation and angiogenesis [236]. MSC were shown to boost the differentiation into the 

M2 subtype [237], whereas the debris-cleaning function remained unchanged [238]. 

 

I.3.5.3 Trophic Mechanisms of Mesenchymal Stem/Stromal Cells 

Despite low cellular retention and poor cardiomyocyte differentiation, improved heart function is still 

observed [239], which suggests a putative paracrine mechanism of action for transplanted MSC. MSC 

secrete a wide range of angiogenic, apoptotic, mitogenic, and homing factors that might be involved in 

cardiac repair [203]. Among the them are vascular endothelial growth factor (VEGF), bFGF, HGF, IGF-

1, TGF-β, stroma-derived factor-1α (SDF-1α), angiopoietin, ILs, and numerous chemoattractants [41]. 

Tissue concentration of some of these factors is significantly increased in injured hearts treated with 

MSC [240], [241]. 

VEGF was found to promote angiogenesis and improve regional blood flow in the surrounding ischemic 

host myocardium [19], [242], [243], presenting a potent synergism effect with bFGF, another pro-

angiogenic factor [244]. Kinnaird and colleagues reported that in vivo local delivery of MSC into mice 

increased distal limb perfusion and vessels number and total cross-sectional area, as well as protein 

levels of VEGF and bFGF [245]. Hung et al. demonstrated that MSC-conditioned medium contains high 

amounts of angiogenic and anti-apoptotic factors IL-6, VEGF and monocyte chemoattractant protein-1 

(MCP-1), which inhibits endothelial cell death and promote the formation of capillary-like structures in 

vitro [246]. Furthermore, Markel and colleagues showed that MSC underexpressing VEGF have 

significantly less cardioprotective capabilities [247]. 

HGF is another secreted angiogenic and cardioprotective factor which has been reported to enhance 

neovascularization, reduce apoptosis and promote cardiomyocyte proliferation [248], [249]. 

Transplanted MSC were shown to indirectly stimulate endogenous CS/PC through HGF, VEGF and 

IGF-1 secretion, resulting in activation, proliferation and migration of the target cells [220], leading to 

partial restoration of cardiac function in ischemic hearts [250]. Several studies demonstrated that SDF-
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1α-chemokine receptor 4 (CXCR4) signaling plays an essential role in stem cell recruitment to different 

tissues, including the heart. CXCR4 is the cell surface receptor for SDF-1 and is expressed on EPC and 

HSC [251]–[253]. 

After an AMI event, endogenous SDF-1 secretion declines and returns to normal levels only after 4 to 

7 days [254], [255]. Transplanted MSC were shown to express SDF-1, which may facilitate EPC and 

HSC recruitment and migration to the infarcted tissue. However, culture expanded MSC showed poor 

homing capacity, probably due to low expression of receptors for chemokines and adhesion ligands, 

such as CXCR4 and C-C motif chemokine receptor-1 (CCR1) [4]. Furthermore, in vivo MSC were 

reported to alter ECM homeostasis and prevent postinfarction left ventricular (LV) chamber dilation, by 

attenuating the proliferation of cardiac fibroblasts, downregulating the production of collagen type I and 

collagen type III and shifting the balance between matrix metalloproteinases (MMP) and their tissue 

inhibitors toward domination of matrix-degrading effects [256]–[258]. Conversely, some of the secreted 

factors are also able to modulate MSC activity. VEGF and bFGF appear to stimulate MSC migration, 

proliferation [259], [260] and induce endothelial differentiation [261], whereas bFGF and TGF-β were 

shown to induce smooth muscle cell (SMC) differentiation in vitro [260], [262]. Several other bioactive 

factors secreted by MSC have been described as playing a role in cardiac improvement through paracrine 

mechanisms, as reviewed in [4], [27], [41], [212]. 

 

I.3.5.4 Sources of Mesenchymal Stem/Stromal Cells 

MSC for cardiac cell therapy can be obtained from different tissues, such as adult (BM, AT, peripheral 

blood) and neonatal (UCB, UCM, amnion, and placenta) sources. 

BM represents the most extensively studied source of MSC, for both pre-clinical data and clinical trials. 

BM MSC have shown promising potential in cardiac repair due to their high proliferative capacity [263], 

ability to reduce infarct size [264], in vitro capacity to give rise to endothelial cells (EC) and SMC [265] 

and ability to change the milieu of the damaged cardiac tissue to upregulate VEGF [266]. Cardiomyocyte 

differentiation proved to be more problematic, as either demethylating agents have been employed 

[267], or the process has been inefficient and incomplete [268]. Makkar and colleagues verified that, in 

a porcine model of AMI, direct intramyocardial injection of BM MSC 1 month after the event resulted 

in preserved LVEF at 60 and 90 days post AMI in comparison to the untreated subjects [269]. In another 

study, global LVEF improved along with a decrease in infarct size by 40% in sheep treated with 

intracoronary infusion of allogeneic BM MSC in comparison to untreated sheep [270]. There have also 

been numerous clinical trials evaluating the effect of BM MSC in humans with cardiovascular diseases. 

In 2006, Schachinger and colleagues developed a trial aiming at assessing cardiac function after 
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intracoronary administration of autologous BM MSC 3-7 days post-AMI. After 4 months, the LVEF 

increased by 5.5% in the treated group vs 3% in the control group [271]. A phase I trial initiated in 2009 

evaluated the safety and efficacy of BM MSC (Prochymal) delivered intravenously to patients post-

AMI. Results showed better global symptom scores and ejection fraction, confirmed by cardiac MRI, in 

patients receiving MSC compared with the control group [272]. Despite the promising results obtained 

with the BM source, it does not qualify as a viable isolation source of cells due to high-grade viral 

infection and a substantial reduction in the proliferative capacity of these cells with age [273]. Moreover, 

BM aspiration is an invasive procedure, which causes immense pain to the patients and can also cause 

infection [51]. 

The other major source of MSC in the clinical setting is AT. The main advantages of AT MSC are the 

availability of large number of cells and the ease of acquiring them from liposuction aspirates. On the 

other hand, it is not clear yet to what extent AT MSC are truly MSC. AT and BM MSC share many 

biological characteristics; however, there are some differences in their immunophenotype, 

differentiation potential, transcriptome, proteome and immunomodulatory activity. Some of the 

differences may be associated with tissue specific features, whereas others are probably related to 

inherent heterogeneity of both populations [274]. In contrast to BM ones, AT MSC cardiac potential is 

better documented in vitro, showing their capacity to give rise to cardiomyocytes, either by using DMSO 

[275] or cardiomyocyte extracts [276]. AT MSC were also shown to differentiate into SMC [277], [278] 

and EC [279], [280], yet the ability of AT MSC to differentiate into these lineages remains controversial. 

Lee and co-workers not only demonstrated that AT MSC were able to differentiate into vascular EC, 

but also showed an angiogenic effect through paracrine signaling in an animal model with AMI [281]. 

Other studies showed that injected AT MSC into rat myocardium post-AMI resulted in an improved 

LVEF compared with untreated rats [282], as well as reduced fibrosis and wall thinning [283]. More 

recently, AT MSC were induced to differentiate into cardiac-like progenitors (iCP). At 1-month post-

transplant into mice infarcted hearts, iCP and AT MSC showed higher myocardial capillary density, 

compared with BM MSC. All three samples proved to be efficient in decreasing the infarct size 

compared with the control or the untreated sample; however, the greatest reduction was seen in those 

transplanted with iCP derived from AT MSC [284]. Also in 2015, another interesting work developed 

by Perea-Gil and co-workers was related to the human adult epicardial fat surrounding the heart, which 

served as a reservoir for mesenchymal-like progenitor cells (cardiac ATDPC) [285]. In addition to the 

fact that these cells present a cardiac-like phenotype despite their residence in an adipocytic 

environment, they also have been shown to exert great immunosuppression due to increased T cell 

proliferation [285]. AT MSC do also secrete various cytokines with different immunomodulatory and 

trophic effects, which play an important role in cardiac tissue regeneration. A recent study demonstrated 

that AT MSC showed a better pro-angiogenic profile by secreting higher levels of angiopoietin-1, 
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angiogenin, VEGF, aFGF and placental growth factor (PlGF) and secreted higher amounts of ECM 

components and MMP, comparing to BM and UCM MSC [286]. These findings support the use of AT 

MSC in cardiac cell therapy. The PRECISE Trial uses AT MSC for transendocardial injections in 

patients with ischemic cardiomyopathy. Preliminary data show improvements in LV mass and motion 

score index in treated patients after 18 months [287]. Also, in the APOLLO trial, AT MSC were 

administrated intracoronarily to patients in the acute phase of a large ST-segment elevation AMI 

(STEMI). The results showed a significant improvement of the perfusion defect and a 50% reduction of 

myocardial scar formation in treated patients after 6 months [288]. 

MSC isolated from fetal or neonatal sources have been particularly interesting in the experimental 

setting. Several studies reported greater plasticity and lower immunogenicity comparing to adult 

sources, but much of the available data is still controversial [289]. UCB-derived MSC, as well as their 

proposed multipotent subpopulations, have been extensively studied in models of heart disease, but their 

isolation from UCB can be difficult [290]. However, it is well accepted that UCB MSC can give rise to 

cardiac muscles due to their mesodermal origin [27]. Also, a recent study established that co-

transplantation of UCB CD34+ and UCM MSC leads to reduction in collagen deposition and improved 

cardiac function in AMI rabbits [291]. MSC from different compartments of the umbilical cord, such as 

vein, arteries, Wharton’s jelly, umbilical cord lining and so forth, have been observed to accumulate in 

damaged tissues and support tissue repair [292]. UC MSC are said to have higher proliferative capacity 

and a lower potential of forming teratomas than BM and AT MSC [70]. Specifically, UCM MSC have 

been identified to have biological and functional properties of ESC and adult stem cells, thus serving as 

an alternative source for stem cells with significant barriers of immunorejection, tumorigenesis, 

teratoma formation and ethical concerns [293], [294]. Swamynathan et al. reported that UCM MSC 

secrete several pro-angiogenic factors, such as VEGF, angiopoietin-1, HGF, TGF-β1, which promotes 

functional angiogenic potency in the infarcted mammalian heart [295]. However, Amable and 

colleagues did not reach the same conclusion, showing that UCM MSC secrete significant smaller 

concentrations of pro-angiogenic factors comparing to BM and AT MSC, but secrete higher 

concentrations of chemokines, pro-inflammatory proteins and growth factors [286]. Nevertheless, these 

cells are naturally chemoattracted to the cardiac tissue and they present functional ability to populate the 

ventricular myocardium [296]. In animal models, UCM MSC effectively induced angiogenesis [297]–

[299], showed spontaneous differentiation into cardiomyocytes and EC [297], [298] and induced 

recruitment of CSC [298]. In a multicenter trial, patients with STEMI received intracoronary infusion 

of UCM MSC into the infarct artery at five or seven days after successful reperfusion therapy. The 

results showed a significant increase in the myocardial viability and perfusion within the infarcted 

territory in the treated group, comparing to the placebo group, as well as an increase in LVEF and 

decrease in LV end-systolic volumes and end-diastolic volumes after 18 months [300]. Placental tissue 



 

40 

 

(Pl)- and amniotic fluid (A)-derived MSC have received signification attention due to their surprising 

cardiomyogenic differentiation potential [228]. Placental MSC have characteristics of both ESC and 

MSC, as UCM ones, and are available in abundance as medical waste after delivery. However, the main 

limitation of these cells is the occurrence of high chances of impurity, since the placenta is the common 

medium of exchange between a mother and the baby [27]. Like UCM and PlMSC, AMSC posse some 

of the characteristics of ESC and are phenotypically similar to BM MSC, sharing similar immunologic 

profiles [301]. AMSC are considered a suitable cell source for cellular cardiomyoplasty by both 

integrating and differentiating into the cardiac tissue [302]. Transplantation of AMSC in a damaged 

myocardial tissue showed comparable results regarding decreased infarct size, cardiomyocyte-like cell 

differentiation and improved cardiac function, in comparison with UCB and AT MSC [303]. Also, 

AMSC present chemotactic characteristics [304], ample availability, lack of ethical concerns and low 

immune response [303], which makes them potential candidates for cardiac cell therapy. 

 

I.3.5.5 Modulating the Microenvironment to Enhance the Cardiac Regenerative Potential 

of Mesenchymal Stem/Stromal Cells 

Within the last few years, it has become evident the beneficial effect of MSC transplantation on 

ventricular function and myocardial perfusion. Results obtained by several preclinical and clinical trials 

led MSC therapy to a new challenging phase. However, these data have far demonstrated moderate and 

at times inconsistent cardiac regenerative benefits, indicating an urgent need to optimize the therapeutic 

platform and enhance stem cell potency [305], [306]. Cell potency is one of the major hurdles 

encountered in MSC therapy, but some other are also described, such as poor cell engraftment and 

survival and age/disease-related host tissue impairment [307], [308]. Multidisciplinary teams are 

currently establishing several potentially useful and logistically feasible strategies to achieve more 

robust clinical efficacy of MSC therapy. Moreover, long-term safety data regarding MSC administration 

remain lacking and unanticipated side effects may appear much later [308]. Several studies demonstrated 

that the immunomodulatory and trophic features of MSC can be modulated by the physical 

microenvironment, such as biochemical (culture media, oxygen concentration, growth factor pre-

conditioning) [4], [307], [309] and mechanical (shear stress and material stiffness) [310] factors. Thus, 

the future success of MSC in cardiovascular therapy will require rational optimization of therapeutic 

strategies, along with an adequate assessment of benefit and risk factors [308]. 
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I.3.5.5.1 Culture Medium Formulations 

MSC-based products used in AMI context are traditionally expanded in serum-containing medium, such 

as FBS. However, infusion of xenogeneic-expanded MSC might trigger an immune response, leading 

to immune-mediated cell lysis and failure of MSC regenerative benefits [311], [312]. In fact, MSC 

expanded in FBS-supplemented media were found to be contaminated with N-glycolylneuraminic acid 

(Neu5Gc) xenoantigen [313], [314], resulting in an immunological reaction after transplantation with 

anti-Neu5Gc antibodies present in human serum [315], [316]. Anti-Neu5Gc antibody binding to 

Neu5Gc xenoantigen may trigger post-transplantation lysis of MSC [307]. 

Several studies have demonstrated the efficacy of different S/XF formulations in the expansion of MSC 

from different sources [48], [95], [317], [318]. Moreover, researchers proved that MSC expanded in 

SFM preserved or even improved their features, such as expression of cell surface markers, 

differentiation capability and trophic activity [295], [319], [320], comparing to serum-containing media. 

Specifically, Swamynathan et al. reported that serum-deprived human UCM MSC exhibit superior 

functional angiogenesis in comparison to serum-expanded cells [295], [321]. Similar evidence was 

found in BM MSC, showing that under the stress of serum deprivation MSC are highly angiogenic and 

that a population of these cells is able to differentiate into endothelial-like cells [321]. The superior 

angiogenic potential of serum-deprived MSC might be related to an increased relative expression of 

VEGF under SFM culture conditions. However, despite a higher relative expression of VEGF in MSC 

cultured in serum-deprived conditions, the expression of this potent angiogenic factor decreases as the 

number of population doublings increases, which may impair the potency of a MSC product for 

myocardial regeneration [322]. Recently, the enhanced angiogenic potential of MSC cultured in SFM 

was confirmed by Bobis-Wozowicz and colleagues, by culturing UCM MSC under different XF 

formulations. Despite the variation of the cytokine secretion profile in different types of SFM, UCM 

MSC showed consistently enhanced cardiomyogenic and angiogenic potential impacting on target cells, 

possibly due to elevated concentration of several pro-cardiogenic and pro-angiogenic microRNA present 

in secreted extracellular vesicles [323]. Nonetheless, like FBS-supplemented media, XF formulations 

are not able to avoid loss of chemokine receptors that are required for cell migration, engraftment and 

long term regeneration benefits [124]. 

Other solutions that have emerged as alternatives to FBS as cell culture supplement are humanized 

media formulations [54], as previously discussed. In a recent study, Amable et al. cultured MSC from 

BM, AT and UCM in 10% platelet-rich plasma (PRP)-supplemented media to assess the impact on cell 

proliferation, in vitro differentiation, expression of cell surface markers and transcription and secretion 

profiles [324]. Regarding the secretion profile, the authors found that UCM MSC secreted higher 

concentrations of chemokines and growth factors comparing to other sources, while BM MSC secreted 
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higher concentrations of pro-inflammatory and pro-angiogenic proteins and AT MSC produced higher 

amounts of ECM components. Nevertheless, PRP-expanded MSC presented reduced mitogenic and pro-

angiogenic profiles when compared with FBS-cultured MSC, in all the cell sources studied [324]. hPL 

was considered to be the best alternative to FBS due to its superiority in maintaining growth potential, 

genetic stability, and differentiation potential [325]–[329]. However, contradictory findings have been 

reported concerning the immunomodulatory activity of MSC expanded in hPL-containing medium 

[330]. High-throughput proteomic analysis of hPL components identified TGF-β, VEGF, FGF, PDGF 

and EGF as highly ranked effectors of hPL activity on promoting MSC proliferation [325]–[329], [331]. 

Schallmoser and co-workers analyzed the mean growth factor concentrations in the supernatants of two 

different media compositions: α-MEM supplemented with i) 10% FBS and ii) 10% hPL, at days 0 and 

13 of culture [331]. Multiplex growth factor analysis revealed that hPL contains significantly higher 

concentrations of EGF, bFGF, PDGF-AA, PDGF-AB/BB compared with FBS-supplemented media, but 

VEGF was not detected in any of the formulations. Moreover, the results showed a significantly higher 

VEGF production by MSC in hPL compared with FBS cultures [331], revealing the greater therapeutic 

potential of hPL-expanded MSC for myocardial regeneration.  However, this evidence is not in 

accordance to other groups findings. In 2012, Azouna et al. demonstrated that FBS-expanded MSC 

secreted higher amounts of VEGF comparing to MSC expanded in media supplemented with 10% FBS 

+ 5% hPL, 10% hPL and 5% hPL [332]. Recently, Li et al. verified that AT MSC cultured under hPL 

conditions secreted higher concentrations of bFGF, IFN-ɣ and IGF-1, as well as higher 

immunomodulatory effects, comparing to BM MSC, which secreted greater amounts of SDF-1 and 

HGF. However, the authors did not find significant differences between AT and BM MSC for the 

secretion of several factors, such as IL-6, IL-8, TNF-α and VEGF [333]. The in vitro tube formation and 

angiogenic capacity of AT MSC expanded in hPL vs FBS was assessed by Trojahn Kølle and colleagues, 

by culturing unstimulated and VEGF-stimulated cells in FBS- or hPL-supplemented DMEM [329]. No 

differences were observed between FBS- and hPL-cultured AT MSC with respect to the ability to form 

ring-like structures[329], which emphasizes the potential of hPL as replacement for FBS in MSC culture. 

Nonetheless, to produce clinical grade MSC, platelets free of infectious agents are crucial to prevent any 

possibility of disease transmission [307]. The potential of autologous human serum for the expansion of 

MSC has gained considerable attention [328], [334]–[336]. Autologous human serum has shown to 

induce increased MSC proliferation, differentiation potential, gene expression stability and motility 

compared with MSC cultured in FBS (reviewed in [307]). In addition, autologous serum-expanded MSC 

significantly decrease the percentage of IFN-ɣ producing activated T cells compared with FBS-

expanded cells, which makes them more effective in immunomodulation [328]. Again, the collection of 

blood from elderly, diseased and inflamed patients could be a limiting factor for serum preparation for 

the ex vivo expansion of MSC for cardiac cell therapy [336]. Allogeneic human serum and human cord 

blood serum have also been considered as replacement for FBS. While an initial study using allogeneic 



 

43 

 

human serum for the in vitro expansion of MSC indicated overexpression of genes responsible for 

growth arrest and cell death [335], a more recent work evidenced an increased MSC proliferative profile 

of allogeneic serum-expanded MSC compared with cells cultured in FBS-containing medium [337]. 

Moreover, no significant differences were observed, concerning cell morphology, viability, 

differentiation capacity and immunophenotype [337]. Similar evidences were reported using pooled 

cord blood serum for the isolation and expansion of MSC [338]–[341]. This success is attributed to the 

lower level of hemagglutinin in pooled cord blood serum compared with adult serum, and lack of A and 

B hemagglutinin in pooled allogeneic AB-serum [341]. Despite some in vitro evidences of the 

preservation, or even improvement, of the cardiogenic and angiogenic potential of MSC expanded in 

serum-free conditions, there is still a lack of evidence of the in vivo potential of MSC expanded in such 

conditions, in AMI context. 

 

I.3.5.5.2 Oxygen Concentration 

The causes of cell death in an AMI event are influenced by the ischemic environment, which is devoid 

of nutrients and oxygen, along with the loss of survival signals for matrix attachment and cell-cell 

interactions [225]. In a cardiac cell therapy setting, such ischemic environment in the infarcted tissue 

may cause rapid loss of the transplanted MSC via apoptosis [342], [343]. Thus, preconditioning MSC 

by hypoxia (1-5% O2) prior to cell administration may allow the cell to better adapt to the low oxygen 

concentration in the ischemic tissue and to promote cell engraftment [308]. In addition, tissues where 

MSC reside are hypoxic in nature, such as the bone marrow, adipose tissue, umbilical cord matrix and 

so forth [344], and thus hypoxic culture conditions will better resemble the MSC niche 

microenvironment. The hypoxic environment is characterized by the expression of HIF and especially 

HIF-1 plays an important role in maintaining the regenerative potential under low oxygen concentrations 

[307]. In hypoxic conditions, the lack of oxygen causes the suppression of the prolyl-hydroxylation 

process resulting in stability of HIF-1α, which facilitates its translocation to the nucleus. There, the HIF-

1α complex regulates the transcription of genes involved in metabolism, angiogenesis, cell migration 

and cell fate [307]. 

Several studies have reported the ability of the in vitro hypoxic culture conditions to promote high MSC 

expansion rate, while maintaining homogeneity, differentiation potential and retard the cellular ageing 

process [104], [121], [345]. Moreover, MSC subjected to hypoxic conditions are shown to secrete 

several pro-angiogenic, anti-apoptotic and cardioprotective factors [307]. Kinnaird et al. showed a 

significant increase in the secretion of several arteriogenic factors, including VEGF, bFGF, PlGF and 

TGF-β, after exposing hMSC to 72 h of hypoxia, comparing to normoxia (20% O2) conditions [346]. 
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Similar evidences were reported by Ohnishi and colleagues, by analyzing the gene expression of rMSC 

after 24 h hypoxic pre-conditioning [347]. The results demonstrated that at least 165 genes, including 

VEGF, EGF and MMP-9 were upregulated >3 fold, comparing to normoxic conditions [347]. These 

studies are in line with the one recently developed by Paquet and colleagues, where MSC cultured under 

near anoxia (0.1% O2) exhibited significantly enhanced chemotactic and pro-angiogenic properties and 

a significant decrease in the inflammatory profile [348]. Some of these bioactive factors, like VEGF, 

myocardin and IGF, can not only promote angiogenesis, but also the differentiation of MSC into 

cardiomyocytes [349], [350]. MSC exert anti-apoptotic effects on terminally ischemic cardiomyocytes 

through the secretion of several survival factors, such as protein kinase B (PKB or Akt) and endothelial 

nitric oxide synthase (eNOS) [351]. When cardiomyocytes are exposed to hypoxic conditions, MSC 

conditioned medium can significantly reduce the number of apoptotic and necrotic cells [225], [352], 

and MSC-secreted proteins directly influence the function of cardiomyocyte transmembrane ion 

channels [289]. In vivo, hypoxic preconditioning has shown to enhance the anti-apoptotic and 

remodeling capacity of MSC in rat myocardial infarction [353]. The results evidenced an increased 

expression of pro-survival and pro-angiogenic factors, as HIF-1, angiopoietin-1, VEGF and its receptors 

and erythropoietin, resulting in increased angiogenesis/vascularization and paracrine effects [353]. A 

recent study in nonhuman primates indicated that hypoxic preconditioning improved the effectiveness 

of MSC transplantation in AMI setting [354]. Hypoxia conditions increased the expression of several 

pro-survival/pro-angiogenic factors in cultured MSC and significantly improved infarct size and LV 

function at day 90 after AMI, comparing to normoxic culture conditions[354]. 

In addition to upregulating many angiogenic and anti-apoptotic factors, hypoxia is known to increase 

the expression of SDF-1 and its cognate receptor CXCR4, chemokine receptor CX3CR1 and, 

consequently, enhance MSC engraftment [355]–[358]. In 2010, Song et al. reported that ROS 

diminished BM MSC adherence to the substrate, but when treated with a ROS scavenger (N-acetyl-L-

cysteine), engraftment was improved and the increase in fibrosis and infarct size prevented [224]. Other 

studies demonstrated that combining MSC and pharmacological hyperbaric oxygen led to enhanced cell 

engraftment and decreased fibrosis at four weeks after transplantation into rat myocardia [359], [360]. 

Despite the evidences showing the enhanced paracrine effect of MSC cultured under hypoxic conditions, 

there is a considerable variation of hypoxia exposure time between studies and in the resulting secretion 

levels of paracrine factors. It is also unclear how long hypoxia preconditioning effects last both in vitro 

and in vivo [4]. Moreover, hypoxic conditions unexpectedly attenuated MSC osteogenic potential [361], 

suggesting that the utility of hypoxia preconditioning may be application specific. 
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I.3.5.5.3 Mechanical Factors 

Several authors proved that mechanical factors, such as fluid shear stress and mechanical strain, can 

regulate the proliferation, differentiation and paracrine activity of MSC through various signaling 

pathways, as previously discussed. As in the previous chapter, the response of MSC to mechanical 

stimuli will be divided into two different mechanisms: i) MSC differentiation towards the vascular and 

myogenic lineages; and ii) modulation of MSC paracrine activity. 

The cells of the cardiovascular system experience numerous mechanical signals, from the fluid shear 

stress caused by the blood flow to the cyclic mechanical stretch in the myocardium and vessel walls. 

These signals regulate the functions of EC, SMC, myoblasts and cardiomyocytes [310]. More recently, 

it was found that such signals also regulate the in vivo differentiation of engrafted MSC in the heart. In 

order to better understand this phenomenon, several in vitro studies have been published focusing on 

the effects of fluid shear stress and strain on MSC differentiation into vascular cells. Fluid shear stress 

applied to murine C3H/10T1/2 mouse embryonic mesenchymal progenitor cells promoted the 

expression of EC markers such as CD31, von Willebrand factor (vWF) and VE-cadherin at the mRNA 

and protein level after 12h of steady shear stress levels of 15 dyn/cm2 [362]. In 2009, Dong et al reported 

a model of tissue-engineered vascular graft to investigate the effects of shear stress on canine BM MSC 

differentiation [363]. Fluid shear stress significantly increased the expression of EC markers, such as 

PECAM-1, VE-cadherin and CD34, at both mRNA and protein levels as compared with static controls. 

Moreover, protein but not mRNA levels of smooth muscle α-actin and calponin were substantially 

reduced in shear stress-cultured cells. Such evidences seem to indicate that shear stress promotes 

endothelial differentiation, while downregulating differentiation towards a SMC phenotype. These 

results are not corroborated by the work developed by Kobayashi and colleagues, where fluid shear 

stress has been shown to increase the number of smooth muscle myosin heavy chain positive cells 

derived from rat BM MSC, after 36 h shear stress (14 dyn/cm2) stimulation by pulsatile flow [364]. 

However, the amount of smooth muscle α-actin was not significantly different to static controls. In a 

comparative study, Kim and co-workers exposed MSC to a shearing stress of 2.5 or 10 dyn/cm2 for 1 

day [365]. The authors reported that MSC that have been exposed to low (2.5 dyn/cm2) or high (10 

dyn/cm2) shear stress expressed different levels of EC markers such as vWF, calponin and CD31. 

Similarly, only in high shear stress conditions SMC markers (myocardin, myosin heavy chain and 

smooth mucle-22α) showed significantly higher expression, indicating that the effect of shear stress on 

differentiation depends on the stress intensity. Therefore, results concerning MSC differentiation into 

the vascular lineages remain controversial and more data is required. In addition to BM MSC, other 

sources have been used to assess MSC differentiation into endothelial-like cells under shear stress, such 

as AT [366]–[368], amniotic fluid [369] and placental [370] MSC. More recently, fluid shear stress was 

also found to induce cardiomyogenic differentiation of MSC. In 2010, Huang and colleagues submitted 
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rat BM MSC to laminar shear stress with a parallel plate-type device, in the presence or absence of 5-

aza [371]. Appropriate fluid shear stress treatment alone was able to induce cardiomyogenic 

differentiation of rat BM MSC, as confirmed by the expression of cardiomyocyte-related markers at 

both mRNA and protein levels. 

Strain was also found to induce vascular differentiation on MSC. Specifically, 2-D cyclic uniaxial strain 

has been shown to promote MSC differentiation into a vascular SMC phenotype [372], [373]. BM-

derived progenitor cells subjected to 10% cyclic uniaxial strain at 60 rpm for 7 days present lower 

proliferation rate and higher expression of smooth muscle markers, smooth muscle α-actin and h1-

calponin [372]. The authors also found that uniaxial cyclic strain causes cells to realign perpendicularly 

to the axis of strain, which was already reported in SMC [374]. More recently, Park et al reported an 

increase in SM markers (α-actin and smooth muscle 22-α) in MSC subjected to 5% strain at 60 rpm, but 

the expression returns to basal levels after the cells realign perpendicularly to the axis of strain [310]. 

Moreover, in contrast to uniaxial strain, the authors found that equiaxial strain decreases expression of 

both markers, revealing the importance of the type of strain for a particular response. The apparent 

opposing results may be due to differences in stimulation time, species-specific response or stem cell 

phenotype [375]. The orientation of the cells in regards to the axis of strain does also play an important 

role on directing differentiation. In 2006, Kurpinski et al demonstrated that cyclic strain with parallel-

oriented microgrooves induces global changes in MSC, including an increase in the SM marker 

calponin-1, decreases in cartilage matrix markers, alterations in cell signaling and an increase in 

proliferation [376]. However, perpendicular orientation results in a decrease in gene changes and 

unaffected proliferation. MSC cardiomyocyte differentiation was also achieved by submitting rat BM 

MSC to cyclic strain, using a stretching device [377]. The results demonstrated that appropriate cyclic 

strain treatment alone can induce cardiomyogenic differentiation, as confirmed by the expression of 

cardiomyocyte-related markers at both mRNA and protein levels. Moreover, the authors found that cells 

exposed to the strain stimulation expressed cardiomyocyte-related markers at a higher level than the 

shear stimulation. In order to mimic the dynamic physiological environment, well-controlled in vitro 

environments have been assessed using multimodalities of mechanical stimulation. In 2008, 

O’Cearbhaill et al exposed BM MSC to a pulsatile pressure (40-120 mmHg), radial distention of 5% 

and a shear stress of 10 dyn/cm2 at a frequency of 60 cycles per minute, for up to 24h [378]. Histological 

analysis revealed that most of the cells aligned within 20⁰ to the direction of flow and adopted a compact 

cell size, as characteristic of EC. However, gene and protein analysis of both stimulated and static groups 

showed no EC marker vWF factor expression on either mRNA or protein level. Instead, stimulated cells 

exhibited greater levels of smooth muscle-associated markers SMA and calponin, in comparison to static 

samples.  
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Besides promoting cardiomyocyte differentiation, fluid shear stress and strain are also able to modulate 

MSC paracrine activity. Shear stress has been found to increase VEGF gene expression while decreasing 

TGF-β by approximately 50% at the transcriptional level, in a murine embryonic mesenchymal 

progenitor cell line [362]. This is in line with the results obtained by the same group in 2008, where 

MSC subjected to 15 dyn/cm2 express VEGF, but significantly decrease the expression of other factors, 

such as TGF-β1, PDGF and its receptors – which are known to guide stem cells towards the SMC lineage 

[379]. In a different study with adult human MSC, shear stress shear stress significantly induced the 

upregulating of several angiogenic factors, including VEGF and FGF-1, along with vascular SMC 

markers, including SM-22α and calponin [310]. Unlike the previous study, these authors showed that 

shear stress promotes an upregulation of TGF-β1, instead of a downregulation. Human AT MSC were 

also found to secrete higher amounts of VEGF (2 fold vs static) when exposed to laminar shear stress of 

10 dyn/cm2 up to 96 h [366]. Recently, Carmelo et al reported a priming effect of stirred cultured 

conditions on BM and AT MSC cytokine production [94]. Both MSC sources secreted higher 

concentrations of VEGF and IL-6 in a XF microcarrier-based stirred culture system compared with the 

static conditions, throughout the 7 days of culture. Similar evidences were reported by Teixeira and 

colleagues, by using computer-controlled suspension bioreactors to enhance human MSC secretory 

profile [380]. Proteomic analysis revealed that the dynamic culturing of MSC increased the secretion of 

not only several neuroregulatory molecules, but also pro-angiogenic and pro-survival factors, such as 

VEGF and IGF-1. Although the previous results confirm the ability of mechanical factors to modulate 

MSC paracrine activity, more data is required to integrate a robust mechanical platform in the 

development of an MSC-based product with enhanced therapeutic features for myocardial regeneration. 

 

I.3.5.5.4 Biochemical Factors 

MSC preconditioning through the activation of different signaling pathways using biochemical factors 

has been extensively studied in the context of myocardial regeneration. Such biochemical factors include 

cytokines, chemokines and growth factors, as well as pharmacological agents, which modulate MSC 

differentiation and paracrine secretion in vitro [4]. 

Priming MSC with a cocktail of growth factors and cytokines has been found to enhance the expression 

of cardiac transcription factors and, thus, MSC cardiac therapeutic potential [381]. In this study, MSC 

were pretreated with a cocktail of growth factors including 50 ng/mL FGF-2, 2 ng/mL IGF-1 and 10 

ng/mL bone morphogenic protein (BMP)-2 and its effect on viability and paracrine activity under 

hypoxic conditions was assessed. The cocktail was found to enhance the expression of cardiac markers 

and promote cell viability in vitro and to decrease the infarct size and improve cardiac function in vivo, 
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compared with untreated MSC. Neuropeptide Y, a neurotransmitter possessing similar efficacy 

promoting angiogenesis as bFGF and VEGF [382], proved to successfully induce BM MSC 

cardiomyogenic differentiation, leading to improved angiogenesis and cardiac function along with 

reduced fibrosis [383]. 

Several cytokines and growth factors have been used to stimulate MSC paracrine secretion. Stimulation 

with TNF-α (50 ng/mL) [384], or SDF-1 (50 ng/mL) for 1h [385], or TGF-α (250 ng/mL) and TNF-α 

(50 ng/mL) for 24h [386] improved VEGF secretion in the conditioned medium, compared with 

unstimulated MSC. In vivo studies revealed that preconditioning MSC with TGF-α + TNF-α not only 

induced an increase in VEGF expression, but also protected myocardium from ischemic/reperfusion 

(I/R) injury [386]. More recently, PDGF-BB treatment of MSC was also found to upregulate VEGF, 

promoting a greater capacity of functional recovery compared with naïve MSC in I/R injured heart [387]. 

Preconditioning MSC with growth factors has also proved to modulate their engraftment capacity. 

Incubation of rat MSC with IGF-1 was found to lead to increased MSC CXCR4 expression, increased 

survival, apoptosis inhibition and stimulation of anti-inflammatory activity [388], [389]. In vivo, IGF-

1-treated MSC decreased post-infarct LV remodeling and improved cardiac function, in comparison 

with untreated MSC. Proinflammatory cytokines have also been used in MSC preconditioning in order 

to better simulate the proinflammatory microenvironment in the ischemic heart. Combining IL-1β and 

TNF-α, two proinflammatory cytokines, induced an increase in VCAM-1 expression in MSC and in 

adhesion intensity [390]. This combination of growth factors promoted a decrease in infarct size and 

improved LV function after MSC-treated intramyocardial transplantation in an AMI rat model. A 

different combination of cytokines (Flt-3 ligand, SCF, IL-6, HGF and IL-3) was used to stimulate MSC 

in vitro, resulting in a higher level of expression of CXCR4 and improved SDF-1-induced migration 

capacity (>20 fold vs unstimulated MSC) to the BM after 24h after transplantation [391]. Moreover, 

pretreated MSC showed enhanced homing (>2 fold vs unstimulated MSC) to the BM of irradiated mice 

2 to 6 months after transplantation. 

In addition to MSC in vitro preconditioning, Liang and co-workers suggested two other methods to 

improve the therapeutic efficiency of MSC using cytokines and/or growth factors: i) pretreatment at the 

site of injury, aiming at attracting more MSC for tissue repair and ii) simultaneous administration of 

MSC and cytokines/growth factors [392]. Similarly, pharmacological preconditioning has been shown 

to successfully increase the therapeutic efficacy of MSC in the cardioregenerative context. However, 

none of these strategies will be discussed here. 
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I.3.5.5.5 Biomaterials 

One of the major limitations of a cardiac cell therapy approach is the very low survival rate after 

transplantation into the damaged heart tissue [393]. A widely purposed solution is cardiac tissue 

engineering, in which cells are delivered with or without biomaterials and/or bioactive factors to 

regenerate the cardiac functions. Adult stem cells, particularly MSC, have been extensively used in cell-

based biomaterial approaches for myocardium regenerative purposes. MSC-biomaterial conjugated 

systems promote cardiac regeneration through two different mechanisms: i) in vitro and/or in vivo 

differentiation of MSC towards the cardiomyogenic lineage, and/or ii) secretion of pro-angiogenic 

bioactive factors. 

In vitro/vivo differentiation of MSC-derived cardiac tissue has been accomplished using a variety of 

biomaterial scaffolds. Cutts and colleagues classified these scaffolds into the following categories: i) 

ECM protein-based biomaterials; ii) decellularized matrices; iii) natural biomaterial scaffolds; and iv) 

synthetic polymer-based materials [394]. Several studies proved that ECM mechanical and chemical 

properties significantly affect MSC fate and, thus, ECM protein-based biomaterials have been used as 

matrices to induce cardiomyocyte differentiation of MSC. Cardiogel, a naturally occurring ECM 

containing a complex mixture of laminin and fibronectin isolated from cardiac fibroblasts [395], has 

been used to induce cardiomyocyte differentiation in MSC [396]. Alternatively, several studies reported 

the use of both purified and recombinant ECM proteins as biomaterials for the generation of 

cardiomyocytes from MSC, including collagens type I, III, IV, V, laminin and fibronectin. Different 

types of collagen were found to play a critical role in promoting cardiomyogenic commitment [397]–

[399]. In vivo, cardiac cells generated on collagen V matrices prevented chamber dilation and improved 

contractile function in AMI animal models [399]. Decellularized matrices have also been implemented 

to induce MSC cardiac differentiation. Recently, Sarig et al. decellularized full thickness ventricular 

matrices and repopulated them with MSC and human umbilical vein endothelial cells (HUVEC) to 

engineer fully vascularized cardiac tissue [400]. The results evidenced the ability of the scaffold to 

support human cardiomyocytes and to promote new blood vessel formation ex vivo. Nevertheless, 

polymer-based biomaterials (either natural or synthetic) are the most commonly used type of material 

for cardiac differentiation of adult stem cell populations. Liu et al demonstrated that chitosan scaffolds 

enhanced the cardiomyogenic potential of AT MSC when compared with cells cultured on standard 

tissue culture polystyrene substrates [401]. In a similar study, chitosan was shown to increase 

intracellular calcium levels in differentiating AT MSC and to upregulate the expression of the cardiac 

marker genes GATA-binding protein 4 (GATA4), NK2 homeobox 5 (NKX2.5) and myosin heavy 

chain-6 (MYH6) [402]. Moreover, Yang et al were able to efficiently differentiate MSC into cardiac 

tissue by culturing them on hybrid substrates consisting of silk fibroin and hyaluronic acid, when 

compared with cells differentiating only on silk fibroin matrices [403]. Later, the same group reported 
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that by incorporating chitosan into these silk fibroin/hyaluronic acid scaffolds significantly increased 

the cardiomyogenic differentiation of MSC [404]. In vivo, chitosan-hyaluronan/silk fibroin patches were 

able to significantly reduce the dilation of the inner diameter of LV of hearts and to promote a wide 

distribution of blood vessel-like structures in AMI regions. Several synthetic polymer-based materials 

have been engineered to enhance the differentiation of MSC toward the cardiac lineage. In a recent 

work, MSC adhesion and cardiac differentiation was assessed in polyurethane (PU), 3-hydroxybutyrate-

co-4-hydroxybutyrate [P(3HB-co-4HB)] and polypropylene carbonate (PPC) scaffolds [405]. The 

authors found that PU and P(3HB-co-4HB) substrates induced optimal cell growth and cardiac 

differentiation. Polycaprolactone (PCL)-derived scaffolds, such as PCL carbon nanotube composites 

and PCL-based copolymers, were also shown to enhance cardiomyocyte differentiation of MSC [406], 

[407]. Moreover, composite scaffolds consisting of polymers and ECM proteins have been used to 

promote MSC cardiomyogenic differentiation. Poly(glycerol sebacate) (PGS)-collagen hybrid scaffolds 

proved to differentiate MSC more efficiently than substrates that only contained collagen [408]. MSC 

biological features, including proliferation, differentiation and immunomodulatory and trophic 

activities, are strongly modulated by the physicochemical properties of the biomaterial-based 

matrices/scaffolds, such as mechanical properties, morphology and composition [409]. Recently, Li et 

al. successfully induced cardiac differentiation of MSC in vitro, by culturing them in mechanically 

native-like thermosensitive hydrogels, with different modulus [410]. The results showed that 76% of 

MSC capsulated in hydrogel with higher modulus (65 kPa) expressed MYH6 and cardiac troponin I 

(CTnI) proteins, which are essential for cardiomyocytes to contract and relax, indicating the successful 

cardiomyocyte differentiation of MSC into cardiomyocytes. This modulus-induced method possessed 

higher cardiomyocyte differentiation efficiency comparing to traditional approaches (MSC co-culture 

with cardiomyocytes [411] or adding chemical factors, such as 5-aza [412]). 

Besides several evidences of MSC cardiomyocyte differentiation and its outcome in heart regeneration, 

cardiac cell therapy can also be based on the ability of MSC to secrete pro-survival and pro-angiogenic 

factors responsible for improving heart functions in an AMI context. Wei et al. developed a 

bioengineered cardiac patch composed of sliced porous biological scaffold inserted with multilayered 

MSC [413]. MSC were seeded and, after 7 days of culture, the tissue construct was implanted in vivo 

using a rat MI model. The LV cavity size was reduced, and the pores were filled by cells with neo-

connective tissue fibrils and neo-microvessels. Moreover, expression of angiogenic cytokines (bFGF, 

vWF and PDGF-B) and cardiac protective factors (IGF-1 and HGF) were also detected in transplanted 

MSC, revealing a paracrine-mediated effect on the damaged tissue. In a recent study, Abdeen et al 

demonstrated how controlling matrix rigidity and protein composition can influence the secretory profile 

of MSC [414]. The results showed that MSC cultured on fibronectin-modified hydrogels show stiffness 

dependence in proangiogenic signaling, with maximum influence on human microvascular endothelial 
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cells (HMVEC) tubulogenesis observed from 40 kPa. Such evidences are corroborated by a stiffness-

dependent expression of multiple factors involved in angiogenesis. In 2015, Xu et al. developed a 

biodegradable hydrogel based on thiolated collagen and multiple acrylate containing oligo (acryloyl 

carbonate)-b-poly(ethylene glycol)-b-oligo (acryloyl carbonate) copolymers and tested it in a rat 

infarction model [415]. The results demonstrated that BM MSC-encapsulated gels significantly reduced 

the infarct size, increased heart wall thickness and the EF 28 days after implantation, although no 

cytokine analyses were performed. In a different study, alginate encapsulation of BM MSC proved to 

facilitate paracrine effects, such as increased angiogenesis and decreased scaring and cardiac function 

[416]. BM MSC also proved to be therapeutically successful in a patch consisting of autologous cells 

seeded in a collagen scaffold that was engrafted into the epicardial surface of a chronic AMI scar [417]. 

The treatment led to enhanced angiogenesis and significantly improved cardiac function. AT MSC were 

also demonstrated as a potential source for biomaterial-based cell therapy in AMI context. Araña and 

colleagues examined the effect of collagen patches seeded with AT MSC on cardiac function in models 

of chronic AMI [418]. The delivery of AT MSC in collagen substrates induced increased cell 

engraftment, reduced fibrosis and improvement in cardiac function, myocardial remodeling and 

revascularization. Moreover, encapsulation of AT MSC in alginate enhanced retention and survival of 

cells in a pig model of AMI [419]. However, no significant differences in heart rate and cardiac output 

were observed between treatment groups. Synthetic polymer-based approaches have also shown 

promising results on guiding MSC pro-angiogenic signaling. Implementing bioengineered polyglycolic 

acid (PGA) and poly(L-lactide-co-caprolactone) (PLCL) scaffolds seeded with MSC resulted in 

improved function of infarcted hearts in animal models, induced angiogenesis and reduced scar size 

[420], [421]. 

Direct comparisons between MSC injection alone and combined with biomaterials have been reported 

by several authors. An interesting work developed by Jin and co-workers compared the effectiveness of 

direct cell injection versus a cardiac patch-based approach [422]. MSC were directly transplanted into a 

cryoinjury infarct or seeded onto PLCL and implanted over the infarcted area 10 days post-AMI. Results 

showed MSC differentiation into cardiomyocytes, an increase of 23% in the EF and a decrease in the 

infarct area of 29% in the polymer + MSC group compared with saline and the acellular scaffold, 4 

weeks post-treatment. Similar results were observed in the MSC-only group. In addition, 

intramyocardial injection of MSC with silanized hydroxypropyl methylcellulose in a rat AMI model 

showed better performance in cell retention and cardiac function preservation than MSC injection alone 

[423]. In a swine model of AMI, retention of MSC suspended in 2% alginate before transplantation was 

approximately 4-fold compared with that in control MSC, 2 weeks after delivery [424]. Similarly, AT 

MSC co-injection with fibrin glue increased cell survival by about 30% on a rat AMI model [425]. 
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I.3.5.5.6 Two-Dimensional vs Three-Dimensional Culture 

As previously mentioned, recent studies proved that culturing MSC as 3D spheroids can improve a range 

of biological properties, including multi-lineage differentiation potential, secretion of 

immunomodulatory and trophic factors and resistance against ischemic conditions [426]. 

Most of the studies exploring MSC spheroid potential for cardiac cell therapy focus on the augmented 

secretion of bioactive factors involved in paracrine signaling. However, cardiomyogenic differentiation 

of MSC cultured in 3D spheroids has been already reported [402]. In this study, AT MSC 3D spheroids 

were formed in chitosan membranes and cardiomyogenic differentiation was induced using 5-aza. After 

induction, a 4-fold increase in the expression levels of cardiac marker genes GATA4, NKX2.5, cardiac 

troponin T2 (TNNT2) and MYH6 was observed for AT MSC spheroids on chitosan vs tissue culture 

polystyrene or polyvinyl alcohol. Moreover, the authors suggest that Wnt11 may be involved in spheroid 

formation and cardiomyogenic differentiation of MSC on chitosan membranes, since its gene expression 

was significantly upregulated in such conditions. 

The enhanced secretion profile of MSC cultured in 3D spheroids were first reported by Potapova et al, 

where the authors developed a strategy to organize 3D spheroids of varying sizes using a hanging drop 

protocol, in order to increase the secretion levels of paracrine factors [427]. 3D culture induced high 

concentrations (5-20 times) of IL-11 as well as the pro-angiogenic factors VEGF, bFGF and angiogenin 

in the conditioned medium from MSC spheroids compared with conditioned medium from monolayers. 

The hypoxic conditions observed in the core of the cell aggregates were proposed to be the driving force 

for the increased secretion levels. One year later, the same group verified that culturing MSC as 3D 

spheroids restored CXCR4 functional expression, demonstrated by 35% of the cells derived from day 3 

spheroids being CXCR4+ [428]. In 2010, the size of spheroid-derived MSC was found to be significantly 

smaller than MSC from adherent culture, allowing them to more easily avoid lung entrapment in vivo 

following systemic infusion [132]. Moreover, MSC 3D spheroids grown in suspension cultures were 

reported to secrete 60-fold more TSG-6 protein, compared with adherent monolayer MSC. Recently, 

MSC aggregation was found to significantly upregulate secretion of anti-inflammatory cytokines via a 

caspase-dependent mechanism [426]. Tsai et al demonstrated that formation of MSC 3D spheroids 

significantly upregulated caspase 3/7 expression, CXCR4 expression, cell migration, secretion of 

prostaglandin E2 (PGE-2) and IL-6 and resistance to in vitro ischemic stress. In a similar approach, 

Zimmermann and colleagues showed that culturing human MSC as 3D spheroids increased secretion of 

the immunomodulatory factors PGE-2, TGF-β1 and IL-6, as well as the intracellular enzyme 

indoleamine 2,3-dioxygenase (IDO) [136]. However, immunomodulatory factor secretion was found to 

highly depend on the composition of cell culture medium – serum supplemented medium displayed 

significantly higher expression of the immunomodulatory factors, comparing to a serum-free 



 

53 

 

formulation. MSC aggregation process not only induces upregulation of anti-inflammatory proteins, but 

also pro-angiogenic factors, including VEGF, FGF-2, HGF, CXCR4, EGF, SDF-1 and angiogenin 

[131]. The potential mechanism for the upregulation of pro-angiogenic factors relies upon the fact that 

assembly of multicellular aggregates creates spatial gradients of soluble factors such as oxygen, 

nutrients and regulatory molecules, resulting in a hypoxic microenvironment in the interior of the 

spheroids [426]. Different MSC sources have been shown to enhance the expression of pro-angiogenic 

factors when cultured in 3D spheroids. Gingiva-derived MSC spheroids cultured in ultra-low attachment 

conditions showed an increase of 35% in the CXCR4+ population as well as an increase in the expression 

of other pro-angiogenic factors, including a 3-fold increase of VEGF and EGF and a 4-fold increase of 

angiogenin and SDF [429]. AT MSC 3D spheroids cultured in spinner flasks demonstrated a 5- to 10-

fold increase in FGF-2, HGF and VEGF expression compared with dissociated cells [430]. Additionally, 

intramuscular transplantation of AT MSC spheroids to ischemic hindlimbs of athymic mice showed 

improved cell survival, angiogenic factor secretion, neovascularization and limb survival, comparing to 

dissociated transplanted cells. Human UCB MSC were also found to upregulate VEGF secretion (3-

fold) when cultured in anchorage-deprived suspension 3D spheroids [431]. Moreover, transplantation 

of UCB MSC 3D spheroids into a rat AMI model resulted in improved LVEF and preventing 

pathological LV dilatation at 8 weeks post-AMI. The benefits of MSC 3D spheroids have been shown 

in other preclinical studies, in which intramyocardial transplantation of AT and BM MSC 3D spheroids 

in a porcine model improved cell retention, survival and integration [432], [433]. Xie and co-workers 

highlight three aspects responsible for the improved outcomes using 3D spheroid-derived MSC: i) the 

volume and diameter of cells released from spheroids are about 1/4 and 1/2 of 2-D MSC, respectively, 

reducing the chance of vascular obstruction, as previously mentioned; ii) the enhanced and long-term 

survival of spheroid-derived MSC transplanted into the ischemic regions; and iii) the enhanced 

vascularization and increased functional microvessel density of ischemic tissue compared with 2D-MSC 

[434]. As in 2D-culture, culture parameters such as culture size and oxygen concentration can modulate 

the secretory profile of MSC. For example, MSC 3D spheroids with a size of 10,000 cells cultured under 

2% O2 exhibited better production of VEGF than spheroids containing 60,000 cells that were cultured 

under 20% O2 [435]. Therefore, careful considerations should be given to culture conditions to achieve 

optimal and consistent therapeutic results. 

 

I.3.5.5.7 Co-Culture Systems 

The combination of different cell populations possessing complementary effects may provide enhanced 

therapeutic outcomes regarding myocardial regeneration, comparing to any single cell type [436]. In 
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particular, MSC have been transplanted into ischemic hearts along with other cell populations, including 

CS/PC [437], [438] and EPC [439], [440], resulting in an enhanced recovery of the infarcted heart. 

The ability of MSC to activate c-kit+ resident CSC within the heart [216] was used as the rationale for 

a study using a mixture of 200 million MSC together with 1 million CSC in a swine model of AMI 

[438]. MI size reduction was found to be 2-fold greater in the MSC-CSC combination group vs either 

cell group alone. Moreover, LVEF, as well as LV chamber dynamics, was improved in all treatment 

groups, demonstrating a cardiac recovery to levels near baseline. The same trend was described by 

Karantalis et al, in a study involving the administration of an autologous MSC and CPC combination in 

a porcine model of chronic ischemic cardiomyopathy [437]. Treatments with either MSC or the 

combination of MSC and CSC resulted in a significant reduction in scar size, increased viable tissue and 

improved wall motion. Improved EF, stroke volume, diastolic strain and cardiac output were only 

observed in the combination-treated animals, which also exhibited increased cardiomyocyte mitotic 

activity. 

Cardioregenerative effect of MSC might be mediated by local paracrine angiogenesis, as previously 

mentioned, which may trigger resident EPC activation. Thus, transplanting co-culture systems of MSC 

and EPC into infarcted myocardial tissue may enhance MSC trophic activity, as well as EPC activation. 

In order to test this hypothesis, Suuronen and colleagues compared the effects of MSC transplantation 

vs EPC vs MSC-EPC co-culture in a rat model of myocardial infarction [439]. Postoperative LVEF 

(EPC – 68.3% ± 9.8%; MSC/EPC – 55.0% ± 11.1%; MSC – 53.0% ± 6.0%) and fractional shortening 

(EPC – 32.4% ± 5.1%; MSC – 22.5% ± 5.4%) were greater in EPC-treated rats vs those receiving other 

treatments. Arteriolar density within the infarcted border zone was also increased in EPC group, 

compared with PBS (297%), MSC (205%) and MSC/EPC (101%) groups. In addition, only EPC 

prevented further contractile deterioration compared with the baseline, whereas the other groups 

presented continued loss of function after treatment. However, Zhang and colleagues were able to 

successfully demonstrate the benefits of an EPC/MSC co-culture for myocardial regeneration, in a study 

where rats receiving both MSC and EPC experienced an increase in the expression levels of angiogenic 

growth factors, fewer collagen deposition and apoptotic cell number and an improvement in regional 

myocardial blood flow compared with the groups containing only one cell type [440]. 

MSC were also found to significantly increase the survival rate, migration and angiogenic potential of 

mature HUVEC in an in vitro co-culture system [441]. This study was carried out under hypoxic 

conditions to better mimic the microenvironment in the ischemic heart after an AMI event. Under low 

oxygen tension, MSC expression levels of SDF-1α, VEGF and IL-6 were upregulated and apoptosis was 

inhibited in HUVEC in the MSC/HUVEC group. 
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A recent combinatorial stem cell approach used CPC, MSC and EPC together in a cluster, the 

CardioCluster, to enhance endogenous repair within the heart for long-term improvement [442]. 

CardioClusters are rationally designed with MSC and CPC in the core and EPC forming the outer layer, 

since these cells play a vital role in forming neovasculature that will connect the CardioCluster to the 

living heart tissue, allowing for the revascularization of the damaged myocardium. In contrast, MSC 

reinforce the 3D structure of the cluster by releasing growth factors that attract and maintain cells within 

the cluster. In vitro, upon induction of an oxidative stress, CardioClusters showed improved cell survival 

with lower percentage of apoptotic and/or necrotic cell populations compared with the three populations 

individually. The efficacy of such approach was not yet proved in vivo, but small animal model studies 

are currently underway. 

To date, no studies were found reporting the effects of co-culturing MSC with other cell populations 

regarding MSC differentiation towards the cardiovascular lineages. 

 

I.3.5.6 Translating Mesenchymal Stem/Stromal Cell Microenvironment Modulation to 

Myocardial Cell Therapy 

Several in vivo studies using different animal models have demonstrated the beneficial effect of 

administrating MSC to promote myocardial regeneration after an AMI event. In humans, recent meta-

analyzes of randomized clinical trials have confirmed good safety of MSC-based therapies for cardiac 

regeneration, but have also showed a limited regenerative efficacy, with an increase in the LV systolic 

function of only 3-10% [355]. In order to increase MSC cardiac regenerative capacity, some clinical 

trials used cells that were previously preconditioned using different strategies. This chapter will only 

focus in these specific set of clinical trials.  

Oxygen is one of the major plays in modulating the MSC microenvironment. In this context, a clinical 

trial studied the safety, tolerability and preliminary efficacy of allogeneic low oxygen-cultivated BM 

MSC (aLoOxMBMC) administrated intravenously to AMI patients. aLoOxMBMC were cultured under 

low oxygen concentrations and are thus considered ischemic tolerant cells. To date, no reports were 

found regarding the outcomes of this trial. In an autologous setting, BM MSC were preconditioned with 

hypoxia and a cocktail of cytokines to induce endothelial commitment and administrated to patients with 

ischemic hear diseases. The primary endpoint of this study is LVEF measurement 1 year after treatment. 

Again, no clinical data was found regarding this trial. 

Preconditioning MSC with biochemical factors have been studied in the MyStromalCell trial [443], 

designed to investigate the safety and efficacy of intramyocardial delivery of autologous AT MSC 
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stimulated with VEGF-A165 to improve myocardial perfusion and exercise capacity in patients with 

chronic ischemic heart disease. Data collected showed that the treatment proved to be safe, but did not 

improve exercise capacity compared with placebo [444]. Another example of biochemical modulation 

of MSC for cardiac cell therapy is the Phase 3 clinical trial C-CURE [445]. Here, MSC were treated ex 

vivo with cytokines to enhance their commitment to cardiopoietic lineage – the BM-derived 

cardiopoietic cells. Bartunek and co-workers reported significant improvements in LVEF, end-systolic 

volume, and 6-minute walk distance, compared with the control group [445]. In this context, the 

CHART-1 trial was designed to validate cardiopoiesis-based therapy in a larger heart failure group 

[446]. Safety was demonstrated across the group, with exploratory analyses suggesting a benefit of cell 

treatment in the baseline of the LV end-diastolic volume of the patients. 

The first clinical trial using injectable bioabsorbable scaffold (IK-5001), a solution of 1% sodium 

alginate and 0.3% calcium gluconate, combined with MSC by intracoronary delivery was carried out 

from 2010 until 2015. Preliminary results show that intracoronary deployment of an IK-5001 scaffold 

is feasible and well tolerated in patients with STEMI [237]. This first-in-man study provides initial proof 

of the effectiveness of cardiac tissue engineering on improving cardiac function in AMI patients. 

MSC administration in combination with other cell populations has also been tested in clinical trials. In 

2005, Katritsis and colleagues reported the administration of a combination of autologous BM MSC and 

EPC in 11 patients with AMI [447]. The follow-up data demonstrated improved LV function and 

myocardial perfusion in cell-treated patients, compared with the control population. Scintigraphic 

imaging indicated cellular repopulation/regeneration of nonviable infarct scares. A different approach 

combines the use of MSC and c-kit+ CSC in AMI treatment, to further enhance the therapeutic effects 

of each cell type [438]. This approach will be tested in two different trials: the CONCERT-HF and the 

TAC-HFT. In the CONCERT-HF trial, ischemic heart failure patients will receive either 150 million 

MSC, 5 million CSC, a combination of 150 million MSC with 5 million CSC, or a placebo, 

administrated by transendocardial injection. The clinical trial TAC-HFT will enroll patients with 

idiopathic dilated cardiomyopathy to receive autologous transplantation of either 200 million MSC, a 

mixture of 199 million MSC and 1 million CSC, or a placebo. Both studies are in early implementation 

stages: CONCERT-HF has started recruiting in October 2015, while TAC-HFT is expected to start on 

March 2020 [436]. 

Although MSC pharmacological preconditioning has not been discussed in this thesis, some authors 

reported promising in vitro and in vivo data on conditioning MSC with different types of drugs, 

particularly to improve their immunomodulatory and regenerative properties. A Phase 2 trial is being 

developed to test whether intensive Atorvastatin therapy can improve the outcome of AMI patients who 
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underwent intracoronary administration of BM MSC. The trial is also in early stage of development and 

it is not recruiting yet. 

Despite the emerging number of clinical trials involving MSC preconditioned through different 

strategies, there are no current trials making direct comparisons of the effects of preconditioned vs 

nonpreconditioned MSC in the treatment of any cardiac disorder. All the studies mentioned above 

compared the data obtained to placebo controls, and not to nonpreconditioned cells. In order to fully 

understand the importance, or not, of preconditioning MSC to cardiac cell therapy, studies performing 

side-by-side comparison between preconditioned and nonpreconditioned MSC must be carried out. 

 

I.4 Future Directions and Challenges 

Current data generated from preclinical and early phase clinical studies have demonstrated the modest 

contribution of MSC to restore the structural integrity and functionality of the damaged heart. To achieve 

the best clinical outcome after MSC therapy, several aspects of cell transplantation must be considered, 

including best MSC source, dose of cells applied, overall patient condition, duration of the disease (acute 

vs chronic), method for cell delivery, age of the patient, and age of the cell donor in case of allogeneic 

transplantation [448]. Additionally, further studies are required to decipher the fundamental and detailed 

biological mechanisms associated with MSC cardiac regenerative potential [392]. Here, we will address 

the scientific-based parameters, namely the best cell source and the MSC mechanisms of action. 

The choice of the best MSC source is still a matter of debate, probably due to the lack of data comparing 

the in vitro and in vivo cardiac regenerative potential of each of the sources. Several studies have 

demonstrated that MSC from different sources secrete different levels of trophic factors or propensity 

toward different lineages, as previously discussed. However, there are many discrepancies among 

publishing data regarding the properties of each MSC source and thus more detailed studies are needed 

to obtain consistent results. Such studies will provide a better characterization of the source and may 

help improve cell preparation methods for specific clinical trials [448]. Conversely, some authors defend 

that a successful myocardial cell therapy cannot be achieved by just one cell type [438]. Instead, The 

future of MSC therapy may lie in being the main supporting, trophic and orchestrating cell type in a 

therapy that will combine different cell types with unique characteristics for myocardial regeneration 

[449]. 

Another important challenge regarding the choice of the best cell source is based on the use of 

autologous vs allogeneic cells. Due to MSC low immunogenicity, researchers have been employing both 

types of cells in clinical studies for myocardial regeneration, where no differences were observed [450]. 
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Nonetheless, further studies are required to fully understand the implications of the two types of 

therapies. Allogeneic cells have advantages over autologous cells, including the fact that allogeneic cells 

can be expanded, characterized and prepared more quickly as off-the-shelf products that are ready to be 

applied when needed. In addition, autologous cells could suffer from age/disease-related host tissue 

impairment. This risk can be overcame through the application of healthy, young allogeneic cells [448]. 

MSC cardiac therapy can greatly benefit from the development of sophisticated methods to modulate 

cell paracrine activity or differentiation ability and thus increasing MSC efficacy. Besides the ones 

discussed here, pharmacological treatment [27] and genetic engineering [20] also seem to improve MSC 

therapeutic potential. Genetic engineering, particularly, have demonstrated to greatly improve MSC 

survival [451], [452], homing [453] and paracrine action [454]–[456]. However, this procedure raises 

ethical and safety questions and, therefore, application of genetic engineering to cell therapies still seems 

far on the horizon. 

Even if an innovative cell therapy is able to comply with the requirements mentioned above, resulting 

in a greatly improved potential of an MSC-based product, it is still crucial to understand the molecular 

mechanisms behind the enhanced therapeutic outcome. Thus, the many effects of MSC in the cardiac 

context, including transdifferentiation, cell fusion and paracrine secretion, may raise some issues that 

need to be addressed to obtain maximal benefit. Transdifferentiation and cell fusion, for instance, seem 

to occur at a very low frequency to account for the meaningful improvements [392]. This fact may be 

related to the low percentage of MSC engraftment in the damaged tissue. More sophisticated approaches 

should be developed to specifically target the myocardium tissue and, consequently, improve the success 

of MSC engraftment. Regarding paracrine actions, some cytokines and chemokines secreted by MSC 

may be harmful, such as TNF-α and IL-6, which means that a more detailed knowledge of their signaling 

pathways is mandatory. Nevertheless, the paracrine mechanisms allow the design of a molecular 

therapy, i.e., applying one trophic factor alone or combined with others as a cocktail therapy [392]. 

Recently, scientists have been demonstrating particular interest in the potential of extracellular vesicles 

(EV) secreted by MSC as mediators of their therapeutic potential. EV are a heterogeneous group of 

nanoparticles composed of a lipid layer enclosing cytoplasmic components, as proteins, nucleic acids 

and lipids [457]. EV transmit signals to target cells by interacting at the cell surface, by internalization 

or by fusion with the target cell membrane. The EV cargo can be engineered to enhance their properties 

or introduce specific effector molecules [457]. These reasons justify the potential use of EV in 

myocardial regeneration. 
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In this context, establishing scalable and efficient MSC expansion protocols able to comply with GMP 

guidelines will greatly contribute towards the development of a robust MSC product or MSC-derived 

EV product. 

 

I.5 Aim of Study and Thesis Outline 

The aim of this thesis was to develop a potential MSC-based product with enhanced therapeutic features 

for myocardial regeneration. The improvement of the therapeutic potential of the cells was performed 

through the modulation of their microenvironment, either by biochemical (preconditioning one MSC 

source with conditioned medium retrieved from other MSC sources) or mechanical (preconditioning 

MSC through a microcarrier-based culture system and low oxygen concentration (2%)) approaches. 

Moreover, a S/XF microcarrier-based culture system was successfully established for the expansion of 

MSC using an innovative disposable bioreactor system, the Vertical-Wheel™ PBS-0.1 MAG system, 

combined with a commercially available fibrinogen-depleted hPL-based culture supplement. 

The aims and main results of each chapter are outlined below. 

 

Chapter II – Characterization of Different Sources of Human Mesenchymal Stem/ 

Stromal Cells 

This chapter describes the successful characterization of different sources of human MSC cultured in 

S/XF conditions, in terms of immunophenotype, proliferative capacity, expression and secretion of 

growth factors and cytokines and in vitro angiogenic capacity. Such characterization if of utmost 

importance since different MSC sources present different intrinsic cell properties, particularly regarding 

their proliferative capacity, immunophenotype, differentiation ability, cytokine secretion profile, 

immunomodulatory and regenerative properties. Therefore, the choice of a specific MSC source for a 

cell therapy application depends on the characteristics of the disease. Moreover, culturing cells under 

S/XF conditions is also crucial to comply with GMP guidelines and to guarantee the approval of the 

regulatory agencies. 

In this chapter, human MSC isolated from three different sources (BM, AT and UCM) were expanded 

in S/XF culture conditions and characterized as mentioned above. All the three sources studied displayed 

the typical MSC immunophenotypic profile. Under the culture conditions studied, UCM MSC 

demonstrated a higher proliferative capacity, compared with AT and BM MSC. Gene expression 
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analysis revealed that VEGF and HGF were overexpressed in UCM MSC, compared with both AT and 

BM, whereas bFGF was upregulated in AT MSC compared with the other sources. Regarding protein 

analysis, UCM MSC secreted higher levels of angiogenin and HGF, compared with the other sources, 

while AT MSC secreted higher concentrations of the proangiogenic factors angiopoietin-2, EGF, bFGF, 

HB-EGF, leptin, PDGF-BB, PlGF and VEGF. CM retrieved from UCM MSC cultures originated 

HUVEC tube-like structures with higher number of tubes, while AT MSC CM induced the formation of 

a higher number of branch points. Conversely, BM MSC CM promoted the migration of a higher 

percentage of HUVEC, compared with AT and UCM MSC CM. 

The results indicate that MSC isolated from different sources present different biological properties, 

which must be taken in consideration when designing an improved cellular therapy for a specific disease. 

 

Chapter III – Biochemical Modulation of the In Vitro Angiogenic Potential of Human 

Mesenchymal Stem/ Stromal Cells 

This chapter aimed at studying the effect of culturing one source of MSC with the CM collected from 

other MSC sources on their in vitro angiogenic properties, in a process named cell preconditioning 

through indirect cell culture. The modulation of the cell microenvironment has demonstrated to increase 

the therapeutic properties of the cells, without raising concerns about the approval by the regulatory 

agencies, such as genetic engineering. While in the biochemical modulation approach, cells are treated 

with growth factors or chemokines and, in the co-culture cell preconditioning, cells are in direct contact 

with different cell types, indirect cell preconditioning utilizes the factors secreted by other cell 

populations (secretome), as well as EV, to improve the therapeutic performance of the target cells. 

In this chapter, the three MSC sources (BM, AT and UCM) were cultured and the supernatant generated 

from each source was collected to precondition the other MSC sources. The effect of this 

preconditioning strategy was evaluated on MSC immunophenotype, proliferative capacity, expression 

of proangiogenic factors and in vitro HUVEC tube-like structure formation capacity. Results showed 

that preconditioning MSC with CM retrieved from other MSC sources did not alter the 

immunophenotypic and proliferative profiles of the cells. However, both the expression of 

proangiogenic genes and the in vitro HUVEC tube-like structure formation capacity are modulated by 

culturing a MSC source with CM retrieved from other sources. BM MSC cultured with the supernatant 

collected from AT or UCM MSC increase VEGF and HGF gene expression. In contrast, UCM MSC 

cultured with BM MSC CM express lower levels of VEGF and bFGF, compared with control conditions. 

Moreover, BM MSC cultured with CM retrieved from both AT or UCM MSC increase the number of 
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HUVEC tubes and number of branch points. Conversely, UCM MSC conditioned with BM or AT MSC 

CM induces a decrease in tube number and number of branch points. 

These findings demonstrated that the in vitro angiogenic potential of a specific MSC source can be 

modulated by culturing it with a different MSC source, without compromising cell immunophenotypic 

and proliferative capacities. These results contributed to the rationale production of a cocktail of factors 

designed to increase the angiogenic properties of a potential MSC-based product for AMI. 

 

Chapter IV – Bioprocessing Modulation of the In Vitro Angiogenic Potential of Human 

Mesenchymal Stem/ Stromal Cells 

Chapter IV aimed at analyzing the effect of dynamic culture conditions and low oxygen concentration 

on the in vitro angiogenic potential of UCM MSC. Moreover, the impact of cell harvesting, storage and 

delivery on the angiogenic gene profile of these cells was also assessed. Preconditioning cells through 

the modulation of factors involved in their manufacturing is of utmost interest since they can be easily 

adapted to the production processes and usually do not require the acquisition of additional material. In 

this context, dynamic culture and oxygen concentration have raised great interest. Microcarrier-based 

dynamic culture systems present innumerous advantages and thus these systems are replacing static 

ones. Additionally, several reports have demonstrated the improved proliferative capacity and 

metabolism of MSC cultured under low oxygen concentrations. The impact of cell harvesting, 

cryopreservation and delivery steps is also poorly understood on the therapeutic efficacy of MSC. 

Physically preconditioning UCM MSC through a microcarrier-based culture platform and low oxygen 

concentration (2% O2) promoted an upregulation of the proangiogenic genes VEGF, bFGF and HGF, 

compared with MSC cultured under static and normoxic conditions. The increased expression was also 

observed at the secretion level, where several proangiogenic factors were also upregulated, including 

not only VEGF, bFGF and HGF, but also EGF, HB-EGF, PlGF, angiogenin, and PDGF-BB. Functional 

analyses evidenced a superior in vitro angiogenic potential of the preconditioned cells. CM retrieved 

from these cells resulted in an increased number of HUVEC tubes and branch points, as well as increased 

HUVEC migration through the transwell system. UCM MSC harvested from the microcarriers 

experienced a downregulation of the proangiogenic genes studied. However, both cryopreservation and 

delivery processes, at room temperature or 4°C, preserved the angiogenic gene expression profile of 

preconditioned UCM MSC. 

These findings make the preconditioned UCM MSC a powerful candidate for an allogeneic, off-the-

shelf product for myocardial regeneration. 
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Chapter V – Scalable Expansion of Human Mesenchymal Stem/ Stromal Cells in the 

Single-Use, Vertical-Wheel™ Bioreactor System 

The last chapter described the establishment of a S/XF scalable culture platform for the expansion of 

MSC, using the innovative Vertical-Wheel™ PBS-0.1 MAG culture system combined with a 

commercially available fibrinogen-depleted human platelet lysate-based culture supplement 

(UltraGRO™-PURE). Microcarrier-based dynamic culture has proved to enhance the in vitro 

angiogenic potential of UCM MSC. Moreover, these structures have also proved to successfully expand 

MSC when cultured in dynamic culture systems, such as spinner flasks, stirred tank reactors and wave-

mixed bioreactors. Several advantages arise from the use of microcarriers for MSC culture, including 

large surface-to-volume ratio, reduced culture volume required, and more homogeneous distribution of 

nutrients and growth factors required for cell metabolism. Microcarrier-base culture systems should 

comply with GMP guidelines. S/XF materials, as well as disposable products, are prerequisites to reduce 

batch variability, xenogeneic contamination and risk of bacterial and fungal contamination, which 

contributes to obtain the approval of the regulatory agencies. 

In this chapter, different types of microcarriers and S/XF culture media were screened for the expansion 

of UCM MSC. After selecting the combinations of microcarriers and culture medium with the highest 

UCM MSC proliferation potential under static conditions, these combinations were tested under stirred 

culture conditions, using spinner flasks. Additionally, a different bioreactor configuration, the Vertical-

Wheel™ PBS-0.1 MAG system, was tested and optimized for UCM and AT MSC expansion. The 

impact of the PBS-0.1 MAG culture system on MSC immunophenotype and multilineage differentiation 

capacity was analyzed. Results show that microcarriers and culture medium screening under static 

conditions did not promote UCM MSC expansion in spinner flasks. Therefore, a S/XF protocol based 

on fibrinogen-depleted hPL supplement (UltraGRO™-PURE) was used for further studies, since this 

protocol has already proved to successfully expand UCM MSC in spinner flasks. By adapting the initial 

agitation protocol and the feeding regime, cell expansion rate and final cell yield were maximized using 

an innovative disposable bioreactor system utilizing the Vertical-Wheel™ technology (PBS-0.1 MAG 

with maximum working volume of 100 mL). UCM MSC were successfully expanded to a maximum 

cell density of 5.3 ± 0.4 x 105 cell/mL, after 7 days of culture (cell viability ≥ 94%). Similarly, AT MSC 

were also efficiently expanded to a maximum cell density of 3.6 ± 0.7 x 105 cell/mL, also after 7 days 

of culture (cell viability ≥ 96%). UCM MSC maintained their identity (e.g. immunophenotype and 

multilineage differentiation capacity), after culture in the PBS-0.1 MAG system. 

The establishment of such platform featuring easy scalability to higher volumes represents an important 

advance in obtaining clinically meaningful MSC numbers with possible enhanced therapeutic features. 
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II.1 Summary 

MSC have been used as therapeutic agents for the treatment of several conditions due to their intrinsic 

immunomodulatory and regenerative properties. Moreover, MSC are low immunogenic and hold the 

ability to differentiate towards numerous cell types, including osteoblasts, adipocytes and chondrocytes, 

contributing to their great potential in tissue engineering and regenerative medicine applications. MSC 

have been isolated from different human sources, including adult sources (BM, adipose AT, synovium, 

dental pulp) and neonatal sources (UCB, UCM, placenta, amniotic fluid). Years of research have 

demonstrated that different MSC sources present different intrinsic cell properties, particularly 

regarding their proliferative capacity, immunophenotype, differentiation ability, cytokine secretion 

profile, immunomodulatory and regenerative properties. In addition, the successful application of MSC 

in clinical settings depends on the ability of the isolation and expansion protocols to comply with GMP 

guidelines. 

In this chapter, human MSC isolated from three different sources (BM, AT and UCM) were expanded 

in S/XF culture conditions and characterized in terms of immunophenotype, proliferative capacity, 

expression and secretion of growth factors and cytokines and in vitro angiogenic capacity. All the three 

sources studied displayed the typical MSC immunophenotypic profile. Under the culture conditions 

studied, UCM MSC (PD = 3.76 ± 0.52) demonstrated a higher proliferative capacity, relative to AT (PD 

= 3.56 ± 0.20) and BM (PD = 2.94 ± 0.23) MSC. Gene expression analysis revealed that VEGF and 

HGF were overexpressed in UCM MSC, compared with both AT (1.40 ± 0.38 and 6.76 ± 2.30, 

respectively) and BM (1.30 ± 0.21 and 40.4 ± 9.8, respectively), whereas bFGF was upregulated in AT 

MSC compared with the other sources (2.58 ± 0.81 vs BM MSC and 1.21 ± 0.44 vs UCM MSC). 

Regarding protein analysis, UCM MSC secreted higher levels of angiogenin and HGF, compared with 

the other sources, while AT MSC secreted higher concentrations of the proangiogenic factors 

angiopoietin-2, EGF, bFGF, HB-EGF, leptin, PDGF-BB, PlGF and VEGF. Moreover, CM retrieved 

from UCM MSC cultures originated HUVEC tube-like structures with higher number of tubes (134 ± 

49). In contrast, AT MSC CM induced the formation of a higher number of branch points (85 ± 7). 

Concerning HUVEC migration capacity, BM MSC CM promoted the migration of a higher percentage 

of HUVEC (87.2 ± 5.7 %), compared with AT (55.0 ± 5.2 %) and UCM (47.3 ± 11.2 %) MSC CM. 

The results indicate that MSC isolated from different sources have different properties, including 

proliferative capacity, expression and secretion of proangiogenic factors and in vitro angiogenic 

potentials. Deciphering the differences among sources contributes to the design of an improved therapy 

for a specific disease. 
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II.2  Background 

MSC are a heterogeneous population of multipotent progenitor cells that are present in the majority of 

the human tissues [1]. As multipotent cells, MSC are able to self-renew and give rise to a genetically 

identical cell or to differentiate towards different cell types. According to the International Society for 

Cellular Therapy, MSC should be plastic-adherent, express a set of biomarkers (CD73, CD90, CD105) 

and lack the expression of others (CD34, CD45, CD14 or CD11b, CD79α or CD19 and HLA-DR) and 

have the ability to differentiate into osteocytes, adipocytes and chondrocytes [2]. MSC secrete a broad 

range of bioactive factors, including growth factors, cytokines and chemokines, that are responsible for 

their intrinsic immunomodulatory and trophic properties [3]. In this context, MSC have been widely 

used in preclinical and clinical studies for the potential treatment of several conditions, including graft-

versus-host disease, autoimmune diseases (diabetes mellitus type 1, rheumatoid arthritis and multiple 

sclerosis) and systemic diseases (cardiovascular, neurological and bone disorders) [4]. A total number 

of 815 ongoing or completed clinical trials involving MSC were registered at ClinicalTrials.gov, until 

March 2018. 

MSC were firstly described by Friedenstein and colleagues as a sub-population of adherent fibroblast-

like, clonogenic cells present in the murine bone marrow [5]. These progenitor cells were only termed 

as “mesenchymal stem cells” in 1991 by Caplan [6], suggesting that adult stem cells would be named 

MSC if they were able to differentiate into all the cells of the mesoderm. The definition of MSC has 

been evolving during the 90’s and early 00’s, until ISCT proposed the minimal criteria to define this 

population of cells. More recently, the criteria have been revised to improve the assessment of MSC 

potency in vitro and the clinical outcome of a potential MSC-based product [7]. 

Using the ISCT minimal criteria, MSC have been isolated from different human adult tissues, including 

BM, AT, synovial membrane, as well as from neonatal sources, such as UCB, UCM, placenta and 

amniotic fluid. MSC isolated from different sources demonstrated different biological features, 

including proliferative capacity [8], [9], immunophenotype [10], differentiation ability [11], 

immunomodulation [12] and regenerative capacity [13]–[15]. These differences are attributed to the 

impact of the stem cell niche on the cell fate, also known as stem cell niche theory [16], genetic 

variability and/or epigenetic alterations [13]. Specifically, BM, AT and UCM MSC have proved their 

distinct regenerative properties [1], [14], [17]. 

BM aspirates, where BM MSC are isolated from, are rich sources of hematopoietic and 

nonhematopoietic stem cells, including MSC, which have been shown to participate in hematopoiesis 

and BM regeneration [18], [19]. MSC have also demonstrated their ability to participate in angiogenesis, 

by giving rise to pericytes, the perivascular cells on the outer layer of vessels supporting their stability 
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and directing the blood flow [20]. Additionally, BM MSC have been shown to interact with endothelial 

colony forming cells to establish perfused micro-vessels in vivo [21], [22]. Regarding cardiac 

regeneration, BM MSC have successfully been used to reduce infarct size [23], modulate the 

microenvironment of the damaged tissue [24] and stimulate CSC differentiation [25]. 

Studies reporting the regenerative potential of AT MSC indicated that they successfully contributed to 

vessel formation [26] and are able to act as pericytes [13]. In vitro, this source showed an improved 

proangiogenic profile and secretion of ECM components and MMP, compared with the BM and UCM 

counterparts [1]. Moreover, both cardiomyocytes [27], [28] and vascular cells [29], [30] were already 

obtained from the differentiation of AT MSC. This cell population was also tested for myocardial 

regeneration in vivo, showing an angiogenic effect through paracrine signaling in an animal model of 

AMI [31]. 

The potential of UCM MSC in promoting angiogenesis have also been reported [32], [33]. In vitro 

studies demonstrated high secretion levels of several proangiogenic factors, such as VEGF, 

angiopoietin-1, HGF and TGF-β1, which promoted functional angiogenic potency in the infarcted 

mammalian heart [34]. In animal models, UCM MSC effectively induced angiogenesis [35]–[37], 

showed spontaneous differentiation to cardiomyocytes [35], [36] and endothelial cells, and induced 

recruitment of CSC [36]. 

Although the immunomodulatory and regenerative properties of MSC diverge between sources, they 

are also modulated by the cell microenvironment. In fact, several culture parameters affect MSC 

regenerative properties, including cell culture medium, culture platform, mechanical and biochemical 

clues and oxygen concentration. Monitoring and controlling these parameters during MSC 

manufacturing is crucial to obtain not only large cell numbers required for preclinical and clinical 

studies, but also to achieve a robust and consistent cellular product. 

In this context, replacing culture media supplemented with xenogeneic components, such as FB/CS, by 

S/XF components is of utmost importance to be able to comply with GMP guidelines. Moreover, 

researchers proved that MSC expanded in S/XF culture conditions preserved or even improved their 

features, including the expression of cell surface markers, differentiation ability and regenerative 

properties [34], [38], [39], comparing to serum-containing media. 

The aim of this chapter is to characterize three distinct human MSC sources (BM, AT and UCM) 

expanded in S/XF culture conditions, in terms of immunophenotype, proliferative capacity, expression 

and secretion of proangiogenic factors and in vitro angiogenic potential. To do so, MSC were expanded 

in a commercially available S/XF culture medium, StemPro® MSC SFM XenoFree, and then 
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characterized as mentioned above. The results are expected to contribute to the selection of the MSC 

source with the highest in vitro angiogenic potential.  

 

II.3 Materials and Methods 

II.3.1 Human Samples 

BM MSC were isolated as described by dos Santos et al [40]. BM aspirates were obtained from healthy 

donors after informed consent at Instituto Português de Oncologia Francisco Gentil, Lisboa, Portugal 

(Laws nº 97/95, nº 46/2004). AT MSC were isolated and characterized as previously described in the 

literature [41]. AT aspirates were obtained from healthy donors, upon informed consent, under a 

protocol reviewed and approved by the Pennington Biomedical Research Center Institutional Review 

Board. UCM MSC were isolated according to the protocol established by de Soure et al [42]. Umbilical 

cord units were obtained from healthy donors after informed maternal consent at Hospital São Francisco 

Xavier, Lisboa, Portugal (Directive 2004/23/EC of the European Parliament and of the Council of 31 

March 2004). All the MSC sources (BM, AT and UCM) were cryopreserved in a liquid/vapor-phase 

nitrogen container. 

 

II.3.2 Ex Vivo Expansion of Human Mesenchymal Stem/Stromal Cells from Different 

Sources 

Upon thawing, MSC from the 3 different sources (BM, AT and UCM) were plated at a cell density 

between 3000-6000 cell/cm2 and cultured for 2 passages under S/XF conditions, on CELLstart™ CTS™ 

(diluted 1:200 in PBS with Ca2+ and Mg2+, Life Technologies) precoated T-75 or T-175 flasks (BD 

Falcon™) using StemPro® MSC SFM XenoFree (Life Technologies). Cells were kept at 37°C and 5% 

CO2 in a humidified atmosphere and culture medium was changed every 3-4 days. At 70-80% cell 

confluence, MSC were detached from the flasks using the XF cell detachment solution TrypLE™ Select 

CTS™ solution (1X, Life Technologies) for 7 min at 37°C. Cell number and viability were determined 

using Trypan Blue (Life Technologies) exclusion method. 
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II.3.3 Human Mesenchymal Stem/Stromal Cell Culture for Characterization of Different 

Sources 

After cell counting, each of the different MSC sources was plated at a cell density between 1000-3000 

cell/cm2 on a T-75 flask and 3 X wells of a tissue culture-treated 6-well plate (Corning Inc.) precoated 

with CELLstart™ (diluted in 1:200 in PBS with Ca2+ and Mg2+) using StemPro® MSC SFM XenoFree. 

Culture medium was changed at day 3 of culture. At day 7, cells cultured on T-75 flasks were detached 

using TrypLE™ Select CTS™ solution (1X) and counted using Trypan Blue exclusion method. 3 x 105 

cells were used for immunophenotypic analysis by flow cytometry (FC) and the remaining cells were 

collected for gene expression analysis by real-time polymerase chain reaction (RT-PCR). Supernatant 

was centrifuged at 1500 rpm for 10 min and kept at -80°C for protein quantification by enzyme-linked 

immunosorbent assay (ELISA). Culture medium of cells cultured on tissue culture-treated 6-well plates 

was replaced by endothelial cell basal medium (EBM™-2, Lonza). After 48h, cells were detached and 

counted using Trypan Blue exclusion method and CM was retrieved and centrifuged at 1500 rpm for 10 

min and kept at -80°C. MSC CM angiogenic potential was later evaluated through an in vitro HUVEC 

tube-like structure formation assay and a HUVEC migration assay. For each cell source, MSC from at 

least three independent donors (n ≥ 3) in passages from P3 to P5 were used. 

 

II.3.4 Characterization of Different Sources of Human Mesenchymal Stem/Stromal Cells 

II.3.4.1 Immunophenotypic Profile 

The immunophenotypic profile of MSC were analyzed by FC (FACSCalibur equipment, Becton 

Dickinson), using a panel of mouse anti-human monoclonal antibodies (PE-conjugated, all from BD 

Biolegend) against: CD73, CD90, CD105, CD34, CD45, CD14, CD19, CD80, and HLA-DR. Cells were 

incubated with these monoclonal antibodies for 20 min in the dark at room temperature and then cells 

were washed with PBS (1X) and fixed with 2% paraformaldehyde (PFA, Sigma). Isotype controls were 

also prepared for every experiment. A minimum of 5000 events was collected for each sample and the 

CellQuest software (Becton Dickinson) was used for acquisition and analysis. 

 

II.3.4.2 Proliferative Capacity 

Cell proliferative capacity was determined through the number of population doublings (PD) of the MSC 

cultured in the different conditions studied. After cell counting using Trypan Blue exclusion method, 
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the fold increase (FI) in total cell number was calculated as the ratio of cells obtained at the end of the 

culture divided by the number of cells plated at day 0. The number of PD was then calculated using the 

equation PD = log(FI)/log(2). 

 

II.3.4.3 In Vitro Angiogenic Potential 

The in vitro angiogenic potential of the different MSC sources was assessed using 4 different 

approaches: i) RT-PCR analysis of the expression of the proangiogenic genes VEGF, bFGF, and HGF; 

ii) quantification of the secretion of the proangiogenic factors: angiogenin, angiopoietin-2 (ANG-2), 

EGF, bFGF, heparin-binding EGF-like growth factor (HB-EGF), HGF, leptin, PDGF-BB, PlGF and 

VEGF by ELISA; iii) HUVEC tube-like structure formation assay, using CM retrieved from the 

different MSC sources; iv) HUVEC migration through a transwell system, using CM retrieved from the 

different MSC sources. 

 

II.3.4.3.1 Quantitative Real-Time-Polymerase Chain Reaction 

Cells harvested at the end of each experiment were centrifuged, lysed and total RNA was isolated using 

the RNeasy® Mini Kit (Qiagen) according to manufacturer’s instruction. RNA was then quantified by 

UV spectrophotometry (NanoDrop Technologies) at 260 nm. Complementary DNA was synthesized 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) with blended oligo (dT), random primers and 500 ng 

of RNA. For RT-PCR, a two-step PCR run was performed in StepOne Real-Time PCR System (Applied 

Biosystems™), using Fast SYBR™ Green Master Mix (Applied Biosystems™), 0.5 µM of each primer, 

and 1 µL of cDNA in 20 µL of final volume. The primers used for VEGF-A, bFGF and HGF gene 

amplification are presented on Table II.1. 

Table II.1 List of PCR primers used to study pro-angiogenic gene expression. 

Gene Primer Sequence 
Amplicon 

size (bp) 

Vascular endothelial growth 

factor-A (VEGF-A) 

Fwd: 5’-CGA GGG CCT GGA GTG TGT-3’ 

Rev: 5’-CGC ATA ATC TGC ATG GTG ATG-3’ 
57 

Basic fibroblast growth factor 

(bFGF) 

Fwd: 5’-TGG TAT GTG GCA CTG AAA CGA-3’ 

Rev: 5’-GCC CAG GTC CTG TTT TGG AT 
61 

Hepatocyte growth factor 

(HGF) 

Fwd: 5’-TCC ACG GAA GAG GAG ATG AGA-3’ 

Rev: 5’-GGC CAT ATA CCA GCT GGG AAA-3’ 
63 

Expression was normalized to the metabolic housekeeping gene glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH). Control assays containing no cDNA templates were also performed. 
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II.3.4.3.2 Enzyme-Linked Immunosorbent Assay 

The secretion of proangiogenic factors by UCM MSC cultured under different conditions was analyzed 

by a multiplex ELISA. Supernatant from UCM MSC cultured under different culture conditions was 

kept at -80°C until further analysis. The samples were thawed, diluted 5 X and loaded in the 

Quantibody® Human Angiogenesis Array ELISA Kit (RayBiotech), according to manufacturer’s 

instructions. Protein concentration was determined by fluorescence measurement provided by 

RayBiotech. 

 

II.3.4.3.3 HUVEC Tube-Like Structure Formation Assay 

The in vitro HUVEC tube-like structure formation assay was used to evaluate the ability of HUVEC to 

form networks of tubes in Matrigel®, when cultured in MSC-derived CM, as previously described [43]. 

The volume of CM to be used in this assay was normalized to a cell density of approximately 1 x 105 

cell/mL, by using EBM™-2 for CM dilution (when required). 50 µL of Matrigel® Matrix Basement 

Membrane (Corning) were plated per well of a 96-well plate and allowed to polymerize for 1h at 37°C. 

2 x 104 HUVEC resuspended in 200 µL of CM were then added to the Matrigel® layer. After 6h of 

culture, HUVEC tube-like structures were imaged and number of tubes and number of branch points 

were quantified using the ImageJ software. HUVEC resuspended in EBM™-2 and endothelial growth 

media (EGM™-2, Lonza) were used as negative and positive controls, respectively. 

 

II.3.4.3.4 HUVEC Migration Assay 

HUVEC migration assay was performed using 6.5 mm, 8 µm pore size transwells (Costar Corp.), coated 

with 10 µg/mL human fibronectin for 1 hour at 37°C. 3 x 104 HUVEC resuspended in 100 µL EBM™-

2 were plated in transwell inserts and then placed into 24-well plate containing 700 µL of CM collected 

from different MSC culture conditions, also normalized to a cell density of approximately 1 x 105 

cell/mL. Cell migration was measured after 6h of incubation at 37°C. All non-migrated cells were 

removed from the upper face of the transwell membrane using a cotton swab and migrated cells were 

fixed with 2% PFA and stained with 0.1% crystal violet in 0.1 M borate, pH 9.0, 2% ethanol. Cell 

counting in the lower transwell membrane was performed using the ImageJ software. HUVEC placed 

in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. 
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II.3.5 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6. Results are presented as mean + standard 

error of the mean (SEM) of the values obtained for the different MSC donors. Two-way non-parametric 

analysis of variance (ANOVA) was calculated between three or more different experimental groups, 

comparing at least two parameters. Two-way ANOVA was followed by Bonferroni test to determine 

statistically significant differences (P-values < 0.05). One-way ANOVA was performed when 

comparing three or more experimental groups and only one parameter. Kruskal-Wallis test was 

performed to determine statistically significant differences (P-values < 0.05). 

 

II.4 Results 

II.4.1 Immunophenotypic and Proliferative Profiles of Different Human Mesenchymal 

Stem/Stromal Cell Sources 

The development of an MSC-based therapeutic product requires GMP-compliant processes. For that 

reason, human BM, AT and UCM MSC were cultured in a S/XF commercial formulation, StemPro® 

MSC SFM XenoFree, and their immunophenotypic and proliferative profiles were compared (Figures 

II.1.A and II.1.B, respectively). 

 

Figure II.1 Immunophenotypic and proliferative profiles of different human mesenchymal stem/stromal cell sources. 

(A) Cell surface biomarker expression of different human mesenchymal stem/stromal cell (MSC) sources (bone marrow (BM, 

white); adipose tissue (AT, grey) and umbilical cord matrix (UCM, black)) cultured in StemPro® MSC SFM XenoFree, by 

flow cytometry analysis. Results are presented as mean + standard error of the mean of the expression of each antigen (%) by 

each MSC source (n=2). (B) Population doublings of different human MSC sources (BM (white), AT (grey) and UCM (black)) 

cultured in StemPro® MSC SFM XenoFree. Population doublings are calculated as PD = log(FI)/log(2), where FI (fold 

increase) is calculated as the ratio of cells obtained at the end of the culture divided by the number of cells plated at day 0 and 

presented as mean + standard error of the mean (n=3). 
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Cells isolated from the BM, AT and UCM display the characteristic human MSC immunophenotype, 

according to the panel of cell surface markers established by the ISCT to define human MSC [2]. The 

analysis of Figure II.1.A shows that more than 95% of the cells from the different sources express CD73, 

CD90 and CD105 markers (except for CD105 marker in AT MSC – 93.9 ± 3.5%), while less than 4% 

express CD34, CD45, CD80, CD19, CD14 and HLA-DR. CD73 and CD90 expression levels are similar 

among the sources studied, while CD105 expression is more heterogeneous, ranging from 98.3 ± 0.2% 

in BM MSC to 95.8 ± 0.9% in UCM MSC and 93.9 ± 3.5% in AT MSC. 

Cell proliferative capacity was characterized in terms of PD, for each source of MSC. The results present 

in Figure II.1.B demonstrate that UCM MSC (PD = 3.76 ± 0.52) present a higher proliferative capacity, 

compared with AT (PD = 3.56 ± 0.20) and BM (PD = 2.94 ± 0.23) MSC, under the culture conditions 

studied. 

 

II.4.2 In Vitro Angiogenic Potential of Different Human Mesenchymal Stem/Stromal Cell 

Sources 

In addition to the differences regarding immunophenotype and proliferation capacities, MSC from 

different sources also present significant functional differences, such as the in vitro angiogenic potential. 

These variations are due to the differential expression of pro- and anti-angiogenic factors by different 

MSC sources. To analyze the in vitro angiogenic potential of BM, AT and UCM MSC: i) cells were 

cultured in StemPro® MSC SFM XenoFree, collected and lysed for VEGF, bFGF and HGF gene 

expression analysis by RT-PCR; and ii) cells were cultured in endothelial basal medium (EBM™-2) for 

in vitro HUVEC tube-like structure formation and migration assays. Results are shown in Figure II.2. 

Different human MSC sources express different levels of proangiogenic factors (Figure II.2.A and 

II.2.B), resulting in different in vitro HUVEC tube-like structure formation and migration capacities 

(Figure II.2.C-K). Specifically, VEGF and HGF are overexpressed in UCM MSC, compared with both 

AT (1.40 ± 0.38 and 6.76 ± 2.30, respectively) and BM (1.30 ± 0.21 and 40.4 ± 9.8, respectively), 

whereas bFGF is upregulated in AT MSC compared with the other sources (2.58 ± 0.81 vs BM MSC 

and 1.21 ± 0.44 vs UCM MSC), in the culture conditions studied (Figure II.2.A). In fact, BM MSC 

present the lowest expression levels of bFGF and HGF of the 3 MSC sources studied. 
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Figure II.2 In vitro angiogenic potential of different human mesenchymal stem/stromal cell sources. (A) Relative gene 

expression of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and hepatocyte growth factor 

(HGF) of different human mesenchymal stem/stromal cell (MSC) sources (bone marrow – BM – white, adipose tissue – AT – 

grey, umbilical cord matrix – UCM – black) cultured in StemPro® MSC SFM XenoFree. Gene expression is normalized to the 

BM source (white) and values are represented as mean + standard error of mean (SEM, n=3, ***P<0.001). (B) Concentration 

of pro-angiogenic factors (angiopoietin-2 (ANG-2), epidermal growth factor (EGF), heparin-binding EGF-like growth factor 

(HB-EGF), HGF, leptin, placental growth factor (PlGF), VEGF, angiogenin, bFGF, and platelet-derived growth factor-BB 

(PDGF-BB)) in the supernatant of different human MSC sources (BM – white, AT – grey, UCM – black) cultured in StemPro® 

MSC SFM XenoFree. Values are represented as mean + standard error of mean (SEM, n=2 for BM and UCM MSC, n=1 for 

AT MSC). Tube-like structures formed by human umbilical vein endothelial cells (HUVEC) resuspended in conditioned 
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medium (CM) retrieved from different human MSC sources – (C) BM; (D) AT; (E) UCM – cultured in endothelial basal 

medium (EBM™-2) for 48 h and plated in Matrigel®. (F) Number of tubes and (G) number of branch points were analyzed 

after 6h. HUVEC cultured in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. Values are 

represented as mean + standard error of mean (SEM, n=4). HUVEC migration capacity through the pores of transwell inserts 

placed into 24-well plates containing CM collected from different MSC sources – (H) BM; (I) AT; (J) UCM. HUVEC migration 

(K) was measured after 6h of incubation at 37°C, by cell staining with 0.1% crystal violet in 0.1 M borate, pH 9.0, 2% ethanol. 

HUVEC cultured in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. Values are represented 

as mean + standard error of mean (SEM, n=3). 

 

Protein analysis revealed that UCM MSC secrete higher levels of HGF (UCM – 1577 ± 812 

pg/(106cell.day) vs BM – 612 ± 179 pg/(106cell.day) and AT – 1121 pg/(106cell.day)) and angiogenin 

(UCM – 3474 ± 1165 pg/(106cell.day) vs BM – 2188 ± 173 pg/(106cell.day) and AT – 1982 

pg/(106cell.day)), while AT MSC secrete higher concentrations of angiopoietin-2 (AT – 1052 

pg/(106cell.day) vs BM – 139 ± 139 pg/(106cell.day) and UCM – 805 ± 167 pg/(106cell.day)), EGF (AT 

– 17 pg/(106cell.day) vs BM – 2 ± 2 pg/(106cell.day) and UCM – 3 ± 1 pg/(106cell.day)), bFGF (AT – 

1982 pg/(106cell.day) vs BM – 955 ± 166 pg/(106cell.day) and UCM – 815 ± 257 pg/(106cell.day)), HB-

EGF (AT – 1722 pg/(106cell.day) vs BM – 50 ± 50 pg/(106cell.day) and UCM – 600 ± 263 

pg/(106cell.day)), leptin (AT – 934 pg/(106cell.day) vs BM – 46 ± 46 pg/(106cell.day) and UCM – 242 

± 42 pg/(106cell.day)), PDGF-BB (AT – 844 pg/(106cell.day) vs BM – 572 ± 39 pg/(106cell.day) and 

UCM – 830 ± 151 pg/(106cell.day)), PlGF (AT – 944 pg/(106cell.day) vs BM – 0 ± 0 pg/(106cell.day) 

and UCM – 267 ± 182 pg/(106cell.day)), and VEGF (AT – 3486 pg/(106cell.day) vs BM – 2540 ± 261 

pg/(106cell.day) and UCM – 568 ± 115 pg/(106cell.day)). 

CM retrieved from all the MSC sources induces the formation HUVEC tubular structures on Matrigel® 

(Figure II.2.C-E). However, different sources show different tube formation properties (Figure II.2.F-

G). While CM retrieved from BM MSC induces the formation of HUVEC tube-like structures with 

lower number of tubes (121 ± 31) and number of branch points (73 ± 9), UCM MSC CM originates 

structures with higher number of tubes (134 ± 49). In contrast, AT MSC CM induces the formation of a 

higher number of branch points (85 ± 7). CM from different MSC sources induce differential HUVEC 

migration through the transwell membrane (Figure 2.H-J). BM MSC CM promotes the migration of a 

higher percentage of HUVEC (87.2 ± 5.7 %), compared with AT (55.0 ± 5.2 %) and UCM (47.3 ± 11.2 

%) MSC CM (Figure 2.K). 

Despite the differences among sources regarding their capacity to modulate the HUVEC tube formation 

and migration capacities, such differences were not statistically significant. 
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II.5 Discussion and Conclusions 

In this chapter, immunophenotype, proliferative capacity, expression and secretion of proangiogenic 

factors and in vitro angiogenic potential were characterized for three different MSC sources cultured 

under XF culture conditions: two adult (BM and AT) and one neonatal (UCM). Neonatal sources, such 

as UCM, are attractive cell sources since they have no accumulated genomic mutations due to aging or 

disease, compared with adult sources, and they are isolated from routinely discarded tissues, by non-

invasive methods [44]. Additionally, UCM MSC is reported to present higher cell proliferative capacity, 

followed by AT MSC and finally BM MSC [1], [9], [45], [46], which is in accordance with the results 

obtained. These reports used α-MEM supplemented with 10% FBS or 10% PL for cell culture, instead 

of a XF, chemically defined formulation. This may indicate that cell proliferative capacity has a higher 

dependence on the tissue origin than on the culture media and/or isolation protocols. 

Importantly, all the MSC sources studied displayed the MSC immunophenotype. The expression of 

specific markers, and the lack of expression of some others, is an imperative outcome to define the 

population of cells obtained at the end of the culture and thus to attain a robust cellular product able to 

comply with GMP guidelines. Although ISCT have defined the panel of biomarkers required to identify 

MSC as so [2], researchers have reported some nuances concerning the expression of some biomarkers 

in different sources. For instance, AT MSC may also express CD34 and CD14 markers [10], [47], 

although this was not observed in the results. In addition, the expression of CD105 in this source did not 

reach the minimum required by ISCT for this marker (≥ 95%). This value may be attributed to longer 

times of exposure to the enzymatic agent for cell detachment [48], due to higher production of ECM 

components by AT MSC, compared with the other sources. 

According to ISCT, MSC should also be able to differentiate towards the osteogenic, adipogenic and 

chondrogenic lineages [2]. Although the differentiation ability of the three sources studied has not been 

analyzed in this work, previous studies of our lab have successfully reported the mesodermal 

differentiation of all the MSC sources used, after expansion in StemPro® MSC SFM XenoFree medium 

[44], [49]. 

 The different MSC sources studied expressed and secreted different levels of proangiogenic factors. 

Gene expression analysis demonstrated that UCM MSC expressed higher levels of VEGF and HGF, 

compared with BM and AT MSC. VEGF and HGF are two of the most important mediators of 

angiogenesis. VEGF and HGF are known to be involved in endothelial cell migration, mitogenesis, 

sprouting and tube formation [50], [51]. AT MSC demonstrated the highest expression levels of bFGF, 

a potent mitogenic factor for endothelial cells [52]. At protein level, these trends were only observed for 

HGF secretion, and not to VEGF and bFGF. This might be due to the limited sample number for AT 
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MSC (n=1). Moreover, the differences observed for VEGF and bFGF expressions among different 

sources are not significant, compared with HGF expression, and might not be detected at the protein 

level. In fact, results obtained for HGF expression and secretion are according to the results published 

in other works [1], [14]. In accordance are also the results obtained for VEGF secretion, where BM and 

AT MSC secreted higher levels of these factor, compared with UCM MSC [1]. Conversely, the secretion 

of the remaining factors studied are contradictory in the literature [1], [14], [53]. In these works, different 

culture media were used for MSC expansion, which impacts the expression and secretion of several 

proteins, including the proangiogenic factors. Nevertheless, only a limited percentage of the factors 

involved in the angiogenic process were measured (anti-angiogenic factors were not quantified) and a 

more detailed analysis of the MSC secretomes should be carried out. 

The in vitro angiogenic potential of the three MSC sources was analyzed based on the capacity of the 

secreted proangiogenic factors to induce the formation of HUVEC tube-like structures and cell 

migration through transwell membranes. Such assays aim at mimicking the in vivo angiogenic process, 

which is defined as the growth of blood vessels from the existing vasculature [50], and is crucial for 

cardiac tissue regeneration. Angiogenesis requires the recruitment of endothelial (stem/progenitor) cells, 

which is analyzed in vitro through the HUVEC migration assay, to the place where new blood vessels 

are being formed from preexisting ones, represented in vitro by the HUVEC tube-like formation assay. 

The results show that different MSC sources present different HUVEC tube-like structure formation and 

migration abilities. While UCM and AT MSC demonstrated superior HUVEC tube-like structure 

formation capacity, BM MSC showed higher migration potential. Differences regarding the tube 

formation capacity of each MSC source may be related with the degree of vascularization of the tissue 

where they were isolated from, although no literature has been found to support this hypothesis. The 

same rationale may be used to explain differences in terms of migration capacity. In this case, the BM 

source should be the one expressing higher levels of chemokines, although the levels of this factors have 

not been measured. While Li and colleagues demonstrated that BM MSC secrete higher levels of the 

potent chemokine SDF-1 [54], Amable et al reported that AT and UCM MSC secrete higher 

concentration of other chemoattractants, as RANTES, MCP-1, eotaxin and IP-10 [1]. Testing the 

different MSC sources in vivo would possibly provide more details about the angiogenic capacity of 

each source. The in vitro findings were not in agreement with the ones obtained by Du et al [14], 

reporting higher tube formation capacity for BM MSC. 

In this chapter, different human MSC sources were successfully characterized in terms of 

immunophenotype, proliferative capacity and in vitro angiogenic potential. The results show superior 

proliferative and angiogenic capacity of both AT and UCM MSC, compared with the BM source. The 

improved angiogenic properties are characterized by increased number of HUVEC tubes and branch 

points, allowing the formation of a more interconnected network of tubes. Such network is required for 
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an efficient diffusion of oxygen and nutrients to the ischemic myocardial tissue. Nevertheless, the 

advantages of the UCM source over AT make them a more attractive source of MSC, from the clinical 

and regulatory perspectives. Therefore, UCM MSC will be used for further studies in chapter IV. 
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III.1 Summary 

Although MSC have been proved successful in preclinical and clinical studies for myocardial 

regeneration, recent analyses of MSC-based clinical trials in the context of AMI demonstrated limited 

benefits, indicating a need to improve its efficacy. Low cell engraftment and survival, host tissue 

impairment and lack of efficient and reproducible cell potency assays are known to be major hurdles 

regarding MSC-based therapy for AMI. Preconditioning MSC through different approaches was found 

to improve MSC survival rate and thus prolong their therapeutic effect. Particularly, biochemical 

modulation of the cell microenvironment through the addition of different growth factors or chemokines 

and the establishment of culture systems with other cell types have showed to increase the regenerative 

capacity of different sources of MSC. 

In this chapter, human MSC isolated from three different sources (BM, AT and UCM) were expanded 

and cultured in S/XF culture conditions and the supernatant generated from each source was collected 

to precondition the other MSC sources. The effect of this preconditioning strategy was evaluated on 

MSC immunophenotype, proliferative capacity, expression of proangiogenic factors and in vitro 

HUVEC tube-like structure formation capacity. Results show that preconditioning MSC with CM 

retrieved from other MSC sources does not alter the immunophenotypic profile of the cells. Similarly, 

the proliferative capacity of each MSC source is maintained when using this preconditioning strategy. 

Both UCM (control – 3.76 ± 0.52, preconditioned with (c/) BM – 3.75 ± 0.52, c/ AT – 3.75 ± 0.54) and 

AT (control – 3.56 ± 0.20, c/ BM – 3.72 ± 0.23, c/ UCM – 3.89 ± 0.16) MSC still present higher 

proliferative capacities, compared with BM MSC (control – 2.94 ± 0.23, c/ AT – 2.62 ± 0.36, c/ UCM 

– 2.79 ± 0.43). However, both the expression of proangiogenic genes and the in vitro HUVEC tube-like 

structure formation capacity are modulated by culturing a MSC source with CM retrieved from other 

sources. BM MSC cultured with the supernatant collected from AT or UCM MSC increase VEGF (BM 

c/ AT – 1.23 ± 0.15; BM c/ UCM – 1.45 ± 0.52) and HGF (BM c/ AT – 1.27 ± 0.84; BM c/ UCM – 3.28 

± 1.46) gene expression. In contrast, UCM MSC cultured with BM MSC CM express lower levels of 

VEGF (0.71 ± 0.13) and bFGF (0.72 ± 0.18), compared with control conditions. Moreover, BM MSC 

cultured with CM retrieved from both AT or UCM MSC increase the number of HUVEC tubes and 

branch points. Conversely, UCM MSC conditioned with BM or AT MSC CM induces HUVEC tube 

decrease in tube number and number of branch points. 

These findings demonstrate that the in vitro angiogenic potential of an MSC source can be modulated 

by culturing it with a different MSC source, without compromising cell immunophenotypic and 

proliferative capacities. Identifying the appropriate growth factors and/or chemokines may lead to the 

production of a cocktail of factors designed to increase the properties of an MSC-based product for AMI. 
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III.2  Background 

Cardiovascular diseases represent the leading cause of death worldwide, contributing to a total of 7.4 

million deaths in 2012 [1]. Among them, the most common adverse event is AMI, occurring as a result 

of myocardial cell necrosis due to sustained and significant ischemia [2]. Current therapeutic strategies, 

such as restoration of blood flow or reperfusion, can partially improve the extent and consequences of 

an infarct, but cardiac transplantation remains the only standard therapy addressing tissue loss [3]. The 

main challenge regarding cell loss is the restricted ability of the heart for self-regeneration [4]. In this 

context, cell-based therapies have emerged as an attractive therapeutic alternative to repair damaged 

myocardium, either by de novo cardiomyogenesis or promoting neovascularization [5]. 

In particular, MSC have emerged as a promising cell type due to their high expansion capacity, ease of 

isolation, multipotent differentiation ability, low immunogenicity and immunomodulatory and 

regenerative properties [6], [7]. In fact, the most accepted explanation for MSC-mediated cardiovascular 

repair occurs via paracrine signaling through the secretion of growth factors, cytokines and other 

signaling molecules [7], [8]. Such bioactive factors promote neovascularization, activate cytoprotective 

pathways in reversibly injured cardiomyocytes and stimulate resident CS/PC 

proliferation/differentiation, which attenuates inflammation, tissue fibrosis and LV remodeling [9], [10]. 

Some other potential mechanisms of MSC-mediated cardiovascular repair were reported in the 

literature, such as MSC transdifferentiation into cardiomyocytes, MSC fusion with native cells and 

MSC-induced stimulation of endogenous CS/PC via direct cell-cell interaction. However, none of these 

mechanisms have shown as many in vitro and in vivo evidences as MSC paracrine signaling. 

Meta-analysis of 8 relevant MSC-based randomized clinical trials in AMI context revealed a 1.47% 

increase in LV systolic function after cell transplantation, which highlights the need of improvement of 

a potential MSC-based product [11]. Poor cell engraftment and survival is one of the major hurdles 

encountered in MSC-based MI therapy, but others are also described, such as cell potency assessment 

[12] and age/disease-related host tissue impairment [9]. Multidisciplinary teams are currently 

establishing several potentially useful strategies to achieve more robust clinical efficacy of MSC 

therapy. A promising approach is based on the fact that MSC  immunomodulatory and trophic features 

can be augmented through microenvironment modulation, either by biochemical (cell culture media, 

oxygen concentration, pharmacological agents, cytokines and growth factors, co-culture with other cell 

types) [13]–[20] and/or mechanical (shear stress, electrical stimuli, material stiffness and topography) 

[21]–[24] factors. Regarding the biochemical modulation approaches, recent evidences showed that 

MSC expanded under S/XF culture conditions exhibit superior functional angiogenesis in comparison 

to serum-expanded cells [16], [17]. Similarly, stimulating MSC with different cocktails of cytokines and 

growth factors, including TNF-α, TGF-α or IGF-1, led to increased secretion of proangiogenic factors, 
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cell survival, anti-inflammatory properties and engraftment capacities, resulting in improved cardiac 

function in vivo [25]–[27]. Researchers also found that combining the therapeutic potential of different 

cell types may also boost the outcomes of a cell-based product for AMI. In this context, MSC have been 

transplanted into ischemic hearts along with other cell populations, including CSPC [28], [29] and EPC 

[30], [31], promoting an enhanced recovery of the infarcted heart. Despite these encouraging 

achievements, more data is required to prove the increased therapeutic potential of these cells. 

MSC for cardiac cell therapy can be obtained from both adult (BM, AT, peripheral blood) and neonatal 

(UCM, UCB, amnion, and placenta) sources. However, MSC isolated from different sources present 

differential properties and biological functions, such as molecular profile [32]–[34], proliferation 

capacity [35], [36], differentiation potential [35], immunomodulatory functions [37] and angiogenic 

properties [38], as demonstrated in Chapter II. Despite these differences, preclinical and clinical data 

showed an improvement of cardiac function after cell transplantation of different MSC sources [39]–

[43]. 

The present chapter aims at analyzing the effect of culturing a specific MSC source with CM retrieved 

from other MSC sources on the cell immunophenotype, proliferative capacity, proangiogenic gene 

expression profile and in vitro HUVEC tube-like structure formation ability. Three human MSC sources 

(BM, AT and UCM) were expansion in a commercially available S/XF culture medium, StemPro® 

MSC SFM XenoFree. After expansion, the supernatants from the different sources were collected and 

each source was cultured with the supernatant retrieved from the other sources. Preconditioned cells, 

along with the respective controls, were characterized as mentioned above. This approach is expected 

to provide more information about the effect of preconditioning MSC with different concentrations of 

growth factors on the in vitro angiogenic potential of the cells.  

 

III.3 Materials and Methods 

III.3.1 Human Samples 

BM MSC were isolated as described by dos Santos et al [44]. BM aspirates were obtained from healthy 

donors after informed consent at Instituto Português de Oncologia Francisco Gentil, Lisboa, Portugal 

(Laws nº 97/95, nº 46/2004). AT MSC were isolated and characterized as previously described in the 

literature [45]. AT aspirates were obtained from healthy donors, upon informed consent, under a 

protocol reviewed and approved by the Pennington Biomedical Research Center Institutional Review 

Board. UCM MSC were isolated according to the protocol established by de Soure et al [46]. Umbilical 

cord units were obtained from healthy donors after informed maternal consent at Hospital São Francisco 
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Xavier, Lisboa, Portugal (Directive 2004/23/EC of the European Parliament and of the Council of 31 

March 2004). All the MSC sources (BM, AT and UCM) were cryopreserved in a liquid/vapor-phase 

nitrogen container. 

 

III.3.2 Ex Vivo Expansion of Human Mesenchymal Stem/Stromal Cells from Different 

Sources 

Upon thawing, MSC from the 3 different sources (BM, AT and UCM) were plated at a cell density 

between 3000-6000 cell/cm2 and cultured for 2 passages under S/XF conditions, on CELLstart™ CTS™ 

(diluted 1:200 in PBS with Ca2+ and Mg2+, Life Technologies) precoated T-75 or T-175 flasks (BD 

Falcon™) using StemPro® MSC SFM XenoFree (Life Technologies). Cells were kept at 37°C and 5% 

CO2 in a humidified atmosphere and culture medium was changed every 3-4 days. At 70-80% cell 

confluence, MSC were detached from the flasks using the XF cell detachment solution TrypLE™ Select 

CTS™ solution (1X, Life Technologies) for 7 min at 37°C. Cell number and viability were determined 

using Trypan Blue (Life Technologies) exclusion method. 

 

III.3.3 Human Mesenchymal Stem/Stromal Cell Culture for Preconditioning with 

Supernatant Retrieved from Other Sources 

Each of the different MSC sources was plated at a cell density between 1000-3000 cell/cm2 on 3X T-75 

flasks and 9X wells of tissue culture-treated 6-well plates precoated with CELLstart™ (diluted in 1:200 

in PBS with Ca2+ and Mg2+) using StemPro® MSC SFM XenoFree. Culture medium was changed at 

day 3 of culture. For cells cultured on T-75 flasks, at day 5, cell culture supernatant was retrieved and 

each MSC source was cultured with the supernatant from the other two sources. After 2 days of 

conditioning, control and preconditioned cells were detached using TrypLE™ Select CTS™ solution 

(1X) and counted using Trypan Blue exclusion method. 3 x 105 cells were used for FC analysis and the 

remaining cells were collected for RT-PCR analysis. For cells cultured on 6-well plates, culture medium 

was replaced by EBM™-2, at day 7 of culture. After 24h, CM was retrieved and each MSC source was 

cultured with CM from the other two sources, for 24 h. Cells were then detached and counted using 

Trypan Blue exclusion method and CM was retrieved and centrifuged at 1500 rpm for 10 min and kept 

at -80°C. The angiogenic potential of CM from control and preconditioned cells was later evaluated 

through a HUVEC tube formation assay. For each cell source, MSC from at least three independent 

donors (n≥3) in passages from P3 to P5 were used. 
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III.3.4 Characterization of Human Mesenchymal Stem/Stromal Cells Preconditioned 

with Supernatant Retrieved from Other Sources 

III.3.4.1 Immunophenotypic Profile 

The immunophenotypic profile of MSC were analyzed by FC (FACSCalibur equipment, Becton 

Dickinson), using a panel of mouse anti-human monoclonal antibodies (PE-conjugated, all from BD 

Biolegend) against: CD73, CD90, CD105, CD34, CD45, CD14, CD19, CD80, and HLA-DR. Cells were 

incubated with these monoclonal antibodies for 20 min in the dark at room temperature and then cells 

were washed with PBS (1X) and fixed with 2% PFA (Sigma). Isotype controls were also prepared for 

every experiment. A minimum of 5000 events was collected for each sample and the CellQuest software 

(Becton Dickinson) was used for acquisition and analysis. 

 

III.3.4.2 Proliferative Capacity 

Cell proliferative capacity was determined through the number of PD of the MSC cultured in the 

different conditions studied. After cell counting using Trypan Blue exclusion method, the FI in total cell 

number was calculated as the ratio of cells obtained at the end of the culture divided by the number of 

cells plated at day 0. The number of PD was then calculated using the equation PD = log(FI)/log(2). 

 

III.3.4.3 In Vitro Angiogenic Potential 

The in vitro angiogenic potential of the different MSC sources was assessed using two different 

approaches: i) RT-PCR analysis of the expression of the proangiogenic genes VEGF, bFGF, and HGF; 

and ii) HUVEC tube-like structure formation assay, using CM retrieved from the different MSC sources. 

 

III.3.4.3.1 Quantitative Real-Time-Polymerase Chain Reaction 

Cells harvested at the end of each experiment were centrifuged, lysed and total RNA was isolated using 

the RNeasy® Mini Kit (Qiagen) according to manufacturer’s instruction. RNA was then quantified by 

UV spectrophotometry (NanoDrop Technologies) at 260 nm. Complementary DNA was synthesized 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) with blended oligo (dT), random primers and 500 ng 

of RNA. For RT-PCR, a two-step PCR run was performed in StepOne Real-Time PCR System (Applied 
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Biosystems™), using Fast SYBR™ Green Master Mix (Applied Biosystems™), 0.5 µM of each primer, 

and 1 µL of cDNA in 20 µL of final volume. The primers used for VEGF-A, bFGF and HGF gene 

amplification are presented on Table III.1. 

Table III.1 List of PCR primers used to study pro-angiogenic gene expression. 

Gene Primer Sequence 
Amplicon 

size (bp) 

Vascular endothelial growth 

factor-A (VEGF-A) 

Fwd: 5’-CGA GGG CCT GGA GTG TGT-3’ 

Rev: 5’-CGC ATA ATC TGC ATG GTG ATG-3’ 
57 

Basic fibroblast growth factor 

(bFGF) 

Fwd: 5’-TGG TAT GTG GCA CTG AAA CGA-3’ 

Rev: 5’-GCC CAG GTC CTG TTT TGG AT 
61 

Hepatocyte growth factor 

(HGF) 

Fwd: 5’-TCC ACG GAA GAG GAG ATG AGA-3’ 

Rev: 5’-GGC CAT ATA CCA GCT GGG AAA-3’ 
63 

Expression was normalized to the metabolic housekeeping gene GAPDH. Control assays containing no 

cDNA templates were also performed. 

 

III.3.4.3.2 HUVEC Tube-Like Structure Formation Assay  

The in vitro HUVEC tube-like structure formation assay was used to evaluate the ability of HUVEC to 

form networks of tubes in Matrigel®, when cultured in MSC-derived CM, as previously described [47]. 

The volume of CM to be used in this assay was normalized to a cell density of approximately 1 x 105 

cell/mL, by using EBM™-2 for CM dilution (when required). 50 µL of Matrigel® Matrix Basement 

Membrane (Corning) were plated per well of a 96-well plate and allowed to polymerize for 1h at 37°C. 

2 x 104 HUVEC resuspended in 200 µL of CM were then added to the Matrigel® layer. After 6h of 

culture, HUVEC tube-like structures were imaged and number of tubes and number of branch points 

were quantified using the ImageJ software. HUVEC resuspended in EBM™-2 and EGM™-2 (Lonza) 

were used as negative and positive controls, respectively. 

 

III.3.5 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6. Results are presented as mean + standard 

error of the mean (SEM) of the values obtained for the different MSC donors. Two-way non-parametric 

analysis of variance (ANOVA) was calculated between three or more different experimental groups, 

comparing at least two parameters. Two-way ANOVA was followed by Bonferroni test to determine 

statistically significant differences (P-values < 0.05). One-way ANOVA was performed when 
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comparing three or more experimental groups and only one parameter. Kruskal-Wallis test was 

performed to determine statistically significant differences (P-values < 0.05). 

 

III.4 Results 

III.4.1 Immunophenotypic and Proliferative Profiles of Human Mesenchymal 

Stem/Stromal Cell Sources Preconditioned with Supernatant Retrieved from 

Other Sources 

Different MSC sources present different in vitro angiogenic properties, as previously demonstrated. To 

better understand the heterogeneity of the features of each MSC source and how the microenvironment 

modulates these features, cells from the different sources were preconditioned with the CM retrieved 

from the other sources. The preconditioning effect was evaluated on their immunophenotypic and 

proliferative profiles, as described in Figure III.1. 

 

Figure III.1 Immunophenotypic and proliferative profiles of human mesenchymal stem/stromal cells (MSC) 

preconditioned with supernatant retrieved from other MSC sources. (A-C) Cell surface biomarker expression of 

nonpreconditioned and preconditioned human mesenchymal stem/stromal cell (MSC) sources (A – bone marrow (BM, white), 

BM conditioned with adipose tissue (AT)-derived supernatant (grey), BM conditioned with umbilical cord matrix (UCM)-

derived supernatant (black); B – AT (white), AT conditioned with BM-derived supernatant (grey), AT conditioned with UCM-

derived supernatant (black); C – UCM (white), UCM conditioned with BM-derived supernatant (grey), UCM conditioned with 

AT-derived supernatant (black)) cultured in StemPro® MSC SFM XenoFree, by flow cytometry analysis. Results are presented 

as mean + standard error of the mean of the expression of each antigen (%) by each MSC source (n=2). (D-F) Population 

doublings of nonpreconditioned and preconditioned human MSC sources (D – BM (white), BM conditioned with AT-derived 

supernatant (grey), BM conditioned with UCM-derived supernatant (black); E – AT (white), AT conditioned with BM-derived 

supernatant (grey), AT conditioned with UCM-derived supernatant (black); F – UCM (white), UCM conditioned with BM-
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derived supernatant (grey), UCM conditioned with AT-derived supernatant (black)) cultured in StemPro® MSC SFM 

XenoFree. Population doublings are calculated as PD = log(FI)/log(2), where FI (fold increase) is calculated as the ratio of 

cells obtained at the end of the culture divided by the number of cells plated at day 0 and presented as mean + standard error 

of the mean (n=3). 

  

Preconditioning MSC with supernatant retrieved from other MSC sources does not alter the 

immunophenotypic and proliferative profiles of the cells. Both nonpreconditioned and preconditioned 

cells present similar expression levels of the characteristic MSC biomarkers CD73, CD90 and CD105 

(Figures III.1.A-C). CD105 presents the highest expression heterogeneity between different MSC 

sources, as described in Chapter II, and those differences are maintained when different sources are 

cultured with CM retrieved from other sources. While the percentage of CD105+ BM MSC is 98.1 ± 

1.5 %, when cells are preconditioned with AT- and UCM-derived supernatants the expression ranges 

from 97.9 ± 0.9 and 98.5 ± 1.3 %, respectively. Similarly, AT MSC preconditioned with BM- and UCM-

derived supernatants express 95.4 ± 3.0 and 95.3 ± 1.7 % CD105, respectively, compared with 93.9 ± 

3.5 % of nonpreconditioned cells. UCM MSC cultured with supernatant retrieved from BM and AT 

express 94.7 ± 1.0 and 95.4 ± 0.6 %, respectively, while UCM MSC express 95.8 ± 0.9 % of CD105. 

The proliferative capacity of each MSC source (Figures III.1.D-F) is also maintained when cells are 

preconditioned with CM retrieved from other sources. Both UCM (control – 3.76 ± 0.52, c/ BM – 3.75 

± 0.52, c/ AT – 3.75 ± 0.54) and AT (control – 3.56 ± 0.20, c/ BM – 3.72 ± 0.23, c/ UCM – 3.89 ± 0.16) 

MSC still present higher proliferative capacities, compared with BM MSC (control – 2.94 ± 0.23, c/ AT 

– 2.62 ± 0.36, c/ UCM – 2.79 ± 0.43). 

 

III.4.2 In Vitro Angiogenic Profiles of Human Mesenchymal Stem/Stromal Cell Sources 

Preconditioned with Supernatant Retrieved from Other Sources 

As for the immunophenotypic and proliferative profiles, the effect of preconditioning different MSC 

sources with the supernatant retrieved from other sources was evaluated on their in vitro HUVEC tube 

formation capacity. The results are illustrated on Figure III.2. 
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Figure III.2 In vitro human umbilical vein endothelial cell tube-like structure formation capacity of human 

mesenchymal stem/stromal cells (MSC) preconditioned with supernatant retrieved from other MSC sources. (A-C) 

Relative gene expression of vascular endothelial growth factor (VEGF, white), basic fibroblast growth factor (bFGF, grey) and 

hepatocyte growth factor (HGF, black) of nonpreconditioned and preconditioned human mesenchymal stem/stromal cell 

(MSC) sources (A – bone marrow (BM), BM conditioned with adipose tissue (AT)-derived supernatant, BM conditioned with 

umbilical cord matrix (UCM)-derived supernatant; B – AT, AT conditioned with BM-derived supernatant, AT conditioned 
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with UCM-derived supernatant; C – UCM, UCM conditioned with BM-derived supernatant, UCM conditioned with AT-

derived supernatant) cultured in StemPro® MSC SFM XenoFree. Gene expression is normalized to the nonpreconditioned BM 

source and values are represented as mean + standard error of mean (SEM, n=3, *P<0.01). (D-R) Tube-like structures formed 

by human umbilical vein endothelial cells (HUVEC) resuspended in conditioned medium (CM) retrieved from different 

nonpreconditioned and preconditioned human MSC sources (D – BM; E – BM conditioned with AT-derived supernatant; F – 

BM conditioned with UCM-derived supernatant; I – AT; J – AT conditioned with BM-derived supernatant; K – AT conditioned 

with UCM-derived supernatant; N – UCM; O – UCM conditioned with BM-derived supernatant; P – UCM conditioned with 

AT-derived supernatant) cultured in endothelial basal medium (EBM™-2) for 48 h and plated in Matrigel®. (G, L, Q) Number 

of tubes and (H, M, R) number of branch points were analyzed after 6h. HUVEC cultured in EBM™-2 and EGM™-2 were 

used as negative and positive controls, respectively. Values are represented as mean + standard error of mean (SEM, n=2). 

 

Preconditioning MSC with CM retrieved from other MSC sources modulates both gene expression 

(Figure III.2.A-C) and cell in vitro HUVEC tube formation ability (Figure III.2.D-R). In fact, BM MSC 

cultured with supernatant collected from AT or UCM MSC increase VEGF (BM c/ AT – 1.23 ± 0.15; 

BM c/ UCM – 1.45 ± 0.52) and HGF (BM c/ AT – 1.27 ± 0.84; BM c/ UCM – 3.28 ± 1.46) gene 

expression. No differences are observed at bFGF gene expression level. In contrast, UCM MSC cultured 

with BM MSC supernatant express lower levels of VEGF (0.71 ± 0.13) and bFGF (0.72 ± 0.18), 

compared with control conditions. Such pattern is not so evident when UCM MSC are cultured with AT 

MSC supernatant (VEGF – 0.85 ± 0.07; bFGF – 1.00 ± 0.07; HGF – 1.17 ± 0.54). AT gene expression 

profile does only display considerable alterations in HGF expression levels when cultured with 

supernatant collected from UCM (1.70 ± 0.54). In the remaining conditions, the alterations in the AT 

gene expression profile are negligible (AT c/ BM: VEGF – 1.03 ± 0.05, bFGF – 1.12 ± 0.15, HGF – 

1.12 ± 0.18; AT c/ UCM: VEGF – 1.17 ± 0.14, bFGF – 1.09 ± 0.06). 

Such alterations at the gene expression levels are translated to the HUVEC tube-like structure formation 

capacity. BM MSC cultured with CM retrieved from both AT or UCM MSC increase the number of 

HUVEC tubes (BM – 168 ± 36; BM c/ AT – 184 ± 62; BM c/ UCM – 198 ± 74) and number of branch 

points (BM – 65 ± 5; BM c/ AT – 98 ± 1; BM c/ UCM – 98 ± 4). Conversely, UCM MSC conditioned 

with BM or AT MSC CM induces a decrease in HUVEC tube number (UCM – 192 ± 88; UCM c/ BM 

– 170 ± 76; UCM c/ AT – 142 ± 59) and number of branch points (UCM – 90 ± 8; UCM c/ BM – 74 ± 

2; UCM c/ AT – 80 ± 10). Again, AT (number of tubes – 179 ± 70; number of branch points – 97 ± 5) 

preconditioning with BM (number of tubes – 177 ± 75; number of branch points – 103 ± 16) and UCM 

(number of tubes – 190 ± 98; number of branch points – 95 ± 19) MSC CM does not follow a specific 

trend. 

 

 

III.5 Discussion and Conclusions 



 

119 

 

The results obtained in this chapter allowed the characterization of three human MSC sources cultured 

with CM retrieved from other MSC sources, in terms of immunophenotype, proliferative capacity, 

expression of proangiogenic genes and in vitro HUVEC tube-like structure formation capacity. The true 

nature of this preconditioning strategy can be a matter of debate. The different MSC sources were 

preconditioned with supernatant retrieved from other sources, and not with a chemically-defined, 

synthetic cocktail of growth factors specifically designed to improve the angiogenic properties of the 

cells [25]–[27]. In fact, cell supernatant is a rich source of not only growth factors and chemokines, but 

also extracellular vesicles, such as exosomes, and nuclei acids, particularly small, noncoding 

microRNAs [48]. All these components are known to be able to modulate the angiogenic activity of the 

target cells. For this reason, this strategy should not be entirely classified as a growth factor 

preconditioning approach. Although the preconditioning effect is the result of cellular products, this 

approach should also not also be considered a co-culture system, since the different MSC sources are 

not in direct contact with each other [28]–[31]. The strategy used here is a mixed system between growth 

factor preconditioning and a co-culture system. From now on, this system will be defined as a 

biochemical preconditioning strategy or preconditioning through indirect cell culture. 

MSC biochemical preconditioning led to the reduction of the differences in the expression of 

proangiogenic genes among MSC sources. Culturing BM MSC, the source with the lowest expression 

of the proangiogenic genes, with supernatant collected from sources producing with higher 

concentrations of those factors, namely UCM and AT MSC, resulted in an increased expression of the 

proangiogenic genes in the BM MSC population. The opposite trend was observed, when both UCM 

and AT MSC angiogenic gene expression was reduced by culturing these sources with supernatant 

retrieved from BM MSC. This preconditioning effect is not only observed at the gene expression level, 

but also in the HUVEC tube-like structure formation capacity. The results may suggest that the in vitro 

angiogenic potential of a specific MSC source can be modulated by varying the concentration of growth 

factors and cytokines in the culture medium (such as VEGF, bFGF and HGF), moving towards the 

rational design of a specific cocktail of factors to maximize MSC potential for cardiac cell therapy. To 

a better perception of the impact of this preconditioning strategy, protein quantification and the impact 

of this preconditioning strategy on the HUVEC migration capacity should also be analyzed. Importantly, 

such strategy does not alter the immunophenotypic and proliferative profile of each MSC source, which 

reinforces the higher dependence of the MSC immunophenotype and proliferation capacity on tissue 

origin that on the biochemical factors present in the culture medium, already discussed in Chapter II. 

Moreover, the maintenance of the immunophenotypic and proliferative profiles characteristics of each 

source represents a major step towards the establishment of GMP-compliant protocols for the 

manufacture of preconditioned MSC. 
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The presenting data suggests that preconditioning MSC through indirect cell culture may be only 

advantageous for the source with the lowest angiogenic capacity, although only a reduced population of 

factors have been screened. Further studies should include the analysis of a higher number of pro- and 

anti-angiogenic factors, as well as in vivo testing of the preconditioned cells on myocardial regeneration. 

Therefore, preconditioning a specific MSC source with supernatant retrieved from other sources can be 

advantageous when designing a preconditioning protocol to increase the expression of specific factors 

that are overexpressed in the cell source providing the supernatant. This strategy is particularly suitable 

for replacing the use of a cocktail containing several growth factors and cytokines, which may not be 

cost-effective for the large-scale production of an enhanced MSC-based product for AMI. 

A possible preconditioning strategy through indirect cell culture can also be envisaged using CM 

retrieved from different cell types, such as CS/PC, EPC or HSC, to improve the regenerative capacity 

of a target cell population. In a greater extent than MSC sources, distinct cell types are known to secrete 

different growth factors and cytokines involved in regeneration. Supernatant from different cell types 

can be used to increase the expression of those genes in the target regenerative cells, e.g., MSC. Another 

interesting approach may be the co-administration of different MSC sources to an infarcted 

myocardium. Providing different MSC sources, and thus different proangiogenic factors, EV and nuclei 

acids, to a damaged heart would possibly accelerate its recovery. 

All the approaches previously discussed may be advantageous to produce an enhanced MSC product 

comparing to other preconditioning solutions, like incubation with a highly specialized cocktail of 

growth factors/chemokines and genetic engineer MSC to produce higher amounts of proangiogenic 

factors. While the first may represent a cost-ineffective solution, the second raises both ethical and 

regulatory question, since genetic engineering is not yet approved by regulatory agencies, in the context 

of cellular therapies. 

This is the first time that the supernatant collected from different MSC sources is used to modulate the 

in vitro angiogenic properties of other MSC sources. 
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IV.1 Summary 

MSC regenerative potential in AMI context has been augmented using different preconditioning 

strategies, including biochemical and/or mechanical approaches. Preconditioning cells through the 

modulation of factors involved in their manufacturing is of utmost interest since they can be easily 

adapted to the production processes and usually do not require the acquisition of additional material. In 

this context, dynamic culture and oxygen concentration have raised particular interest. Static MSC 

cultures have been replaced by dynamic systems, particularly microcarrier-based stirred bioreactors, at 

both laboratory and industrial scales, due to the innumerous advantages of these systems. Additionally, 

several reports have demonstrated the improved proliferative capacity and metabolism of MSC cultured 

under low oxygen concentrations (also known as hypoxia). Another important bioprocessing aspect that 

is poorly understood is the effect of the harvesting, cryopreservation and delivery steps on the 

therapeutic efficacy of MSC. 

In this chapter, human UCM MSC were cultured under dynamic culture conditions and low oxygen 

concentrations and the impact of these culture parameters was investigated on the immunophenotypic 

profile and in vitro angiogenic potential of the preconditioned cells. Moreover, the effect of cell 

harvesting, cryopreservation and delivery processes was evaluated on the proangiogenic gene profile of 

these cells. Physically preconditioning UCM MSC through a microcarrier-based culture platform and 

low oxygen concentration (2% O2) promoted an upregulation of the proangiogenic genes VEGF (5.64 

± 0.55), bFGF (1.87 ± 0.65) and HGF (2.90 ± 1.37), compared with MSC cultured under static and 

normoxic conditions. The increased expression was also observed at the secretion level, where several 

proangiogenic factors were also upregulated, including not only VEGF, bFGF and HGF, but also EGF, 

HB-EGF, PlGF, angiogenin, and PDGF-BB. Functional analyses evidenced a superior in vitro 

angiogenic potential of the preconditioned cells. CM retrieved from these cells resulted in an increased 

number of HUVEC tubes and branch points, as well as increased HUVEC migration through the 

transwell system. UCM MSC harvested from the microcarriers experienced a downregulation of 30% 

of the proangiogenic genes studied. However, both cryopreservation and delivery processes, at room 

temperature or 4°C, preserved the angiogenic gene expression profile of preconditioned UCM MSC. 

The current bioprocessing strategy was able to increase the in vitro angiogenic potential of UCM MSC. 

Moreover, this increased potential does not seem to be greatly affected until reaching its final 

destination, the patient. These attributes make the preconditioned cells a powerful candidate for an 

allogeneic, off-the-shelf product for myocardial regeneration. 
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IV.2 Background 

The regenerative capacity of MSC has been modulated through different biochemical and mechanical 

approaches, or even a mixture of both [1]–[5]. Increasing the paracrine effect of MSC through 

modulation of bioprocessing parameters associated with cell culture holds great interest since it does 

not require additional components on the culture system, such as growth factors/cytokines, different cell 

types, pharmacological agents and genetic engineering, and can be scaled up to industrial scale. The 

effect of different bioprocessing parameters have been evaluated on MSC paracrine signaling, including 

cell culture media [6]–[8], oxygen concentration [7], [9], [10], cell expansion platform [11]–[15], and 

cell storage [16], [17]. The enhanced effect of S/XF culture conditions on MSC angiogenic capacity has 

already been discussed in Chapter III. 

MSC are traditionally cultured under atmospheric oxygen concentration (21% O2 in ambient air). 

However, this oxygen concentration might not be the most adequate for the cultivation of MSC, since 

they are derived from tissues with a wide range of oxygen tensions (e.g. 1 – 7% in BM and 10 – 15% in 

AT) [18]. Moreover, researchers found that exposure of MSC to atmospheric oxygen can induce DNA 

damage, leading to cell senescence and decreased therapeutic efficacy [19]. Therefore, oxygen 

concentration in culture medium has been studied by comparing normoxic (21% O2) to hypoxic (1 – 5% 

O2) conditions. Several studies have demonstrated the positive impact of hypoxic conditions on MSC 

expansion [19]–[24]. However, oxygen has also showed to play a critical role in the context of AMI. In 

fact, the causes of cell death in an AMI event are influenced by the ischemic environment, which is 

devoid of nutrients and oxygen, along with the loss of survival signals for matrix attachment and cell-

cell interactions [25]. In a cardiac cell therapy setting, such ischemic environment in the infarcted tissue 

may cause rapid loss of the transplanted MSC via apoptosis [26], [27]. Thus, preconditioning MSC by 

hypoxia prior to cell administration may allow the cell to better adapt to the low oxygen concentration 

in the ischemic tissue and to promote cell engraftment [1]. Researchers have shown that MSC subjected 

to hypoxic conditions secrete several proangiogenic, chemotactic, antiapoptotic and cardioprotective 

factors [9], [28], [29]. 

The culture platform used to expand MSC is also shown to greatly impact the cell biological properties. 

Since MSC are anchorage-dependent cells, MSC expansion has traditionally been carried out in planar 

cultivation systems such as tissue culture flasks or cell factories, for simplicity and easy handling [18]. 

At a laboratory scale, such systems are cost-effective and easily operable to successfully achieve MSC 

expansion. However, a considerable high number of flasks would be required to attain clinical-relevant 

cell numbers. The whole process would be highly time consuming, labor intensive, and would increase 

the risk of contamination. To overcome these issues, 3D culture systems have been developed and 

optimized for the culture of MSC, including the use of microcarriers, scaffolds or spheroids [30]. 
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Although culturing MSC as spheroids has proved to enhance their immunomodulatory and regenerative 

properties compared with static culture [14], several studies have demonstrated limited proliferative 

capacity of MSC cultured in this system [30], making it not suitable for MSC expansion. In contrast, 

microcarriers have successfully proved their ability to efficiently support MSC expansion [11], [31]–

[33]. Microcarriers provide large surface to volume ratio and facilitate higher density cultures [18]. 

Moreover, microcarrier-based culture systems overcome some of the issues related to static cultures, 

such as large volumes of medium required, inefficient gas transfer, existence of oxygen and nutrient 

concentration gradients, and inadequate monitoring and control [34]. 

To achieve this advantageous scenario, MSC culture on microcarriers is performed in dynamic culture 

systems named bioreactors. Several types of bioreactor configurations have been employed for the 

expansion of MSC, including the stirred tank reactor (the most commonly used) [32], [35]–[37], waved-

mixed bioreactor [38], [39], fixed/packed bed bioreactors [40], [41], Vertical-Wheel™ bioreactor [42], 

among others. Bioreactor culture generates shear forces on the surface of the cells adhered to the 

microcarriers, due to the highly dynamic conditions associated with these culture systems. In fact, shear 

stress is known to be one of the main culture factors affecting MSC expansion, differentiation and 

paracrine signaling [13]. Shear stress has been found to induced the upregulating of several angiogenic 

factors, including VEGF, FGF-1 and IGF-1, in adult human MSC [11], [15], [43]. However, some 

authors have also reported a downregulation of other important paracrine factors, including TGF-β1, 

PDGF and its receptors [44], in the presence of shear stress. 

All the three bioprocessing parameters described above may be used to increase the angiogenic capacity 

of MSC. However, little is known about the effects of cell harvesting, storage and delivery on the 

preservation of the preconditioning effect on the cells. While some authors reported that 

cryopreservation does not affect MSC potency both in vitro and in vivo [16], [17], [45], [46], others raise 

concerns regarding the use of MSC for clinical purposes after cell storage [47], [48]. 

The work developed in this chapter aims at maximizing the in vitro angiogenic capacity of UCM MSC 

by culturing the cells under dynamic conditions and low oxygen concentration. UCM MSC, one of the 

sources with the highest in vitro angiogenic capacity, as discussed in chapter II, were cultured in spinner 

flasks, using plastic microcarriers as adhesion surface, under hypoxic conditions (2% O2). The effect of 

dynamic culture and hypoxic conditions was evaluated on MSC immunophenotypic profile, expression 

and secretion of proangiogenic factors and in vitro angiogenic potential, and compared with static 

culture conditions, at 21% O2. Moreover, the effect of cell harvesting, cryopreservation and delivery 

processes was evaluated on the proangiogenic gene profile of the preconditioned cells. Understanding 

the modulation of the cell microenvironment is expected to contribute towards the development of an 

enhanced MSC-based product for AMI. 
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IV.3 Materials and Methods 

IV.3.1 Human Samples 

UCM MSC were isolated according to the protocol established by de Soure et al [33]. Umbilical cord 

units were obtained from healthy donors after informed maternal consent at Hospital São Francisco 

Xavier, Lisboa, Portugal (Directive 2004/23/EC of the European Parliament and of the Council of 31 

March 2004). UCM MSC were cryopreserved in a liquid/vapor-phase nitrogen container. 

 

IV.3.2 Ex Vivo Expansion of Human Umbilical Cord Matrix-Derived Mesenchymal 

Stem/Stromal Cells 

Upon thawing, UCM MSC were plated at a cell density between 3000-6000 cell/cm2 and cultured for 2 

passages under XF conditions, on CELLstart™ CTS™ (diluted 1:200 in PBS with Ca2+ and Mg2+, Life 

Technologies) precoated T-75 or T-175 flasks (BD Falcon™) using StemPro® MSC SFM XenoFree 

(Life Technologies). Cells were kept at 37°C and 5% CO2 in a humidified atmosphere and culture 

medium was changed every 3-4 days. At 70-80% cell confluence, MSC were detached from the flasks 

using the xeno-free cell detachment solution TrypLE™ Select CTS™ solution (1X, Life Technologies) 

for 7 min at 37°C. Cell number and viability were determined using Trypan Blue (Life Technologies) 

exclusion method. 

 

IV.3.3 Human Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell Culture 

for Preconditioning Through Shear Stress and Oxygen Tension 

IV.3.3.1 Human Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell 

Culture Under Static Conditions 

UCM MSC were cultured at 5550 cell/cm2 on 9X wells of 6-well plates precoated with CELLstart™ 

(diluted in 1:200 in PBS with Ca2+ and Mg2+) using StemPro® MSC SFM XenoFree. After 2 days of 

culture, UCM MSC cultured in 6X wells were detached and collected for FC and RT-PCR analysis. 

Supernatant was centrifuged at 1500 rpm for 10 min and kept at -80°C for protein quantification by 

ELISA. In the remaining 3X wells, the supernatant was replaced by EBM™-2 and cells were cultured 

for 24h. CM was then centrifuged at 1500 rpm for 10 min and stored at -80°C to later assess the 

angiogenic potential of CM from UCM MSC cultured under static conditions. Cells were detached and 
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counted using Trypan Blue exclusion method. UCM MSC from three independent donors (n=3) in 

passages from P3 to P5 were used. 

 

IV.3.3.2 Human Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell 

Culture Under Dynamic Conditions 

For dynamic culture of UCM MSC, StemSpan™ spinner flasks (STEMCELL™ Technologies) with a 

working volume of 40 mL of StemPro® MSC SFM XenoFree and equipped with 90° paddles and a 

magnetic stir bar were used. For each spinner flask culture, 1g of plastic microcarriers (Pall SoloHill®) 

were prepared according to manufacturer’s instructions and then coated with CELLstart™ solution 

(diluted in 1:100 in PBS with Ca2+ and Mg2+) for 1h at 37°C, with intermittent agitation (2 min agitated, 

10 min nonagitated) using a Thermomixer® comfort (Eppendorf AG). A total cell number of 4 x 106 of 

previously expanded UCM MSC were added to the precoated microcarriers in the spinner flask, to an 

initial cell density of 1 x 105 cell/mL. The agitation speed was set to 40 rpm during the three days of 

culture. After 2 days of culture, cell counting on plastic microcarriers was performed as described by 

dos Santos et al [31]. 1 x 105 cells were collected for RT-PCR analysis and 3 x 105 cells were harvested 

for FC analysis. UCM MSC that remained in the spinner flask were washed with PBS (1X) and 

ressuspended in 10 mL of EBM™-2, the minimum volume required to maintain the culture in 

suspension. After 24h of dynamic conditioning, CM was retrieved, centrifuged at 1500 rpm for 10 min 

and kept at -80°C. The angiogenic potential of CM from UCM MSC cultured under dynamic conditions 

was later assessed through HUVEC tube formation and migration assays. UCM MSC from three 

independent donors (n=3) in passages from P3 to P5 were used. 

 

IV.3.3.3 Human Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell 

Culture Under Normoxic and Hypoxic Conditions 

UCM MSC cultured in both static and dynamic conditions were also preconditioned to different oxygen 

concentrations: 21% O2 (normoxia) and 2% O2 (hypoxia). Cells were incubated in both normoxic and 

hypoxic incubators, at 37°C and 5% CO2 for the 3 days of culture and were then collected for FC, RT-

PCR, HUVEC tube formation and migration assays and supernatant collected for ELISA. UCM MSC 

from three independent donors (n=3) in passages from P3 to P5 were used. 
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IV.3.3.4 Harvesting, Cryopreservation and Delivery of Human Umbilical Cord Matrix-

Derived Mesenchymal Stem/Stromal Cells 

After culture under dynamic and hypoxic conditions, UCM MSC were collected at different 

bioprocessing steps for RT-PCR analysis: i) harvesting; ii) delivery (after 4 hours in PBS + 1% human 

albumin (Octapharma®) at room temperature or 4°C); iii) cryopreservation; and iv) delivery after 

cryopreservation (after cell thawing and 4 hours in PBS + 1% human albumin at room temperature or 

4°C). Cell harvesting was performed using TrypLE Express (1X) incubated at 37°C for 7 min at 750 

rpm using Thermomixer comfort. UCM MSC were cryopreserved in 90% StemPro® MSC SFM 

XenoFree + 10% dimethyl sulfoxide (DMSO Hybri-Max™, Sigma-Aldrich®) at -80°C for 24 h and 

then transferred to liquid nitrogen for 1 month. UCM MSC from three independent donors (n=3) in 

passages from P3 to P5 were used. 

 

IV.3.4 Characterization of Human Umbilical Cord Matrix-Derived Mesenchymal 

Stem/Stromal Cells Cultured under Different Conditions 

IV.3.4.1 Immunophenotypic Profile 

The immunophenotypic profile of MSC were analyzed by FC (FACSCalibur equipment, Becton 

Dickinson), using a panel of mouse anti-human monoclonal antibodies (PE-conjugated, all from BD 

Biolegend) against: CD73, CD90, CD105, CD34, CD45, CD14, CD19, CD80, and HLA-DR. Cells were 

incubated with these monoclonal antibodies for 20 min in the dark at room temperature and then cells 

were washed with PBS (1X) and fixed with 2% PFA (Sigma). Isotype controls were also prepared for 

every experiment. A minimum of 5000 events was collected for each sample and the CellQuest software 

(Becton Dickinson) was used for acquisition and analysis. 

 

IV.3.4.2 In Vitro Angiogenic Potential 

The in vitro angiogenic potential of the different MSC sources was assessed using 4 different 

approaches: i) RT-PCR analysis of the expression of the proangiogenic genes VEGF, bFGF, and HGF; 

ii) quantification of the secretion of the proangiogenic factors: angiogenin, ANG-2, EGF, bFGF, HB-

EGF, HGF, leptin, PDGF-BB, PlGF and VEGF by ELISA; iii) HUVEC tube-like structure formation 

assay, using CM retrieved from the different MSC sources; iv) HUVEC migration through a transwell 

system, using CM retrieved from the different MSC sources. 
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IV.3.4.2.1 Quantitative Real-Time-Polymerase Chain Reaction 

Cells harvested at the end of each experiment were centrifuged, lysed and total RNA was isolated using 

the RNeasy® Mini Kit (Qiagen) according to manufacturer’s instruction. RNA was then quantified by 

UV spectrophotometry (NanoDrop Technologies) at 260 nm. Complementary DNA was synthesized 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) with blended oligo (dT), random primers and 500 ng 

of RNA. For RT-PCR, a two-step PCR run was performed in StepOne Real-Time PCR System (Applied 

Biosystems™), using Fast SYBR™ Green Master Mix (Applied Biosystems™), 0.5 µM of each primer, 

and 1 µL of cDNA in 20 µL of final volume. The primers used for VEGF-A, bFGF and HGF gene 

amplification are presented on Table IV.1. 

Table IV.1 List of PCR primers used to study pro-angiogenic gene expression. 

Gene Primer Sequence 
Amplicon 

size (bp) 

Vascular endothelial growth 

factor-A (VEGF-A) 

Fwd: 5’-CGA GGG CCT GGA GTG TGT-3’ 

Rev: 5’-CGC ATA ATC TGC ATG GTG ATG-3’ 
57 

Basic fibroblast growth factor 

(bFGF) 

Fwd: 5’-TGG TAT GTG GCA CTG AAA CGA-3’ 

Rev: 5’-GCC CAG GTC CTG TTT TGG AT 
61 

Hepatocyte growth factor 

(HGF) 

Fwd: 5’-TCC ACG GAA GAG GAG ATG AGA-3’ 

Rev: 5’-GGC CAT ATA CCA GCT GGG AAA-3’ 
63 

Expression was normalized to the metabolic housekeeping gene GAPDH. Control assays containing no 

cDNA templates were also performed. 

 

IV.3.4.2.2 Enzyme-Linked Immunosorbent Assay 

The secretion of proangiogenic factors by UCM MSC cultured under different conditions was analyzed 

by a multiplex ELISA. Supernatant from UCM MSC cultured under different culture conditions was 

kept at -80°C until further analysis. The samples were thawed, diluted 3 X and loaded in the 

Quantibody® Human Angiogenesis Array ELISA Kit (RayBiotech), according to manufacturer’s 

instructions. Protein concentration was determined by fluorescence measurement provided by 

RayBiotech. 

 

IV.3.4.2.3 HUVEC Tube-Like Structure Formation Assay 

The in vitro HUVEC tube-like structure formation assay was used to evaluate the ability of HUVEC to 

form networks of tubes in Matrigel®, when cultured in MSC-derived CM, as previously described [49]. 
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The volume of CM to be used in this assay was normalized to a cell density of approximately 1 x 105 

cell/mL, by using EBM™-2 for CM dilution (when required). 50 µL of Matrigel® Matrix Basement 

Membrane (Corning) were plated per well of a 96-well plate and allowed to polymerize for 1h at 37°C. 

2 x 104 HUVEC resuspended in 200 µL of CM were then added to the Matrigel® layer. After 6h of 

culture, HUVEC tube-like structures were imaged and number of tubes and number of branch points 

were quantified using the ImageJ software. HUVEC resuspended in EBM™-2 and EGM™-2 (Lonza) 

were used as negative and positive controls, respectively. 

 

IV.3.4.2.4 HUVEC Migration Assay 

HUVEC migration assay was performed using 6.5 mm, 8 µm pore size transwells (Costar Corp.), coated 

with 10 µg/mL human fibronectin for 1 hour at 37°C. 3 x 104 HUVEC resuspended in 100 µL EBM™-

2 were plated in transwell inserts and then placed into 24-well plate containing 700 µL of CM collected 

from different MSC culture conditions, also normalized to a cell density of approximately 1 x 105 

cell/mL. Cell migration was measured after 6h of incubation at 37°C. All non-migrated cells were 

removed from the upper face of the transwell membrane using a cotton swab and migrated cells were 

fixed with 2% PFA and stained with 0.1% crystal violet in 0.1 M borate, pH 9.0, 2% ethanol. Cell 

counting in the lower transwell membrane was performed using the ImageJ software. HUVEC placed 

in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. 

 

IV.3.5 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6. Results are presented as mean + standard 

error of the mean (SEM) of the values obtained for the different MSC donors. Two-way non-parametric 

analysis of variance (ANOVA) was calculated between three or more different experimental groups, 

comparing at least two parameters. Two-way ANOVA was followed by Bonferroni test to determine 

statistically significant differences (P-values < 0.05). One-way ANOVA was performed when 

comparing three or more experimental groups and only one parameter. Kruskal-Wallis test was 

performed to determine statistically significant differences (P-values < 0.05). 
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IV.4 Results 

IV.4.1 Immunophenotypic Profile of Human Umbilical Cord Matrix-Derived 

Mesenchymal Stem/Stromal Cells Cultured under Dynamic Conditions and Low 

Oxygen Concentration 

Data reported on Chapter II evidenced the different in vitro angiogenic properties of the three MSC 

sources analyzed. UCM MSC, along with AT MSC, proved to express higher levels of the proangiogenic 

genes VEGF, bFGF and HGF, compared with the BM source, resulting in high number of tubes and 

branch points. Additionally, UCM MSC presented the highest proliferative capacity, which is 

advantageous from a bioprocessing perspective. Using these criteria, UCM MSC were selected to be 

physically preconditioned through a microcarrier-based dynamic culture platform and under hypoxic 

conditions (2% O2). The effect of these two bioprocessing parameters was firstly analyzed on UCM 

MSC immunophenotypic profile (Figure IV.1). 

 

Figure IV.1 Immunophenotypic profile of human umbilical cord matrix-derived mesenchymal stem/stromal cells 

cultured under static vs dynamic culture and/or normoxic vs hypoxic culture conditions. Cell surface biomarker 

expression of human umbilical cord matrix (UCM)-derived mesenchymal stem/stromal cells (MSC) cultured in: i) static 

conditions at 21% O2 (white); ii) static conditions at 2% O2 (light grey); iii) dynamic conditions at 21% O2 (dark grey); iv) 

dynamic conditions at 2% O2 (black), by flow cytometry analysis. UCM MSC cultured under static conditions were plated on 

6-well plates, while cells cultured under dynamic conditions were plated on Pall SoloHill® plastic microcarriers in StemSpan™ 

spinner flasks. StemPro® MSC SFM XenoFree was used in all culture conditions. Results are presented as mean + standard 

error of the mean of the expression of each antigen (%) by each MSC source (n=3). 

 

UCM MSC cultured under dynamic culture conditions and/or low oxygen concentration exhibit the 

characteristic MSC immunophenotype (≥ 95% CD73, CD90, CD105 expression), except for CD105 

biomarker. Both dynamic culture and hypoxic conditions do not affect CD73 (static normoxia (sn) – 

99.2 ± 0.4%; static hypoxia (sh) – 99.4 ± 0.2%; dynamic normoxia (dn) – 99.1 ± 0.2%; dynamic hypoxia 

(dh) – 98.3 ± 1.1%) and CD90 (sn – 99.3 ± 0.3%; sh – 99.5 ± 0.1%; dn – 99.2 ± 0.2%; dh – 98.8 ± 0.6%) 

expression, but either individually or in combination these culture conditions affect CD105 expression 

(sn – 78.0 ± 6.1%; sh – 73.2 ± 3.8%; dn – 59.5 ± 4.9%; dh – 19.3 ± 5.7%). 
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IV.4.2 In Vitro Angiogenic Potential of Human Umbilical Cord Matrix-Derived 

Mesenchymal Stem/Stromal Cells Cultured under Dynamic Conditions and Low 

Oxygen Concentration 

Modulating shear stress and oxygen concentration does not only affect UCM MSC immunophenotype, 

but also their in vitro angiogenic potential. The effect of dynamic culture and low oxygen concentration 

was analyzed, and the results are shown on Figure IV.2. 

 

Figure IV.2 In vitro angiogenic potential of human umbilical cord matrix-derived mesenchymal stem/stromal cells 

cultured under static vs dynamic culture and/or normoxic vs hypoxic culture conditions. (A) Relative gene expression of 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and hepatocyte growth factor (HGF) of 

human umbilical cord matrix (UCM)-derived mesenchymal stem/stromal cells (MSC) cultured in: i) static conditions at 21% 
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O2 (white); ii) static conditions at 2% O2 (light grey); iii) dynamic conditions at 21% O2 (dark grey); iv) dynamic conditions at 

2% O2 (black). UCM MSC cultured under static conditions were plated on 6-well plates, while cells cultured under dynamic 

conditions were plated on Pall SoloHill® plastic microcarriers in StemSpan™ spinner flasks. StemPro® MSC SFM XenoFree 

was used in all culture conditions. Gene expression is normalized to static conditions, 21% O2 and values are represented as 

mean + standard error of mean (SEM, n=3, **P<0.05; ***P<0.001). (B) Concentration of pro-angiogenic factors (angiopoietin-

2 (ANG-2), epidermal growth factor (EGF), heparin-binding EGF-like growth factor (HB-EGF), HGF, leptin, placental growth 

factor (PlGF), VEGF, angiogenin, bFGF, and platelet-derived growth factor-BB (PDGF-BB)) in the supernatant of human 

UCM MSC cultured in static vs dynamic and normoxic vs hypoxic culture conditions, using StemPro® MSC SFM XenoFree. 

Values are represented as mean + standard error of mean (SEM, n=2, *P<0.01). Tube-like structures formed by human 

umbilical vein endothelial cells (HUVEC) resuspended in conditioned medium (CM) retrieved from human UCM MSC 

cultured in static 21% O2 (C), static 2% O2 (D), dynamic 21% O2 (E) and dynamic 2% O2 (F) culture conditions using 

endothelial basal medium (EBM™-2) for 24 h and plated in Matrigel®. (G) Number of tubes and (H) number of branch points 

were analyzed after 6h. HUVEC cultured in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. 

Values are represented as mean + standard error of mean (SEM, n=3, *P<0.05). HUVEC migration capacity through the pores 

of transwell inserts placed into 24-well plates containing CM collected from UCM MSC cultured in: i) static conditions at 21% 

O2 (I); ii) static conditions at 2% O2 (J); iii) dynamic conditions at 21% O2 (K); iv) dynamic conditions at 2% O2 (L). HUVEC 

migration (M) was measured after 6h of incubation at 37°C, by cell staining with 0.1% crystal violet in 0.1 M borate, pH 9.0, 

2% ethanol. HUVEC cultured in EBM™-2 and EGM™-2 were used as negative and positive controls, respectively. Values are 

represented as mean + standard error of mean (SEM, n=3). 

 

Gene expression analysis reveals an upregulation of the proangiogenic genes studied when UCM MSC 

were cultured under dynamic culture conditions (Figure IV.2.A). There is a significant increase in VEGF 

expression (dn – 4.82 ± 0.24; dh – 5.64 ± 0.55), compared with static conditions, and in bFGF (dn – 

2.17 ± 0.49; dh – 1.87 ± 0.65) and HGF (dn – 2.66 ± 1.33; dh – 2.90 ± 1.37) expression, although not 

statistically significant. These results are confirmed at the protein secretion level (Figure IV.2.B). All 

the three proangiogenic factors are secreted at higher concentrations when UCM MSC are cultured under 

dynamic conditions (VEGF: sn – 568 ± 115 pg/(106cell.day), dn – 1765 ± 850 pg/(106cell.day), dh – 

1475 ± 259 pg/(106cell.day); bFGF – sn – 815 ± 257 pg/(106cell.day), dn – 4662 ± 141 pg/(106cell.day), 

dh – 4176 ± 2792 pg/(106cell.day); HGF – sn – 1577 ± 812 pg/(106cell.day), dn – 3121 ± 792 

pg/(106cell.day), dh – 2028 ± 194 pg/(106cell.day)). Other proangiogenic factors follow the same trend, 

such as EGF (sn – 3 ± 1 pg/(106cell.day), dn – 17 ± 3 pg/(106cell.day), dh – 22 ± 1 pg/(106cell.day)),  

HB-EGF (sn – 600 ± 263 pg/(106cell.day), dn – 2358 ± 953 pg/(106cell.day), dh – 1294 ± 240 

pg/(106cell.day)), PlGF (sn – 267 ± 182 pg/(106cell.day), dn – 1200 ± 662 pg/(106cell.day), dh – 1347 

± 78 pg/(106cell.day)), angiogenin (sn – 3474 ± 1165 pg/(106cell.day), dn – 11037 ± 4465 

pg/(106cell.day), dh – 8600 ± 3365 pg/(106cell.day)), and PDGF-BB (sn – 830 ± 151 pg/(106cell.day), 

dn – 4723 ± 28 pg/(106cell.day), dh – 9813 ± 1797 pg/(106cell.day)). 

Data also indicates that dynamic culture has a higher impact on UCM MSC angiogenic gene expression 

than oxygen concentration. In fact, under static conditions, hypoxia induces a moderate VEGF 

upregulation (1.43 ± 0.09) and secretion (sn – 568 ± 115 pg/(106cell.day) vs sh – 843 ± 843 

pg/(106cell.day)) and a downregulation of HGF expression (0.61 ± 0.02) and secretion (sn – 1577 ± 812 

pg/(106cell.day) vs sh – 1053 ± 605 pg/(106cell.day)). Leptin secretion shows a similar trend (sn – 242 

± 42 pg/(106cell.day) vs sh – 67 ± 67 pg/(106cell.day)).  Results for bFGF suggest higher protein 
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secretion levels (sn – 815 ± 257 pg/(106cell.day) vs sh – 1789 ± 541 pg/(106cell.day)), but a reduced 

gene expression profile (0.88 ± 0.03). Angiopoietin-2 is only expressed under 21% O2 (sn – 805 ± 167 

pg/(106cell.day), sh – 0 ± 0 pg/(106cell.day), dn – 1931 ± 946 pg/(106cell.day), dh – 0 ± 0 

pg/(106cell.day)). 

Both dynamic culture and hypoxia, either individually or in combination, modulate HUVEC tube 

formation (Figure IV.2.C-H) and migration (Figure IV.2.I-M) capacities of UCM MSC CM. Both 

preconditioning strategies result in increased number of HUVEC tubes (sn – 67 ± 6; sh – 80 ± 5; dn – 

82 ± 9) and increased number of branch points (sn – 66 ± 11; sh – 84 ± 12; dn – 89 ± 11), compared 

with UCM MSC CM collected from static conditions, at 21% O2. A similar trend is observed at the 

migration level, where both dynamic culture (72 ± 5 %) and hypoxia (65 ± 10 %) induce the migration 

of a higher percentage of HUVEC, compared with CM collected from UCM MSC cultured under static 

and normoxic conditions (57 ± 7 %). Combining dynamic culture and low oxygen concentration 

promotes a synergistic effect on HUVEC tube formation (number of tubes – 94 ± 7; number of branch 

points – 100 ± 11) and migration (82 ± 8%) abilities, compared with each effect individually. 

 

IV.4.3 Angiogenic Gene Expression Profile of Physically Preconditioned Human 

Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cells Throughout the 

Harvesting, Cryopreservation and Delivery Processes 

Preconditioned MSC have demonstrated an improved in vitro angiogenic potential compared with 

nonpreconditioned MSC. However, little is known about the effect of the downstream and delivery 

processing on the improved potential of preconditioned MSC. In this study, cell viability and VEGF, 

bFGF and HGF gene expression profile of UCM MSC preconditioned through dynamic culture and low 

oxygen concentration were analyzed throughout the harvesting, cryopreservation and delivery 

processes. Results are shown in Figure IV.3. 

 

Figure IV.3 Angiogenic gene expression profile of physically preconditioned human umbilical cord matrix-derived 

mesenchymal stem/stromal cells throughout the harvesting, cryopreservation and delivery processes. (A) Cell viability 
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(%) of human umbilical cord matrix (UCM)-derived mesenchymal stem/stromal cells (MSC) at different bioprocessing steps: 

i) harvesting (Harvest), ii) 4 hours after harvesting at room temperature (4hRT), iii) 4 hours after harvesting at 4°C (4h4C), iv) 

cryopreservation (Cryo), v) 4 hours after thawing at room temperature (C4hRT), and vi) 4 hours after thawing at 4°C (C4h4C). 

UCM MSC were resuspended in PBS + 1% human albumin after harvesting and cryopreservation. Cell viability was calculated 

using Trypan Blue exclusion method and values are represented as mean + standard error of mean (SEM, n=3). (B) Relative 

gene expression of vascular endothelial growth factor (VEGF, black), basic fibroblast growth factor (bFGF, grey) and 

hepatocyte growth factor (HGF, white) of human umbilical cord matrix (UCM)-derived mesenchymal stem/stromal cells 

(MSC) at different bioprocessing steps: i) microcarriers (MC), ii) harvesting (Harvest), iii) 4 hours after harvesting at room 

temperature (4hRT), iv) 4 hours after harvesting at 4°C (4h4C), v) cryopreservation (Cryo), vi) 4 hours after thawing at room 

temperature (C4hRT), and vii) 4 hours after thawing at 4°C (C4h4C). Gene expression is normalized to cells in the microcarriers 

and values are represented as mean + standard error of mean (SEM, n=3). 

 

Results indicate that UCM MSC remain viable after cell harvesting (95 ± 1 %) and after 4 hours 

resuspended in PBS + 1% human albumin (85 ± 2 %). Moreover, storing cells at 4°C does not affect 

cell viability (84 ± 4 %), compared with room temperature. After cryopreservation, 77% ± 3 % of UCM 

MSC are viable and remain so during the delivery process, at room temperature and 4°C (73 ± 2 %). 

UCM MSC harvesting from the microcarriers induces a downregulation of VEGF (0.67 ± 0.16), bFGF 

(0.85 ± 0.15), and HGF (0.61 ± 0.19) expression, although not statistically significant. Such 

downregulation is maintained throughout the cell delivery process, meaning after 4 hours in PBS + 1% 

human albumin, at both room temperature (VEGF – 0.71 ± 0.13; bFGF – 0.74 ± 0.10; HGF – 0.58 ± 

0.24) and 4°C (VEGF – 0.65 ± 0.18; bFGF – 0.77 ± 0.17; HGF – 0.68 ± 0.29). Cryopreservation for 1 

month in liquid nitrogen did not induce alterations in the expression of the proangiogenic genes (VEGF 

– 0.90 ± 0.22; bFGF – 0.94 ± 0.19; HGF – 0.63 ± 0.12). Cell delivery after cryopreservation of UCM 

MSC did not also affect the expression of the genes studied (RT: VEGF – 0.83 ± 0.26; bFGF – 0.85 ± 

0.21; HGF – 0.70 ± 0.22. 4°C: VEGF – 0.74 ± 0.18; bFGF – 0.72 ± 0.15; HGF – 0.72 ± 0.31). 

 

IV.5 Discussion and Conclusions 

Although MSC have emerged as a promising cell source in the myocardial regeneration context, limited 

and inconsistent preclinical and clinical outcomes have been reported during the last years. Different 

preconditioning strategies have been found to improve MSC quality in both in vitro and in vivo settings, 

including physical, biochemical and/or genetic modulation of the cells or their microenvironment. 

However, genetic engineering MSC for a therapeutic purpose raises legal and ethical issues, specially 

concerning product safety. In that context, microenvironment modulation as an alternative to cell 

modification represents a major advantage towards the development of a GMP-compliant cellular 

product. 
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Preconditioning UCM MSC through a microcarrier-based stirred system and low oxygen concentration 

aims at resembling the environment that transplanted cells face when systemically administrated as an 

MSC-based product for myocardial infarction: i) the shear forces generated by the bloodstream, and ii) 

the ischemic environment in the damaged heart. Subjecting cells to such stress conditions may not only 

increase their chances of survival in the body (out of the scope of this work), but also their in vitro 

angiogenic potential. Therefore, the effect of the two physical preconditioning approaches on their in 

vitro angiogenic potential was analyzed. Both dynamic culture and low oxygen concentration increased 

the expression and secretion of proangiogenic factors, as previously demonstrated in other works [11], 

[15], [50], [51], which resulted in an improved in vitro angiogenic capacity of the cells. Although 

hypoxia preconditioning has been associated with improved MSC angiogenic capacity in previous 

studies [9], [28], [29], this might not always be the case. In fact, results have been controversial 

concerning the time of exposure to hypoxia: short- (preconditioning) or long-term exposure [52]. 

Nevertheless, oxygen plays an important role on MSC metabolism. Under normoxic conditions, cells 

generate energy through ATP production marginally by phosporylative oxidation [53]. When switched 

to hypoxic conditions, cells rely only on the glycolytic metabolism to produce ATP, via the expression 

of HIF-1α [54]. Researchers have been demonstrating that MSC withstand severe hypoxia as long as 

cells do not face glucose starvation [55] and it can even significantly improve cell survival [56]. No 

reports were found regarding the improved angiogenic capacity of MSC cultured under dynamic 

conditions. 

The improved angiogenic properties of preconditioned UCM MSC are characterized by increased 

number of HUVEC tubes and branch points, as discussed in Chapter III, allowing the formation of a 

more interconnected network of tubes. Such network is required for an efficient diffusion of oxygen and 

nutrients to the ischemic myocardial tissue. Furthermore, preconditioning UCM MSC through dynamic 

culture and low oxygen concentration also improved the migration ability of HUVEC. Dynamic culture 

and low oxygen concentration are stress conditions which might be responsible for the upregulation of 

the proangiogenic (and prosurvival) genes and, thus, for the improved in vitro angiogenic potential of 

these cells. These results are corroborated by in vivo studies showing an improvement of the cardiac 

function using preconditioned MSC, compared with nonpreconditioned cells [57], [58]. From a 

bioprocessing perspective, culturing MSC in a microcarrier-based stirred tank bioreactor system 

represents not only a preconditioning strategy to potentially increase cell therapeutic properties, but also 

enables the development of a controlled, robust and reproducible culture process and a safe and 

consistent cell product, according to GMP guidelines. Moreover, expanding MSC in a microcarrier-

based platform allows a high surface-to-volume ratio, potentiating the total number of cells achieved at 

the end of the culture. Conversely, clinical-grade production of MSC under controlled oxygen 

concentrations might not be cost-effective. A careful analysis of the therapeutic benefits of culturing 
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MSC under low/high oxygen concentrations vs atmospheric oxygen concentration is highly 

recommended. From a careful analysis of the literature, this is the first work reporting the modulation 

of the MSC in vitro angiogenic potential through a bioprocessing approach. 

UCM MSC harvested from the microcarriers experience a downregulation of nearly 30% of the 

proangiogenic genes studied. However, this expression is not altered throughout the cell delivery 

process, at both room temperature and 4°C. Cell delivery under low temperatures consists of an effective 

short-term cell preservation method named low temperature cell pausing, which provides time for 

quality control analysis and transportation, reduced risk of sample contamination and reduced costs [59]. 

Moreover, cryopreservation of UCM MSC for 1 month in liquid nitrogen does not also affect the 

proangiogenic gene expression profile. Different findings have been reported concerning the effect of 

cryopreservation on MSC quality attributes. Some authors have demonstrated that cryopreservation is 

able to preserve the main characteristics of MSC, including viability, immunomodulating potential, lack 

of malignant transformation, and cardiac regenerative capacity [16], [17], [45], [46]. Conversely, other 

teams have reported impaired proliferative and immunomodulatory capacities and cellular organization 

of cryopreserved MSC, raising concerns regarding the use of MSC for clinical purposes after cell storage 

[47], [48]. 

Despite the important contribution of this work to the development of an MSC-based product with 

enhanced therapeutic features for myocardial regeneration, it still presents some limitations. The first 

one relies on the marked decrease of CD105 expression in preconditioned MSC. MSC cultured under 

dynamic culture are described to express lower levels of this biomarker, due to longer times of exposure 

to the cell detachment reagent and higher agitation rates to dissociate cells from the microcarriers [60]. 

However, hypoxic conditions were not expected to contribute to a decrease in the CD105 expression. In 

fact, hypoxia and TGF-β are the main factors cooperating to induce CD105, or endoglin, expression at 

both the transcriptional and the protein levels [61]. Despite these contradicting results, other authors 

have already reported a decreased CD105 expression under hypoxic conditions [62]. In this work, 

Boroujerdi and co-workers surprisingly found hypoxia (8% O2) induced a reduction in CD105 

expression on brain endothelial cells. Further studies will be required to understand if preconditioned 

cells will reacquire the expression of CD105, which plays an important role on promoting angiogenesis, 

not only by activation of vascular endothelial cell proliferation but also by induction of the antiapoptotic 

pathways [61]. 

An important technical limitation of the study was studying the impact of specific culture conditions (40 

rpm of agitation rate, spinner flask culture, 2% O2) on MSC in vitro angiogenic potential. In order to 

fully maximize the therapeutic potential of these cells, different bioreactor configurations, agitation rates 
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and oxygen concentrations should be tested and compared. A design of experiment (DoE) approach can 

be used to find the best combination of these process parameters, using less experimental conditions. 

Finally, more UCM MSC donors and in vivo testing are required to validate the results obtained here, 

either statistically and biologically, respectively.  

Nevertheless, the results obtained are expected to contribute towards the development of an enhanced, 

allogeneic, off-the-shelf MSC product for AMI treatment. 
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V.1 Summary 

Microcarrier-based dynamic culture has proved to enhance the in vitro angiogenic potential of UCM 

MSC. To design an efficient bioprocess to achieve clinical-relevant number of preconditioned MSC, the 

desired protocol should also be able to promote MSC expansion. In this context, different bioprocessing 

parameters should be taken in consideration, including type of microcarriers, cell culture medium and 

bioreactor configuration and operation mode, when developing a new bioprocess strategy. This process 

should also be able to comply with GMP guidelines, in order to be approved by regulatory agencies. 

Serum- and xenogeneic-free materials, as well as disposable products, are prerequisites to reduce batch 

variability, xenogeneic contamination and risk of bacterial and fungal contamination, which contributes 

to obtain the approval of the regulatory agencies. Moreover, combining all these parameters will 

eventually result in a robust platform for the expansion and preconditioning of MSC, leading to high 

cell numbers and improved cell angiogenic properties. 

In this chapter, different types of microcarriers and S/XF culture media were screened for the expansion 

of UCM MSC. After selecting the combinations of microcarriers and culture medium with the highest 

UCM MSC proliferation potential under static conditions, these combinations were tested under stirred 

culture conditions, using spinner flasks. Additionally, a different bioreactor configuration, the Vertical-

Wheel™ PBS-0.1 MAG system, was tested and optimized for UCM MSC expansion. Due to the high 

efficiency achieved, other MSC sources were expanded in this innovative system, including BM and 

AT MSC. The impact of the PBS-0.1 MAG culture system on MSC immunophenotype and multilineage 

differentiation capacity was analyzed. Results show that glass microcarriers promoted the highest UCM 

MSC adhesion values, regardless of the culture medium. However, plastic microcarriers performed 

better for UCM MSC proliferation in both StemPro® and TheraPEAK™, while glass microcarriers 

achieved higher proliferation rates in MesenCult™. However, none of these combinations promoted 

UCM MSC expansion in spinner flasks. Therefore, a S/XF protocol based on fibrinogen-depleted human 

platelet lysate supplement (UltraGRO™-PURE) was used for further studies, since this protocol has 

already proved to successfully expand UCM MSC in spinner flasks. By adapting the initial agitation 

protocol and the feeding regime, cell expansion rate and final cell yield were maximized using an 

innovative disposable bioreactor system utilizing the Vertical-Wheel™ technology (PBS-0.1 MAG with 

maximum working volume of 100 mL). UCM MSC were successfully expanded to a maximum cell 

density of 5.3 ± 0.4 x 105 cell/mL, after 7 days of culture (cell viability ≥ 94%). Similarly, AT MSC 

were also efficiently expanded to a maximum cell density of 3.6 ± 0.7 x 105 cell/mL, also after 7 days 

of culture (cell viability ≥ 96%). UCM MSC maintained their identity (e.g. immunophenotype and 

multilineage differentiation potential), after culture in the PBS-0.1 MAG system. 
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The establishment of such platform featuring easy scalability to higher volumes represents an important 

advance in obtaining clinically meaningful MSC numbers with possible enhanced therapeutic features. 

 

V.2 Background 

Microcarrier-based dynamic culture has proved to enhance the in vitro angiogenic potential of UCM 

MSC, by upregulating the expression and secretion of proangiogenic factors. The enhanced secretion of 

these factors resulted in higher in vitro HUVEC tube-like structure formation capacity and HUVEC 

migration ability. These findings were reported for UCM MSC cultured in spinner flasks. However, 

several other bioreactor configurations are commercially available, mainly for the expansion of MSC, 

as previously discussed on chapter IV. Such bioreactor systems are suitable solutions to achieve clinical 

relevant MSC numbers. In order to fulfill the potential of MSC as therapeutic agents, large cell numbers 

and perhaps repeated doses are required, generally in the order of 106 to 107 cells per kilogram of body 

weight [1]–[4], depending on the type of disorder. Using bioreactor systems, high cell numbers and 

improved cell regenerative capacities can be obtained. To maximize MSC expansion and 

preconditioning, different bioprocessing parameters should be taken in consideration, including type of 

microcarriers, cell culture medium and bioreactor configuration and operation mode. 

Microcarriers are small particles made of distinct core materials and presenting different densities, 

diameters, and surface charges. They are produced from a variety of materials, including polystyrene, 

glass, gelatin, dextran, alginate or cellulose, and present different physical properties, like stiffness and 

nanotopography. The majority of the commercially available microcarriers are spherical, but cylindrical 

(DE53, Whatman) and disc-shaped (Fibra-Cel®, Eppendorf) microcarriers are also available [5]. 

Depending on their porosity, microcarriers are divided into nonporous, microporous (pore sizes < 1 µm), 

and macroporous (pore sizes between 10 – 50 µm) types [6]. Moreover, microcarriers can be 

functionalized with peptides or ECM proteins, such as fibronectin, collagen, and laminin, to enhance 

MSC adhesion and proliferation [5]. AOF, synthetic proteins are preferable for microcarrier 

functionalization, to avoid contamination with xenogeneic agents and improve process reproducibility. 

MSC from multiple sources have been successfully expanded using microcarrier-based systems, mainly 

using basal medium supplemented with FB/CS. Although serum-derived supplements still represent the 

most commonly used culture medium supplement for MSC expansion, the use of FB/CS in a clinical 

context carries several disadvantages, including being ill-defined, the wide batch-to-batch variability, 

and the risk of contamination (with virus and prions) and immunogenicity, which increases complexity 

of downstream processing and process standardization [7], [8]. Over the past years, humanized products 
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have been exploited as S/XF culture supplements for the isolation and expansion of MSC, like thrombin-

activated PRP [9], autologous [10] and allogeneic [11] human serum, and pooled hPL [12]–[14]. Despite 

the positive effects reported for MSC isolation, expansion, and functionality using humanized 

supplements, extended used for large scale production is discouraged due to limited availability, risk of 

transmission of human diseases and ill-definition [15]. Replacement of serum- and xeno-derived 

medium by S/XF formulations is thus of utmost importance. Different groups have successfully 

promoted the isolation and expansion of MSC using S/XF medium formulations, without compromising 

cell identity [16]–[20]. Some commercially available SF/XF formulations used for MSC expansion 

include: StemPro® MSC SFM XenoFree (Life Technologies), MesenCult™-ACF (STEMCELL 

Technologies), MSC NutriStem® XF (Biological Industries) and PRIME-XV® MSC Expansion SFM 

(Irvine Scientific) [8].  The ideal candidate should be a chemically defined, serum-free, animal origin-

free (AOF, including human) culture medium, which would improve the performance of MSC 

manufacturing systems both in terms of cell quality and reproducibility [7]. An example of a chemically-

defined S/XF formulation is the TheraPEAK™ MSCGM-CD™ (Lonza). However, this formulation is 

not AOF, since it contains human albumin and pasteurized human transferrin [8]. 

The choice of bioreactor configuration and operation mode is also critical for the successful expansion 

of MSC. As previously discussed, several different bioreactor configurations have been tested, including 

stirred tank reactors [21]–[24], waved-mixed bioreactors [25], [26], fixed/packed bed bioreactors [27], 

[28], the Vertical-Wheel™ bioreactors [29], among others. The innovative Vertical-Wheel™ 

bioreactors consist of U-shaped vessels incorporating a vertically rotating wheel, resulting in faster and 

more efficient mixing at lower agitation rates [29]. The Vertical-Wheel™ bioreactors have proved to be 

efficient for the expansion of BM MSC, achieving a maximum cell concentration of 3 x 105 cells/mL 

[29]. Additionally, this type of bioreactor features easy scalability to industrial volumes, including 15 

and 80 L bioreactors. 

Combining all these bioprocessing parameters will eventually result in a robust, GMP-compliant 

platform for the expansion and preconditioning of MSC, leading to high cell numbers and improved cell 

angiogenic properties. 

The aim of this chapter is to establish a scalable platform for the expansion of human UCM MSC, and 

potentially other MSC sources, without compromising cell identity. To do so, different types of 

microcarriers and S/XF formulations were screened for the expansion of UCM MSC. After selecting the 

combinations of microcarriers and culture medium with the highest UCM MSC proliferation potential 

under static conditions, these combinations were tested under stirred culture conditions, using spinner 

flasks. Additionally, UCM MSC were expanded in the Vertical-Wheel™ PBS-0.1 MAG system, by 

optimizing the culture conditions. The platform was also tested for the expansion of BM and AT MSC. 
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The impact of the PBS-0.1 MAG culture system on MSC immunophenotype and multilineage 

differentiation capacity was analyzed. The establishment of such platform featuring easy scalability to 

higher volumes would represents an important advance in obtaining clinically meaningful MSC 

numbers with possible enhanced therapeutic features. 

 

V.3 Materials and Methods 

V.3.1 Human Samples 

BM MSC were isolated as described by dos Santos et al [30]. Using this protocol, BM MSC were 

isolated from the MNC fraction using two different cell culture media: DMEM supplemented with 10% 

FBS or DMEM supplemented with 5% hPL. BM aspirates were obtained from healthy donors after 

informed consent at Instituto Português de Oncologia Francisco Gentil, Lisboa, Portugal (Laws nº 97/95, 

nº 46/2004). AT MSC were isolated and characterized as previously described in the literature [31]. AT 

aspirates were obtained from healthy donors, upon informed consent, at Clínica de Todos-os-Santos, 

Lisboa, Portugal. UCM MSC were isolated according to the protocol established by de Soure et al [14]. 

Umbilical cord units were obtained from healthy donors after informed maternal consent at Hospital 

São Francisco Xavier, Lisboa, Portugal (Directive 2004/23/EC of the European Parliament and of the 

Council of 31 March 2004). UCM MSC were cryopreserved in a liquid/vapor-phase nitrogen container. 

 

V.3.2 Microcarrier and Culture Medium Screening for the Expansion of Human 

Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cells under Serum- 

and Xenogeneic-Free Conditions 

V.3.2.1 Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell Expansion 

under Static Conditions 

Upon thawing, UCM MSC were plated in T-175 flasks (BD Falcon™) at a cell density between 3000-

6000 cell/cm2 and cultured in StemPro® MSC SFM XenoFree (Life Technologies), MesenCult™-ACF 

(STEMCELL Technologies), or TheraPEAK™ MSCGM-CD™ (Lonza). Cells were kept at 37°C and 

5% CO2 in a humidified atmosphere and culture medium was changed every 3-4 days. At 70-80% cell 

confluence, MSC were detached from the flasks using the xeno-free cell detachment solution TrypLE™ 

Select CTS™ solution (1X, Life Technologies) for 7 min at 37°C. Cell number and viability were 

determined using Trypan Blue (Life Technologies) exclusion method. Before microcarrier/culture 
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medium screening or cultivation on spinner flasks, UCM MSC were plated at 3000 cell/cm2 and culture 

medium was fully renewed every 3-4 days. At 70-80% cell confluence, cells were detached using 

TrypLE™ Select CTS™ (1X) and counted using Trypan Blue exclusion method. Two independent 

UCM MSC donors (n = 2) in passages from P3 to P4 were used to perform microcarrier/culture medium 

screening and spinner flask culture. 

 

V.3.2.2 Microcarrier Screening for the Expansion of Umbilical Cord Matrix-Derived 

Mesenchymal Stem/Stromal Cells 

For microcarrier and culture medium screening, different commercially available microcarriers (plastic, 

plastic Plus, glass, hillex II (Pall SoloHill), pronectin-F and cytodex 3 (Sigma-Aldrich)) and S/XF 

formulations (StemPro® MSC SFM XenoFree (Life Technologies), MesenCult™-ACF (STEMCELL 

Technologies) and TheraPEAK™ MSCGM-CD™ (Lonza)) were tested for UCM MSC adhesion (day 

1) and proliferation (day 4). 18 cm2 of each of the microcarriers were prepared according to the 

manufacturer’s instructions and then coated with the recommended coating solution (CELLstart solution 

(1:100 in PBS) for StemPro® MSC SFM XenoFree and TheraPEAK™ MSCGM-CD™, MesenCult™-

SF Attachment Substrate for MesenCult™-ACF) for 1 h at 37°C, with intermittent agitation (2 min at 

750 rpm, 10 min nonagitated) using a Thermomixer® comfort (Eppendorf AG). After resuspending in 

the appropriate culture medium, microcarriers were divided and plated in 6 wells of ultra-low attachment 

24-well plates (Corning Inc), in a final area/well of 3 cm2. 5 x 104 previously expanded UCM MSC were 

plated in each well. From the 6 well plated per culture medium, 2 wells were counted at day 1 of culture 

(to measure cell adhesion) and 2 wells were counted at day 4 of culture (to measure cell proliferation), 

using the Trypan Blue exclusion method, as described in [17]. The other 2 wells were stained with 4',6-

diamidino-2-phenylindole (DAPI, 1.5 g/mL in PBS), as described in [14], at day 1 and 4 of culture. Two 

independent UCM MSC donors (n = 2) in passage P4 were used. 

 

V.3.2.2 Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell Expansion in 

Spinner Flasks 

Bellco® spinner flasks (Bellco Glass, Inc) with a working volume of 40 mL, equipped with 90° paddles 

and a magnetic stir bar were used. For each spinner flask culture, 1 g of the microcarrier selected in the 

screening were prepared according to manufacturer’s instructions and then coated with the 

recommended coating solution (CELLstart solution (1:100 in PBS) for StemPro® MSC SFM XenoFree 

and TheraPEAK™ MSCGM-CD™, MesenCult™-SF Attachment Substrate for MesenCult™-ACF) for 
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1 h at 37°C, with intermittent agitation (2 min at 750 rpm, 10 min nonagitated) using a Thermomixer® 

comfort (Eppendorf AG). Inoculation was performed in the 40 mL volume, with an initial cell density 

of 1 x 105 cell/mL. MSC previously expanded under static conditions were added to the microcarrier 

suspension inside the spinner flask. For the first 24 h, a continuous agitation regimen was set to 30 rpm. 

At day 1 of culture, the number of cells attached to the microcarriers was determined by Trypan Blue 

exclusion method, as described in [17], to calculate initial cell adhesion. From day 1 onwards, agitation 

was set to 40 rpm. Cell counting was performed every day, using the Trypan Blue exclusion method. 

Cell visualization on microcarriers was performed from day 1 onwards, by staining the cells with 4',6-

diamidino-2-phenylindole (DAPI, 1.5 g/mL in PBS), as described in [14]. 

 

V.3.3 Mesenchymal Stem/Stromal Cell Expansion in the PBS-0.1 MAG System 

V.3.3.1 Mesenchymal Stem/Stromal Cell Expansion under Static Conditions 

Upon thawing, MSC from the 3 different sources (BM, AT and UCM) were plated at a cell density 

between 3000-6000 cell/cm2 and cultured in low-glucose DMEM (Life Technologies) supplemented 

with 5% (v/v) UltraGro™-PURE (AventaCell Biomedical) and 1% antibiotic-antimycotic (100X, 

Gibco™), plated in T-175 flasks (BD Falcon™). Cells were kept at 37°C and 5% CO2 in a humidified 

atmosphere and culture medium was changed every 3-4 days. At 70-80% cell confluence, MSC were 

detached from the flasks using the XF cell detachment solution TrypLE™ Select CTS™ solution (1X, 

Life Technologies) for 7 min at 37°C. Cell number and viability were determined using Trypan Blue 

(Life Technologies) exclusion method. Before inoculation in the PBS-0.1 MAG, MSC were plated at 

3000 cell/cm2 and culture medium was fully renewed every 3-4 days. At 70-80% cell confluence, cells 

were detached using TrypLE™ Select CTS™ (1X) and counted using Trypan Blue exclusion method. 

For each cell source, MSC from three independent donors (n = 3) in passages from P3 to P4 were used 

to inoculate the PBS-0.1 MAG system. 

 

V.3.3.2 Mesenchymal Stem/Stromal Cell Expansion under Dynamic Conditions 

For the dynamic culture of MSC, PBS-0.1 MAG (PBS Biotech, Inc) with a working volume of 100 mL 

and equipped with a Vertical-Wheel™ were used. 2 g of plastic microcarriers (Pall SoloHill) per culture 

were prepared according to manufacturer’s instructions and then incubated with DMEM + 50% (v/v) 

UltraGRO™-PURE for 1 h at 37°C under intermittent agitation (2 min at 750 rpm, 10 min nonagitated), 

using a Thermomixer comfort (Eppendorf AG). Inoculation in the PBS-0.1 MAG was performed in 60 
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mL of DMEM + 5% (v/v) UltraGRO™-PURE, with an initial MSC density of 0.83 x 105 cell/mL. MSC 

previously expanded in static conditions were added to the microcarrier suspension inside the PBS-0.1 

MAG. During the first 6 h of culture, agitation cycles of 1 min agitating at 25 rpm followed by 20 min 

with no agitation were used, as reported in [29]. After 6 h, a continuous agitation mode was adopted. At 

day 1 of culture, the number of cells attached to the microcarriers was determined by Trypan Blue 

exclusion method, as described in [17], to calculate initial cell adhesion. At day 2 of culture, 40 mL of 

fresh culture medium with a glucose pulse to a final glucose concentration of 3 g/L were added to the 

PBS-0.1 MAG (final working volume of 100 mL). For AT MSC culture, agitation was set to 30 rpm, to 

overcome an increased medium viscosity and excessive cell aggregation. From day 2 onwards, exchange 

of 25% (v/v) of culture medium was performed every 12 h. Addition of fresh culture medium 

supplemented with glucose to a final concentration of 3 g/L was performed interspersed with fresh 

medium with no glucose supplementation. Agitation rate was increased to 35 rpm on AT MSC culture 

when cell aggregates started to from. Cell growth and viability and nutrient/metabolite analysis were 

assessed every day, as described in [14]. Cell visualization on microcarriers was performed from day 1 

onwards, by staining the cells with DAPI (1.5 g/mL in PBS), as described in [14]. 

 

V.3.3.3 Harvesting and Characterization of Expanded Mesenchymal Stem/Stromal Cells 

At the end of expansion, UCM and AT MSC were detached from the microcarriers in the PBS-0.1 MAG 

by transferring the culture to 50 mL tubes (BD Falcon™), washing with PBS (1X), and incubating with 

TrypLE™ Select CTS™ (1X) for 15 min at 37°C and 750 rpm, in a Thermomixer comfort. Cell 

suspension was then filtered through a 100 µm cell strainer (BD Biosciences). 

Cells before and after PBS-0.1 MAG culture were characterized in terms of immunophenotypic profile 

and early mesodermal differentiation and proangiogenic gene expression. Multilineage differentiation 

potential was evaluated after culture on the PBS-0.1 MAG system. 

 

V.3.3.3.1 Immunophenotypic Profile 

The immunophenotypic profile of MSC were analyzed by FC (FACSCalibur equipment, Becton 

Dickinson), using a panel of mouse anti-human monoclonal antibodies (PE-conjugated, all from BD 

Biolegend) against: CD73, CD90, CD105, CD34, CD45, CD14, CD19, CD80, and HLA-DR. Cells were 

incubated with these monoclonal antibodies for 20 min in the dark at room temperature and then cells 

were washed with PBS (1X) and fixed with 2% PFA (Sigma). Isotype controls were also prepared for 
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every experiment. A minimum of 5000 events was collected for each sample and the CellQuest software 

(Becton Dickinson) was used for acquisition and analysis. 

 

V.3.3.3.2 Multilineage Differentiation Potential 

The multilineage differentiation potential of both UCM and AT MSC harvested at the end of the PBS-

0.1 MAG system culture was assessed using the StemPro® Osteogenesis/Adipogenesis/Chondrogenesis 

Differentiation Kits (Life Technologies), as described in [17]. 

 

V.3.3.3.3 Quantitative Real-Time-Polymerase Chain Reaction 

Cells were centrifuged, lysed and total RNA was isolated using the RNeasy® Mini Kit (Qiagen) 

according to manufacturer’s instruction. RNA was then quantified by UV spectrophotometry 

(NanoDrop Technologies) at 260 nm. Complementary DNA was synthesized using the iScript™ cDNA 

Synthesis Kit (Bio-Rad) with blended oligo (dT), random primers and 500 ng of RNA. For RT-PCR, a 

two-step PCR run was performed in StepOne Real-Time PCR System (Applied Biosystems™), using 

Fast SYBR™ Green Master Mix (Applied Biosystems™), 0.5 µM of each primer, and 1 µL of cDNA 

in 20 µL of final volume. The primers used to quantify angiogenesis (VEGF-A, bFGF and HGF) are 

presented on Table V.1. 

Table V.1 List of PCR primers used to study early mesodermal differentiation and proangiogenic gene 

expression. 

Gene Primer Sequence 
Amplicon 

size (bp) 

Vascular endothelial growth 

factor-A (VEGF-A) 

Fwd: 5’-CGA GGG CCT GGA GTG TGT-3’ 

Rev: 5’-CGC ATA ATC TGC ATG GTG ATG-3’ 
57 

Basic fibroblast growth factor 

(bFGF) 

Fwd: 5’-TGG TAT GTG GCA CTG AAA CGA-3’ 

Rev: 5’-GCC CAG GTC CTG TTT TGG AT 
61 

Hepatocyte growth factor 

(HGF) 

Fwd: 5’-TCC ACG GAA GAG GAG ATG AGA-3’ 

Rev: 5’-GGC CAT ATA CCA GCT GGG AAA-3’ 
63 

Expression was normalized to the metabolic housekeeping gene GAPDH. Control assays containing no 

cDNA templates were also performed. 
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V.3.4 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6. Results are presented as mean + SEM of 

the values obtained for the different MSC donors. Two-way non-parametric ANOVA was calculated 

between different experimental groups. One-way ANOVA was performed when comparing unmatched 

groups. Both analyses were followed by Bonferroni test to determine statistically significant differences 

(P-values < 0.05). 

 

V.4 Results 

V.4.1 Microcarrier and Culture Medium Screening for the Expansion of Human 

Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cells 

Dynamic culture systems have been exploited in the context of MSC manufacturing to overcome some 

of the limitations generated by planar systems, including limited surface area-to-volume ratio, lack of 

ability to monitor and control culture parameters, cost-effectiveness and handling. To establish an 

efficient dynamic culture platform for the expansion of MSC, the choice of the best combination of 

microcarrier type and culture media must be performed. Here, different types of microcarriers and 

culture media were screened for the adhesion and proliferation of UCM MSC (Figure V.1). 

 

Figure V.1 Microcarrier and culture medium screening for the expansion of umbilical cord matrix (UCM)-derived 

mesenchymal stem/stromal cells (MSC). Different types of microcarriers (plastic, plastic plus, glass, pronectin-F, hillex II 

and cytodex 3) and culture media (StemPro® MSC SFM XenoFree, MesenCult™-ACF and TheraPEAK™ MSCGM-CD™) 

were tested for the expansion of UCM MSC under static conditions. Microcarriers were coated with the recommended coating 
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solution (CELLstart solution (1:100 in PBS) for StemPro® MSC SFM XenoFree and TheraPEAK™ MSCGM-CD™, 

MesenCult™-SF Attachment Substrate for MesenCult™-ACF). 5 x 104 cells were plated on 3 cm2 of microcarriers, in ultra-

low attachment 24-well plates. Cell counting was performed at day 1 (to calculate cell adhesion) and day 4 (to calculate cell 

proliferation), using the Trypan Blue exclusion method. Results are presented as mean + standard error of mean (n = 2). 

 

Results show that glass microcarriers promoted the highest UCM MSC adhesion values, regardless of 

the culture medium (Figure V.1.A-C). In fact, cell adhesion on these microcarriers was around 60% in 

all the culture media tested (StemPro® – 60 ± 5%, MesenCult™ – 58 ± 26%, TheraPEAK™ - 62 ± 7%). 

Conversely, pronectin-F microcarriers had the worst performance in terms of UCM MSC adhesion 

(StemPro® – 33 ± 5%, MesenCult™ – 19 ± 2 %, TheraPEAK™ - 29 ± 1%). 

This trend was not observed for UCM MSC proliferation (Figure V.1.D-F). Instead, different types of 

microcarriers performed better (and worse) for cell proliferation, depending on the culture media. While 

plastic microcarriers promoted the highest cell proliferation in both StemPro® (1.23 ± 0.25) and 

TheraPEAK™ (0.42 ± 0.10), glass microcarriers provided the highest proliferation when UCM MSC 

were cultured in MesenCult™ (0.98 ± 0.12). Pronectin-F microcarriers only performed worst cultured 

in StemPro® (0.81 ± 0.11). When UCM MSC were cultured in Mesencult™ and TheraPEAK™, the 

microcarriers promoting the lowest cell proliferation rate were the cytodex 3 (0.37 ± 0.17) and hillex II 

(0.09 ± 0.01), respectively.  

 

V.4.2 Umbilical Cord Matrix-Derived Mesenchymal Stem/Stromal Cell Expansion in 

Spinner Flasks 

After microcarrier and culture medium screening under static conditions, the best combinations were 

tested under dynamic culture conditions, using spinner flasks. Specifically, plastic microcarriers coated 

with CELLstart were selected when UCM MSC were cultured in StemPro® and TheraPEAK™, 

whereas glass microcarriers coated with MesenCult™-SF Attachment Substrate were chosen for the 

expansion of UCM MSC in MesenCult™. The results are represented in Figure V.2. 
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Figure V.2 Ex-vivo expansion of umbilical cord matrix (UCM)-derived mesenchymal stem/stromal cells (MSC) in a 

xeno-free dynamic culture system. Passage 4 UCM MSC were seeded on different combinations of microcarriers and culture 

media and cultured 7 days, in spinner flasks. Combinations of (A) plastic microcarriers coated with CELLstart (1:100) in 

StemPro® MSC SFM XenoFree, (B) glass microcarriers coated with MesenCult™-SF Attachment Substrate in MesenCult™-

ACF, (C) plastic microcarriers coated with CELLstart (1:100) in TheraPEAK™ MSCGM-CD™, were tested for two different 

UCM MSC donors (donor 1 – discontinuous line; donor 2 – continuous line). Cell nuclei were stained with 4,6-diamino-2-

phenylindole (DAPI) at day 1, 5 and 7 of culture and analyzed using a fluorescent microscope. Results are presented as mean 

± standard deviation. 

 

Analysis of Figure V.2 indicates that none of the conditions selected promoted UCM MSC expansion 

under dynamic culture conditions, for the 7 days of culture. In fact, none of the two donors tested 

expanded under the culture conditions studied, which is observed by the low cell populating rate of the 

microcarriers, through DAPI staining. 

 

V.4.3 Mesenchymal Stem/Stromal Cell Expansion in the PBS-0.1 MAG System 

Since none of the conditions studied promoted UCM MSC expansion, a successfully established 

protocol based on culture medium supplemented with hPL [14] was used for further studies. This 

protocol was established for the expansion of UCM MSC in spinner flasks. In this chapter, an innovative 

approach developed by PBS Biotech, Inc, the Vertical-Wheel™ PBS system, was tested for the 

expansion of UCM MSC, under S/XF culture conditions. Due to the high efficiency achieved, other 

MSC sources were expanded in this system, including AT MSC (Figure V.3). 
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Figure V.3 Ex-vivo expansion of umbilical cord matrix (UCM)- and adipose tissue (AT)-derived mesenchymal 

stem/stromal cells (MSC) in a xeno-free dynamic culture system. Passage 4 UCM and AT MSC were seeded on plastic 

microcarriers pre-coated with 50% UltraGRO™-PURE and cultured in 5% UltraGRO™-PURE for 8 and 7 days, respectively, 

in a PBS-0.1 MAG system. (A) UCM (continuous line) and AT (discontinuous line) MSC concentrations (x 105 cell/mL) 

throughout the 7 (UCM MSC) or 8 (AT MSC) days of culture. (B) Total UCM (continuous line) and AT (discontinuous line) 

MSC number (x 106 cells) throughout the 7 (UCM MSC) or 8 (AT MSC) days of culture. (C) Cell nuclei were stained with 

4,6-diamino-2-phenylindole (DAPI) every day of the cultures and analyzed using a fluorescent microscope. Results are 

presented as mean + standard error of mean (n = 3). 

 

By adapting the initial agitation protocol and the feeding regime, both UCM and AT MSC were 

successfully expanded in the PBS-0.1 MAG VW system, using hPL-supplemented culture medium 

(Figure V.3.A-B). Although cell adhesion has been higher for AT MSC (81 ± 4%) than for UCM MSC 

(49 ± 4%), the latest achieved a higher maximum cell concentration (5.3 ± 0.4 x 105 cell/mL), compared 

to AT MSC (3.6 ± 0.7 x 105 cell/mL). These cell densities correspond to maximum fold increase values 

in total cell number (i.e. normalized to the number of cells that successfully adhered to the microcarriers 

upon 24 h) of 21 ± 1 and 9 ± 1 for UCM and AT MSC, respectively. Cell viability was higher than 94 

± 3% and 96 ± 2% for UCM and AT MSC, respectively, throughout the culture time (data not shown). 

Maximum cell density was achieved at day 7 of culture for both MSC sources. 

The PBS-0.1 MAG system was also used for the expansion of BM MSC. The results obtained are shown 

in Figure V.4. 
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Figure V.4 Ex-vivo expansion of bone (BM)-derived mesenchymal stem/stromal cells (MSC) in a xeno-free dynamic 

culture system. Passage 4 BM MSC were seeded on plastic microcarriers pre-coated with 50% UltraGRO™-PURE and 

cultured in 5% UltraGRO™-PURE for 9 days, in a PBS-0.1 MAG system. (A) Cell concentrations (x 105 cell/mL) of one 

proliferative (continuous line) and four nonproliferative (discontinuous line) BM MSC donors throughout the 9 days of culture. 

(B) Total cell numbers (x 106 cells) achieved for one proliferative (continuous line) and four nonproliferative (discontinuous 

line) BM MSC donors throughout the 9 days of culture. (C) Cell nuclei were stained with 4,6-diamino-2-phenylindole (DAPI) 

every day of the cultures and analyzed using a fluorescent microscope. Results are presented as mean + standard error of mean 

(n = 4), for the nonproliferative BM MSC donors. 

 

Only one BM MSC donor was successfully expanded in the PBS-0.1 MAG system. Four other donors 

were tested, but none of them expanded using the dynamic culture platform established (Figure V.4.A-

B). Although cell adhesion was similar between the two groups of donors (proliferative – 72% vs 

nonproliferative – 64 ± 7%), the proliferative BM MSC donor achieved a maximum cell density of 4.42 

x 105 cell/mL, while the maximum cell density for the nonproliferative donors was 0.49 ± 0.07 x 105 

cell/mL. Such cell densities correspond to maximum fold increase values of 12 and 0.9 ± 0.1 for 

proliferative and nonproliferative BM MSC, respectively. Cell viability was higher than 93% and 93 ± 

5% for proliferative and nonproliferative BM MSC, respectively, throughout the culture time (data not 

shown). Maximum cell density of the proliferative donor was achieved at day 9 of culture. 
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V.4.4 Immunophenotype and Multilineage Differentiation Potential of Mesenchymal 

Stem/Stromal Cells Cultured in the PBS-0.1 MAG System 

In order to establish a platform compliant with GMP guidelines for the expansion of MSC, obtaining 

high cell yields cannot be the only metric used to evaluate the performance of a bioreactor culture 

system. In fact, the culture system must not compromise the identity of the cells. To evaluate the impact 

of the PBS-0.1 MAG culture system on MSC identity, the immunophenotypic profile and the 

multilineage differentiation potential was analyzed after the culture (Figure V.5 and V.6). 

 

Figure V.5 Immunophenotypic characterization of umbilical cord matrix (UCM)- and adipose tissue (AT)-derived 

mesenchymal stem/stromal cells (MSC), before and after culture in a xeno-free dynamic culture system. (A) 

Immunophenotypic characterization of UCM MSC before (white) and after (black) dynamic culture, analyzed by flow 

cytometry. (B) Immunophenotypic characterization of AT MSC before (white) and after (black) dynamic culture, analyzed by 

flow cytometry. Results are presented as mean + standard error of mean (n = 2). 

 

MSC from both UCM and AT sources maintain the characteristic MSC immunophenotype after culture 

in the PBS-0.1 MAG system (Figure V.5.A and V.5.B, respectively). Both CD73 and CD90 biomarkers 

are expressed in ≥ 95% of the cells. However, CD105 expression is not only heterogeneous among 

sources (98.8 ± 0.4% in UCM MSC and 93.9 ± 3.5% in AT MSC), but also decreases after culture in 

the PBS-0.1 MAG system (84.0 ± 7.3% in UCM MSC and 74.3 ± 11.2% in AT MSC). 
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Figure V.6 Multilineage differentiation potential of umbilical cord matrix (UCM)- and adipose tissue (AT)-derived 

mesenchymal stem/stromal cells (MSC), after culture in a xeno-free dynamic culture system. After dynamic culture, 

passage 4 UCM and AT MSC were plated and cell differentiation was induced for 14 days and assessed by staining for 

osteogenesis (ALP and von Kossa, (A) – UCM, (D) – AT), adipogenesis (Oil Red-O, (B) – UCM, (E) – AT) and chondrogenesis 

(Alcian Blue, (C) – UCM, (F) – AT). 

 

In addition to maintaining the characteristic MSC immunophenotype, cells from both sources maintain 

their multilineage differentiation ability towards osteocytes, adipocytes and chondrocytes, after culture 

in the PBS-0.1 MAG system. However, Oil Red-O was not able to stain MSC differentiated into 

adipocytes (Figure V.6-B and E), despite the existence of lipid vacuoles. 

 

V.4.5 Impact of Mesenchymal Stem/Stromal Cells Cultured in the PBS-0.1 MAG System 

on the Angiogenic Gene Expression 

As studied on Chapter IV, dynamic culture may induce changes in the expression of proangiogenic 

genes on MSC. After the end of the culture in the PBS-0.1 MAG system, MSC from both sources were 

collected and the expression of the proangiogenic genes VEGF, bFGF and HGF was analyzed. The 

results are shown in Figure V.7. 
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Figure V.7 Proangiogenic gene expression of umbilical cord matrix (UCM)- and adipose tissue (AT)-derived 

mesenchymal stem/stromal cells (MSC), after culture in a xeno-free dynamic culture system. Relative gene expression of 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and hepatocyte growth factor (HGF) of 

human (A) umbilical cord matrix (UCM)- and (B) adipose tissue (AT)-derived mesenchymal stem/stromal cells (MSC), after 

culture in the PBS-0.1 MAG system, using Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% human 

platelet lysate (hPL). Gene expression is normalized to static conditions and values are presented as mean + standard error of 

mean (SEM, n=2, *P<0.01; **P<0.05). 

 

Gene expression analyzes indicates a significant upregulation of HGF in UCM MSC (7.02 ± 2.76) and 

of VEGF in AT MSC (2.82 ± 0.50). Results also show an increased expression of bFGF in UCM MSC 

(1.41 ± 0.42) and a decreased expression of HGF in AT MSC (0.30 ± 0.17), although both not 

statistically significant. 

 

V.5 Discussion 

In this work, a S/XF, scalable culture platform was established for the expansion of different sources of 

MSC. Both AT and UCM MSC were successfully expanded to clinical-relevant numbers using a 

humanized cell culture supplement and an innovative dynamic culture system, which features easily 

scalability, handling and monitoring. Moreover, MSC maintained their immunophenotype and 

multilineage differentiation ability. All these achievements are prerequisites for GMP compliance and 

approval by the regulatory agencies. 

Results from previous chapters demonstrated that UCM MSC are a promising cell source for cellular 

therapies, due to their in vitro regenerative capacities. In addition, such features can be improved by 

culturing the cells and dynamic culture conditions and low oxygen concentrations. These reasons justify 

the necessity of establishing an efficient culture platform for the expansion of UCM MSC. Moreover, 

other MSC sources, such as BM and AT MSC, have already been expanded to clinical-relevant numbers, 
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under S/XF culture conditions [21], [22]. The first step to establish a microcarrier-based culture platform 

is the rationale selection of the types of microcarriers and culture media. Different types of microcarriers 

are commercially available in the market, being produced from a variety of materials, including 

polystyrene, glass, gelatin, dextran, alginate or cellulose, and presenting different physical properties, 

like stiffness and nanotopography. Moreover, microcarriers can be functionalized with peptides or ECM 

proteins, such as fibronectin, collagen, and laminin, to promote MSC adhesion and proliferation [5]. In 

this context, S/XF microcarriers were selected for this study. Collagen-coated plastic, FACTIII and 

CultiSpher microcarriers were not included in the study since all of them have porcine derivatives on 

their constitution. In fact, some preliminary screening studies performed with CultiSpher-S 

microcarriers evidenced their great ability to expand UCM MSC (data not shown). Under dynamic 

culture conditions, these cells have already been efficiently expanded using Cultispher-S microcarriers 

in stirred tank bioreactors [32]. Other microcarriers were excluded from the screening, not because of 

the animal origin of some of their components, but due to difficulties on cell harvesting. Again, 

preliminary screening showed inefficient cell harvesting on some types of microcarriers, including 

MicroHex and cytodex 1 microcarriers, even after using high concentrations of the dissociation reagent. 

Similarly, different types of S/XF formulations were tested for UCM MSC, including a chemically-

defined, the TheraPEAK™ MSCGM-CD™, and an animal component-free, the MesenCult™-ACF, 

formulations. StemPro® MSC SFM was also selected for the screening study since it has already proved 

to promote UCM MSC expansion in tissue culture flasks [18]. 

Distinct types of microcarriers/culture media combinations differently promoted UCM MSC adhesion 

and proliferation. One possible reason to justify these differences is the selective nonspecific adhesion 

of ECM proteins from the coating solution or culture medium to the microcarriers. It is known that the 

properties of the microcarrier surface define which ECM proteins will bind to it. Positively charged 

microcarriers have demonstrated to preferentially bind laminin and collagen IV, whereas gelatin-based 

or coated microcarriers will specifically bind fibronectin [33]. Glass microcarriers promoted the highest 

UCM MSC adhesion values, regardless of the culture medium. Glass microcarriers, which are made of 

silicate glass or silica, acquire a negative surface charge when placed in an aqueous environment [34]. 

This negative charge will mainly bind fibronectin, which is the major component of both CELLstart™ 

and MesenCult™-SF Attachment Substrate. Therefore, glass microcarriers might display a higher 

concentration of coating solution adhered to their surface, compared to the other microcarriers, resulting 

in higher UCM MSC adhesion values. However, this trend is not observed at the cell proliferation level. 

In fact, none of the combinations of microcarrier and culture medium promoted the efficient expansion 

of UCM MSC during the 4 days of culture, under static conditions. The highest expansion rate was 

observed for cells plated in plastic microcarriers and cultured in StemPro® MSC SF, although far from 

the values obtained for UCM MSC cultured in tissue culture flasks [18]. 
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Despite the results, the microcarrier type promoting the highest expansion for UCM MSC cultured in 

each type of culture medium was tested under dynamic culture conditions, using spinner flasks. 

Unfortunately, none of the conditions assessed promoted the efficient expansion of UCM MSC in 

spinner flasks. In order to overcome a potential limitation of the coating solution in use, plastic 

microcarriers were coated with different types of ECM proteins, including fibronectin, laminin and 

vitronectin, or mixtures of them (data not shown). Coating plastic microcarriers with ECM proteins did 

not improve cell adhesion or proliferation. In fact, an improvement in cell proliferation was only 

observed when microcarriers were coated with 50% hPL, a rich source of ECM proteins. These results 

indicate that the recommended coating solutions are limitative of the proliferative capacity of UCM 

MSC cultured in plastic microcarriers. 

The use of hPL for the efficient expansion of UCM MSC, as culture medium supplement and as coating 

solution, has already been reported [14], [35], using spinner flasks. In the current work, a different type 

of culture platform was tested, the Vertical-Wheel™ PBS-0.1 MAG system, with a 100 mL-working 

volume. The innovative Vertical-Wheel™ systems consist of U-shaped vessels incorporating a 

vertically rotating wheel, resulting in faster and more efficient mixing at lower agitation rates [29]. 

Additionally, these types of bioreactors feature easy scalability to industrial volumes, including 15 and 

80 L bioreactors. 

The first step on the establishment of a scalable culture platform using the PBS-0.1 MAG system was 

the adaptation of the protocol defined by de Soure et al [14]. The same culture conditions were translated 

to the VW-PBS system, including the initial cell density, microcarrier type and concentration, coating 

solution, agitation protocol during cell adhesion and feeding regime. In the end of this experiment, a 

similar maximum cell density was achieved (approximately 3 x 105 cell/mL, data not shown), which 

proves that the VW-PBS system is not detrimental for the proliferative capacity of the UCM MSC. 

However, the lag phase of cell growth was considerably long. In order to reduce it, an intermittent 

agitation protocol during the initial phase of cell adhesion (6 h) was used, as reported by Sousa and co-

workers [29]. Such approach allowed the achievement of higher cell adhesion values (49 ± 2% vs 27% 

under continuous agitation), resulting in similar maximum cell densities in a shorter period of culture 

time. Additionally, the concentration of microcarriers was doubled, meaning more surface area available 

for cells to grow. However, metabolite analysis revealed glucose depletion and lactate concentration 

when the concentration of microcarriers was set to 20 g/L. Therefore, a different feeding regime was 

adopted, with 25% medium change every 12h and a pulse of glucose in one of the changes. Culture 

medium exchange with glucose supplementation aimed at avoiding glucose depletion, while 

maintaining lactate concentration under minimum inhibitory levels. Using this updated protocol, UCM 

MSC were successfully expanded to a maximum cell density of more than half a million cells per mL. 

These results are comparable to, or even superior to, those described in the literature for this MSC source 
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[14], [35]–[38]. Moreover, cells remained viable throughout the culture time and maintained their 

identity after culture in the PBS-0.1 MAG system. The expression of the CD105 biomarker was affected 

by the dynamic culture, which is in line with the results obtained in Chapter IV and may be the result of 

a prolonged harvesting procedure [39]. 

Due to the high expansion efficiency of this culture platform, other MSC sources were also cultured in 

the PBS-0.1 MAG system, including AT and BM MSC. Like UCM MSC, AT cells were successfully 

expanded using the protocol established, until a maximum cell density of 3.6 ± 0.7 x 105 cells/mL, after 

7 days of culture. These cell numbers are also comparable to, or superior to, those reported by other 

groups for AT MSC [16], [40]–[42]. Moreover, AT MSC remain viable throughout the culturing time 

and maintained their immunophenotypic profile, despite the reduced CD105 expression. However, this 

platform did not work so well for BM MSC. In fact, only one BM MSC donor was able to expand in the 

PBS-0.1 MAG system, while four other donors did not proliferate. Interestingly, the expanded donor 

was the only donor being isolated in DMEM + 5% UltraGRO culture medium. All the remaining donors 

were isolated in DMEM + 10% FBS. These findings show the importance of the isolation step on the 

efficient expansion of MSC. 

The impact of the VWB culture was evaluated on the MSC angiogenic gene expression profile. As 

demonstrated in Chapter IV, dynamic culture conditions induce an upregulation of proangiogenic genes, 

as well as in the in vitro angiogenic properties of the cells.  In this chapter, culture in the PBS-0.1 MAG 

system resulted in an upregulation of HGF in UCM MSC and VEGF in AT MSC. Such increase in the 

expression of proangiogenic, and prosurvival, genes is probably related to the stress conditions faced by 

the cells when cultured under dynamic conditions, as previously discussed. Again, assuming that the 

shear stress is lower in the VWB system, the improvement of the proangiogenic gene profile of UCM 

MSC is not as evident as when cells are cultured in spinner flasks. If this hypothesis is true, culturing 

MSC in spinner flasks may be beneficial rather than culturing them in the VWB system. However, to 

assess the angiogenic properties of MSC cultured in the VWB system, in vitro functional studies should 

be performed, including the HUVEC tube-like structure and migration assays. 

Despite the positive results obtained using hPL as cell culture supplement, it is important to notice that 

this solution raises some concerns in terms of GMP compliance and process robustness. Despite the 

positive effects reported for MSC isolation and expansion using humanized supplements, extended used 

for large scale production is discouraged due to limited availability, risk of transmission of human 

diseases and ill-definition [15]. In fact, hPL is not chemically defined and presents a high batch-to-batch 

variability, like FB/CS. Moreover, MSC expanded in hPL-supplemented medium displayed a decreased 

immunomodulatory activity [43]. 
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More data is required to identify the effects of hPL and the VWB system on MSC biological properties. 

Particularly, more studies must be performed regarding the early mesodermal differentiation ability, in 

vitro angiogenic potential and immunomodulatory capacity of MSC cultured in these experimental 

conditions. Even so, the establishment of such platform featuring easy scalability to higher volumes (i.e. 

PBS-3, PBS-15 and PBS-80, with maximum working volumes of 3L, 15L and 80L, respectively) 

represents an important advance in obtaining safer and clinically meaningful MSC numbers for clinical 

translation in a controlled and closed system. 

 

V.6 References of Chapter V 

[1] C. van den Bos, R. Keefe, C. Schirmaier, and M. McCaman, “Therapeutic human cells: manufacture for 

cell therapy/regenerative medicine.,” Adv. Biochem. Eng. Biotechnol., vol. 138, pp. 61–97, 2014. 

[2] G. Ren, X. Chen, F. Dong, W. Li, X. Ren, Y. Zhang, and Y. Shi, “Concise Review: Mesenchymal Stem 

Cells and Translational Medicine: Emerging Issues,” Stem Cells Translational Medicine, vol. 1, no. 1. pp. 

51–58, Jan-2012. 

[3] F. D. Lublin, J. D. Bowen, J. Huddlestone, M. Kremenchutzky, A. Carpenter, J. R. Corboy, M. S. 

Freedman, L. Krupp, C. Paulo, R. J. Hariri, and S. A. Fischkoff, “Human placenta-derived cells (PDA-

001) for the treatment of adults with multiple  sclerosis: a randomized, placebo-controlled, multiple-dose 

study.,” Mult. Scler. Relat. Disord., vol. 3, no. 6, pp. 696–704, Nov. 2014. 

[4] I. Molendijk, B. A. Bonsing, H. Roelofs, K. C. M. J. Peeters, M. N. J. M. Wasser, G. Dijkstra, C. J. van 

der Woude, M. Duijvestein, R. A. Veenendaal, J.-J. Zwaginga, H. W. Verspaget, W. E. Fibbe, A. E. van 

der Meulen-de Jong, and D. W. Hommes, “Allogeneic Bone Marrow-Derived Mesenchymal Stromal Cells 

Promote Healing of Refractory Perianal Fistulas in Patients With Crohn’s Disease.,” Gastroenterology, 

vol. 149, no. 4, p. 918–27.e6, Oct. 2015. 

[5] A. C. Schnitzler, A. Verma, D. E. Kehoe, D. Jing, J. R. Murrell, K. A. Der, M. Aysola, P. J. Rapiejko, S. 

Punreddy, and M. S. Rook, “Bioprocessing of human mesenchymal stem/stromal cells for therapeutic use: 

Current technologies and challenges,” Biochem. Eng. J., vol. 108, pp. 3–13, 2016. 

[6] V. Jossen, R. Pörtner, S. C. Kaiser, M. Kraume, D. Eibl, and R. Eibl, “Mass Production of Mesenchymal 

Stem Cells — Impact of Bioreactor Design and Flow Conditions on Proliferation and Differentiation,” in 

Cells and Biomaterials in Regenerative Medicine, D. D. Eberli, Ed. InTech, 2014. 

[7] A. M. de Soure, A. Fernandes-Platzgummer, C. L. da Silva, and J. M. S. Cabral, “Scalable microcarrier-

based manufacturing of mesenchymal stem/stromal cells.,” J. Biotechnol., vol. 236, pp. 88–109, Oct. 2016. 

[8] C. Elseberg, J. Leber, T. Weidner, and P. Czermak, “The Challenge of Human Mesenchymal Stromal Cell 

Expansion: Current and Prospective Answers,” in New Insights into Cell Culture Technology, S. J. T. 

Gowder, Ed. Rijeka: InTech, 2017. 

[9] A. Kocaoemer, S. Kern, H. Kluter, and K. Bieback, “Human AB serum and thrombin-activated platelet-

rich plasma are suitable alternatives to fetal calf serum for the expansion of mesenchymal stem cells from 

adipose tissue.,” Stem Cells, vol. 25, no. 5, pp. 1270–1278, May 2007. 

[10] N. Stute, K. Holtz, M. Bubenheim, C. Lange, F. Blake, and A. R. Zander, “Autologous serum for isolation 

and expansion of human mesenchymal stem cells for  clinical use.,” Exp. Hematol., vol. 32, no. 12, pp. 

1212–1225, Dec. 2004. 

[11] A. Poloni, G. Maurizi, V. Rosini, E. Mondini, S. Mancini, G. Discepoli, S. Biasio, G. Battaglini, S. 

Felicetti, E. Berardinelli, F. Serrani, and P. Leoni, “Selection of CD271(+) cells and human AB serum 

allows a large expansion of mesenchymal stromal cells from human bone marrow.,” Cytotherapy, vol. 11, 

no. 2, pp. 153–162, 2009. 

[12] E. Fernandez-Rebollo, B. Mentrup, R. Ebert, J. Franzen, G. Abagnale, T. Sieben, A. Ostrowska, P. 

Hoffmann, P.-F. Roux, B. Rath, M. Goodhardt, J.-M. Lemaitre, O. Bischof, F. Jakob, and W. Wagner, 

“Human Platelet Lysate versus Fetal Calf Serum: These Supplements Do Not Select for Different 

Mesenchymal Stromal Cells,” Scientific Reports, vol. 7. London, 2017. 

[13] A. A. Antoninus, W. Widowati, L. Wijaya, D. Agustina, S. Puradisastra, S. B. Sumitro, M. A. Widodo, 

and I. Bachtiar, “Human platelet lysate enhances the proliferation of Wharton’s jelly-derived mesenchymal 



 

169 

 

stem cells,” Biomarkers Genomic Med., vol. 7, no. 3, pp. 87–97, 2015. 

[14] A. M. de Soure, A. Fernandes-Platzgummer, F. Moreira, C. Lilaia, S.-H. Liu, C.-P. Ku, Y.-F. Huang, W. 

Milligan, J. M. S. Cabral, and C. L. da Silva, “Integrated culture platform based on a human platelet lysate 

supplement for the isolation and scalable manufacturing of umbilical cord matrix-derived mesenchymal 

stem/stromal cells.,” J. Tissue Eng. Regen. Med., vol. 11, no. 5, pp. 1630–1640, May 2017. 

[15] H. Hemeda, B. Giebel, and W. Wagner, “Evaluation of human platelet lysate versus fetal bovine serum 

for culture of mesenchymal stromal cells.,” Cytotherapy, vol. 16, no. 2, pp. 170–180, Feb. 2014. 

[16] J. G. Carmelo, A. Fernandes-Platzgummer, M. M. Diogo, C. L. da Silva, and J. M. S. Cabral, “A xeno-

free microcarrier-based stirred culture system for the scalable expansion  of human mesenchymal 

stem/stromal cells isolated from bone marrow and adipose tissue.,” Biotechnol. J., vol. 10, no. 8, pp. 1235–

1247, Aug. 2015. 

[17] F. Dos Santos, P. Z. Andrade, M. M. Abecasis, J. M. Gimble, L. G. Chase, A. M. Campbell, S. Boucher, 

M. C. Vemuri, C. L. Da Silva, and J. M. S. Cabral, “Toward a clinical-grade expansion of mesenchymal 

stem cells from human sources: a microcarrier-based culture system under xeno-free conditions.,” Tissue 

Eng. Part C. Methods, vol. 17, no. 12, pp. 1201–10, Dec. 2011. 

[18] I. N. Simões, J. S. Boura, F. Dos Santos, P. Z. Andrade, C. M. P. Cardoso, J. M. Gimble, C. L. da Silva, 

and J. M. S. Cabral, “Human mesenchymal stem cells from the umbilical cord matrix: Successful isolation 

and ex vivo expansion using serum-/xeno-free culture media.,” Biotechnol. J., vol. 8, no. 4, pp. 448–58, 

Apr. 2013. 

[19] S. H. Al-Saqi, M. Saliem, S. Asikainen, H. C. Quezada, A. Ekblad, O. Hovatta, K. Le Blanc, A. F. 

Jonasson, and C. Gotherstrom, “Defined serum-free media for in vitro expansion of adipose-derived 

mesenchymal stem cells.,” Cytotherapy, vol. 16, no. 7, pp. 915–926, Jul. 2014. 

[20] G. Chen, A. Yue, Z. Ruan, Y. Yin, R. Wang, Y. Ren, and L. Zhu, “Human Umbilical Cord-Derived 

Mesenchymal Stem Cells Do Not Undergo Malignant Transformation during Long-Term Culturing in 

Serum-Free Medium,” PLoS ONE, vol. 9, no. 6. San Francisco, USA, 2014. 

[21] F. Dos Santos, A. Campbell, A. Fernandes-Platzgummer, P. Z. Andrade, J. M. Gimble, Y. Wen, S. 

Boucher, M. C. Vemuri, C. L. da Silva, and J. M. S. Cabral, “A xenogeneic-free bioreactor system for the 

clinical-scale expansion of human mesenchymal stem/stromal cells.,” Biotechnol. Bioeng., vol. 111, no. 

6, pp. 1116–27, Jun. 2014. 

[22] B. Cunha, T. Aguiar, M. M. Silva, R. J. S. Silva, M. F. Q. Sousa, E. Pineda, C. Peixoto, M. J. T. Carrondo, 

M. Serra, and P. M. Alves, “Exploring continuous and integrated strategies for the up- and downstream 

processing of human mesenchymal stem cells.,” J. Biotechnol., vol. 213, pp. 97–108, Nov. 2015. 

[23] Q. A. Rafiq, K. M. Brosnan, K. Coopman, A. W. Nienow, and C. J. Hewitt, “Culture of human 

mesenchymal stem cells on microcarriers in a 5 l stirred-tank bioreactor.,” Biotechnol. Lett., vol. 35, no. 

8, pp. 1233–1245, Aug. 2013. 

[24] T. Lawson, D. E. Kehoe, A. C. Schnitzler, P. J. Rapiejko, K. A. Der, K. Philbrick, S. Punreddy, S. Rigby, 

R. Smith, Q. Feng, J. R. Murrell, and M. S. Rook, “Process development for expansion of human 

mesenchymal stromal cells in a 50L single-use stirred tank bioreactor,” Biochem. Eng. J., vol. 120, pp. 

49–62, 2017. 

[25] H. Akerstrom, “Expansion of adherent cells for cell therapy,” Uppsala University, Sweden, 2009. 

[26] N. E. Timmins, M. Kiel, M. Gunther, C. Heazlewood, M. R. Doran, G. Brooke, and K. Atkinson, “Closed 

system isolation and scalable expansion of human placental mesenchymal stem cells.,” Biotechnol. 

Bioeng., vol. 109, no. 7, pp. 1817–1826, Jul. 2012. 

[27] A. Mizukami, M. D. Orellana, S. R. Caruso, K. de Lima Prata, D. T. Covas, and K. Swiech, “Efficient 

expansion of mesenchymal stromal cells in a disposable fixed bed culture system.,” Biotechnol. Prog., vol. 

29, no. 2, pp. 568–572, 2013. 

[28] M. J. Osiecki, T. D. Michl, B. Kul Babur, M. Kabiri, K. Atkinson, W. B. Lott, H. J. Griesser, and M. R. 

Doran, “Packed Bed Bioreactor for the Isolation and Expansion of Placental-Derived Mesenchymal 

Stromal Cells,” PLoS ONE, vol. 10, no. 12. San Francisco, CA USA, 2015. 

[29] M. F. Q. Sousa, M. M. Silva, D. Giroux, Y. Hashimura, R. Wesselschmidt, B. Lee, A. Roldao, M. J. T. 

Carrondo, P. M. Alves, and M. Serra, “Production of oncolytic adenovirus and human mesenchymal stem 

cells in a single-use, Vertical-Wheel bioreactor system: Impact of bioreactor design on performance of 

microcarrier-based cell culture processes.,” Biotechnol. Prog., vol. 31, no. 6, pp. 1600–1612, 2015. 

[30] F. Dos Santos, P. Z. Andrade, G. Eibes, C. L. Da Silva, and J. M. S. Cabral, “Ex vivo expansion of human 

mesenchymal stem cells on microcarriers,” in Methods Mol. Biol., vol. 698, L. Springer Science + Business 

Media, Ed. 2011, pp. 189–198. 

[31] A. Ghorbani, S. A. Jalali, and M. Varedi, “Isolation of adipose tissue mesenchymal stem cells without 

tissue destruction: a  non-enzymatic method.,” Tissue Cell, vol. 46, no. 1, pp. 54–58, Feb. 2014. 

[32] A. Mizukami, A. Fernandes-Platzgummer, J. G. Carmelo, K. Swiech, D. T. Covas, J. M. S. Cabral, and C. 



 

170 

 

L. da Silva, “Stirred tank bioreactor culture combined with serum-/xenogeneic-free culture medium 

enables an efficient expansion of umbilical cord-derived mesenchymal stem/stromal cells.,” Biotechnol. 

J., vol. 11, no. 8, pp. 1048–1059, Aug. 2016. 

[33] S. Sart, S. N. Agathos, and Y. Li, “Engineering stem cell fate with biochemical and biomechanical 

properties of microcarriers.,” Biotechnol. Prog., vol. 29, no. 6, pp. 1354–1366, 2013. 

[34] S. Behrens and D. Grier, “The charge of glass and silica surfaces,” J. Chem. Phys., vol. 115, no. 6716, 

2001. 

[35] F. Petry, J. R. Smith, J. Leber, D. Salzig, P. Czermak, and M. L. Weiss, “Manufacturing of Human 

Umbilical Cord Mesenchymal Stromal Cells on Microcarriers in a Dynamic System for Clinical Use,” 

Stem Cells International, vol. 2016. 2016. 

[36] G. Zhao, F. Liu, S. Lan, P. Li, L. Wang, J. Kou, X. Qi, R. Fan, D. Hao, C. Wu, T. Bai, Y. Li, and J. Y. 

Liu, “Large-scale expansion of Wharton’s jelly-derived mesenchymal stem cells on gelatin microbeads, 

with retention of self-renewal and multipotency characteristics and the capacity for enhancing skin wound 

healing,” Stem Cell Research & Therapy, vol. 6, no. 1. London, 2015. 

[37] F. G. Teixeira, K. M. Panchalingam, S. I. Anjo, B. Manadas, R. Pereira, N. Sousa, A. J. Salgado, and L. 

A. Behie, “Do hypoxia/normoxia culturing conditions change the neuroregulatory profile of Wharton Jelly 

mesenchymal stem cell secretome?,” Stem Cell Res. Ther., vol. 6, p. 133, Jul. 2015. 

[38] J. Hupfeld, I. H. Gorr, C. Schwald, N. Beaucamp, K. Wiechmann, K. Kuentzer, R. Huss, B. Rieger, M. 

Neubauer, and H. Wegmeyer, “Modulation of mesenchymal stromal cell characteristics by microcarrier 

culture in bioreactors.,” Biotechnol. Bioeng., vol. 111, no. 11, pp. 2290–302, Nov. 2014. 

[39] M. A. Brown, C. S. Wallace, C. C. Anamelechi, E. Clermont, W. M. Reichert, and G. A. Truskey, “The 

use of mild trypsinization conditions in the detachment of endothelial cells  to promote subsequent 

endothelialization on synthetic surfaces.,” Biomaterials, vol. 28, no. 27, pp. 3928–3935, Sep. 2007. 

[40] C. Schirmaier, V. Jossen, S. C. Kaiser, F. Jüngerkes, S. Brill, A. Safavi-Nab, A. Siehoff, C. van den Bos, 

D. Eibl, and R. Eibl, “Scale-up of adipose tissue-derived mesenchymal stem cell production in stirred 

single-use bioreactors under low-serum conditions,” Eng. Life Sci., vol. 14, no. 3, pp. 292–303, May 2014. 

[41] S. Kaiser, V. Jossen, C. Schirmaier, D. Eibl, S. Brill, C. van den Bos, and R. Eibl, “Fluid Flow and Cell 

Proliferation of Mesenchymal Adipose-Derived Stem Cells in Small-Scale, Stirred, Single-Use 

Bioreactors,” Chemie Ing. Tech., vol. 85, no. 1–2, pp. 95–102, 2013. 

[42] B. Cunha, T. Aguiar, S. B. Carvalho, M. M. Silva, R. A. Gomes, M. J. T. Carrondo, P. Gomes-Alves, C. 

Peixoto, M. Serra, and P. M. Alves, “Bioprocess integration for human mesenchymal stem cells: From up 

to downstream processing scale-up to cell proteome characterization.,” J. Biotechnol., vol. 248, pp. 87–

98, Apr. 2017. 

[43] H. Abdelrazik, G. M. Spaggiari, L. Chiossone, and L. Moretta, “Mesenchymal stem cells expanded in 

human platelet lysate display a decreased inhibitory capacity on T- and NK-cell proliferation and 

function.,” Eur. J. Immunol., vol. 41, no. 11, pp. 3281–3290, Nov. 2011. 

 

 

  



 

171 

 

 

 

 

VI. Conclusions and Future Trends 

 

 

  



 

172 

 

  



 

173 

 

MSC hold a great potential in the regenerative medicine field. These heterogeneous cell population 

secretes different types of bioactive molecules, including growth factors, cytokines and chemokines, 

that are able to induce a regenerative response of the damaged tissue [1]. Such response is mostly 

accompanied by the modulation of the immune system, where MSC also play an important role, in a 

process called immunomodulation [2]. In fact, those are the two major reasons for the therapeutic use 

of MSC in the context of AMI. Some authors also defend that MSC are able to engraft in the host tissue 

and transdifferentiate into the different cell types present in the myocardial tissue, or even fuse with 

those cells [3], [4]. However, few evidences corroborate this theory and, therefore, the present work 

focus on the regeneration ability of MSC through paracrine signaling. 

MSC are very heterogeneous in nature, composed by different plastic-adherent cell populations. Efforts 

have been made to find a specific cell biomarker capable of distinguishing MSC from other cell types, 

either expressed in the membrane or at intracellular level. To date, no study reported a specific cell 

marker for this multipotent population. The discovery of such marker would greatly affect the 

bioprocessing strategies that are currently being used for the isolation and expansion of MSC. The 

definition of a homogeneous cell population would also facilitate the analysis of the therapeutic potential 

of those cells, using efficient and robust in vitro and in vivo assays with enough sensitivity to assess cell 

potency. In fact, variations in the composition of the cell population is one of the major hurdles to 

successfully characterize the potency of MSC [5]. Moreover, these cells are not only heterogeneous in 

their composition, but also present a high variability depending on the source where they were isolated 

from. MSC isolated from different sources present distinct biomarker expression, differentiation 

potentials, proliferative capacities, bioactive factors secretion and immunomodulatory and trophic 

activities [6], [7]. Such differences make scientists wonder if all the cells termed “MSC” should belong 

to the same designation or if they should rather be divided in different groups, according to some criteria. 

The generic concept of “stem/stromal cells” may raise some concerns in terms of product robustness 

and thus regulatory approval. Therefore, the choice of an MSC source is a critical step when envisaging 

a specific regenerative medicine application. Some of the differences among sources were analyzed in 

Chapters II and III. Finally, MSC present a high donor-to-donor variability, depending on the age, 

gender, and health of the individual where cells are being isolated from. All these levels of variability 

affect the outcomes of a potential MSC-based product, starting from the isolation step until the delivery 

to the patient. 

Distinct aspects of MSC manufacturing were covered in this work, including MSC source, culture 

platform and oxygen concentration. However, one important topic that was not analyzed was the effect 

of different types of culture media on MSC in vitro angiogenic potential. Researchers have demonstrated 

that MSC expanded under serum- and xenogeneic-free conditions presented superior functional 

angiogenesis, compared with cells expanded in serum-containing medium [8]–[10]. A possible 
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explanation for these findings is the upregulation of prosurvival genes, due to the stress conditions 

caused by serum deprivation [11]. VEGF, bFGF and HGF are among the list of prosurvival, as well as 

proangiogenic, factors. In fact, cell survival and angiogenesis are related biological processes since both 

aim at avoiding death: one at a cellular level (cell survival) and the other at tissue level (angiogenesis) 

[12]. In this context, preconditioning MSC with basal media might be of great interest to the improved 

secretion of proangiogenic factors. Basal medium contains water, glucose and salts and this total absence 

of bioactive factors might induce a marked upregulation of prosurvival and proangiogenic genes. 

Preliminary data on this topic corroborate this hypothesis. However, further studies must be performed 

in order to compare the impact of different types of culture media, including serum-containing media, 

serum-deprived media and basal medium, on MSC in vitro angiogenic potential. 

In fact, preconditioning MSC with complete medium vs basal medium is on the basis of the different 

angiogenic assays used in this work. While the expression and secretion of proangiogenic genes was 

analyzed when cells were cultured in complete medium, the in vitro angiogenic assays (HUVEC tube-

like structure formation and HUVEC migration) were performed with endothelial basal medium 

conditioned with factors secreted by MSC. The rationale behind the use of basal medium instead of 

complete medium in the functional assays is to assure that the only bioactive factors contributing to 

modulate the HUVEC behavior are the factors secreted by the cells, and not the ones present in the 

culture medium. However, this approach raises some questions concerning the establishment of a 

comparison between the assays performed with serum-free medium vs endothelial basal medium. 

Certainly, cells do not present the same gene expression and protein secretion profiles in the two 

conditions where they were cultured. An ideal approach to better mimic the secretion of proangiogenic 

factors by MSC in the body, as well as their in vivo angiogenic potential, would be to culture the cells 

using the components present in the environment that the cells will face inside the body. In the case of 

intravenous administration, for instance, cells should be cultured in medium supplemented with human 

serum, along with other components of the blood, including blood cells and immune cells. This approach 

would provide the most reliable results regarding the in vivo angiogenic potential of MSC. 

This strategy aims at preconditioning cells to better adapt them to the microenvironment they will face 

in the body. However, this approach may not maximize the therapeutic potential of the cells, or the 

secretion of proangiogenic factors. In fact, it was already discussed that serum deprivation results in 

improved angiogenic properties of MSC, but one question remains: is this preconditioning effect 

maintained in vivo? Therefore, a careful analysis of the aim of the experiment should be done since the 

two strategies mentioned above may not lead to the same in vitro and in vivo outcomes. 

Throughout the study, two functional assays were used to analyze the in vitro angiogenic potential of 

MSC: the tube-like structure formation assay and the migration assay. The tube formation assay was 
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firstly reported by Lawley and Kubota [13] and further optimized by  Kanzawa and coworkers [14]. 

This assay is more representative of the in vivo angiogenesis than the 2D assay since ECM is used to 

recreate the 3D environment. Moreover, some alternative versions of this assay allow the measurement 

of endothelial cell proliferation and differentiation, as well as testing different pro- and antiangiogenic 

compounds [15]. The main limitations of the tube formation assays are the lack of consistent lumen 

formation, homogeneous tubules, sensitivity to uneven matrix coating of wells and cell density, and the 

time-consuming [15]. Alternatively, the migration assay represents allows a quantitative analysis of 

endothelial cell migration over time, in a reproducible and short duration approach. Also, this assay is 

sensitive to small alterations in concentration gradients. Some limitations are associated with this assay, 

including difficulty to define and maintain transmembrane gradients and to obtain accurate results with 

low cell counts [15]. Due to the potential limitations of these two in vitro assays, further in vitro and ex 

vivo studies should be performed, to evaluate the angiogenic capacity of a potential MSC-based product. 

A commonly used in vitro assay is the endothelial proliferation assay [16], [17]. This assay allows the 

quantification of cell proliferation and apoptosis, in a reproducible and easy way. However, it provided 

a short windows of analysis due to endothelial cell senescence and it is sensitive to cell density [15]. 

The wound healing assay also represents a potential in vitro assay [18], [19]. This approach involves 

cell migration in the plate, instead of through the transwell membrane, as in the migration assay. 

Therefore, the main benefits and limitations are similar to those of the migration assay. Ex vivo assays 

represent a step forward in translating the angiogenic potential of cells to in vivo studies. These systems 

include different types of cells, such as pericytes, smooth muscle cells, among others, in a 3D 

environment [15]. Examples of available ex vivo assays are the chick aortic arch model [20] and the 

recently developed aortic ring assay [15]. Nevertheless, an ideal angiogenic assay should evaluate 

endothelial cell migration, proliferation and differentiation into tubular structures; efficiency to promote 

the formation of functional blood vessels; augmentation or replacement of supporting cell types, 

including pericytes, smooth muscle cells fibroblasts, in addition to endothelial cells; and processing of 

ECM and/or basement membrane [15]. 

The in vitro angiogenic assays used in this work allowed the identification of the culture conditions 

promoting the highest angiogenic properties of UCM MSC: dynamic culture and low oxygen 

concentration. Here, it is important to distinguish between the overall effect of the dynamic culture and 

the effect of shear stress. Shear stress is indeed known to increase the secretion of proangiogenic factors 

[21]–[23], but one should not conclude that the improved angiogenic properties these cells is exclusively 

due to it. In fact, other culture parameters may be playing an important role on the upregulation of the 

proangiogenic genes, such as the topography of the microcarriers, the homogeneous availability of 

metabolites and bioactive factors in the culture medium, among others. The topography of the 

microcarriers is known to induce alterations in the actin organization and in the cell differentiation 
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ability [24]. For instance, researchers found that microcarriers favoring round shape and disorganized 

actin (i.e. cytopore 2) promoted chondrogenesis, while microcarriers favoring cell spreading and the 

formation of stress fibers inhibited differentiation towards chondrocytes [25]. Similarly, alterations in 

the cell organization may also induce changes in the expression and secretion of proangiogenic factors. 

If so, the appropriate selection of a specific type of microcarriers for the modulation of MSC angiogenic 

potential must be considered. Nevertheless, further studies are required to support this hypothesis. To 

properly assess the effect of shear stress on the in vitro angiogenic potential of MSC, cells should be 

plated in 2D culture system and subjected to a turbulent shear flow. A possible experimental approach 

is the design of a microfluidic device to provide a turbulent environment for cell culture. Such approach 

was already tested by different authors, demonstrating the improved secretion of angiogenic factors 

[21]–[23]. 

Another important parameter that regulates the secretion of proangiogenic factors is cell density. The 

higher the cell density, the higher the number of cell-cell interactions. This type of interactions seems 

to affect the secretion of bioactive factors. Preliminary data showed that, at higher cell densities, MSC 

express higher levels of the proangiogenic genes VEGF, bFGF and HGF per cell (data not shown), 

meaning that each cell expresses higher levels of this proangiogenic genes when cultured at higher cell 

densities. Such effect might be due to the increased number of cell-cell interactions or to the increased 

production of EV and consequent increase in paracrine signaling. This augmentation effect was 

minimized when comparing static vs dynamic cultures since UCM MSC density in static conditions 

(5,500 cell/cm2) was half of the density of cells in dynamic culture (11,000 cell/cm2), accounting with 

50% adhesion of the cells to the microcarriers and 100% adhesion to tissue culture flasks. Results show 

that UCM MSC adhesion to microcarriers ranged between 40 to 50% (data not shown), meaning that 

cell densities were similar in both culture systems. 

In general, stress conditions seem to upregulate the expression of proangiogenic genes, including serum-

deprived culture (demonstrated in the literature), dynamic culture conditions and low oxygen 

concentration. Therefore, other stress conditions can also be considered to increase the therapeutic 

potential of these cells, including other mechanical preconditioning strategies (electrical stimuli and 

strain), hyperoxia (100% O2) and pharmacological pretreatment, for instance.  

Three other bioprocessing steps can interfere with the angiogenic potential of MSC: cell harvesting, 

storage and delivery. Cell harvesting demonstrated to induce a downregulation of the proangiogenic 

genes studied, while cryopreserving cells for up to one month in liquid nitrogen and maintaining the 

cells for 4 h in PBS + human albumin, at both room temperature of 4 °C, does not seem to impact the 

expression of those genes. To fully understand the impact of these three bioprocessing steps on the in 

vitro angiogenic potential of UCM MSC, functional assays should have been performed, including the 
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tube-like structure formation assay and the migration assay. Nevertheless, the results obtained 

contributed to understand the effect of cell harvesting, storage and delivery on the gene expression 

profile of three of the most important genes associated with angiogenesis. Moreover, they contribute to 

the development of an allogeneic, off-the-shelf MSC-based product with enhanced therapeutic features. 

Allogeneic cell products are more advantageous than their autologous counterparts. In an allogeneic 

setting, cells from a specific donor can be selected, based on the ability of cells to proliferate, 

differentiate or secrete higher concentrations of bioactive factors compared with other donors. 

Moreover, in an autologous setting, cells derived from the patient may have their biological properties 

impaired, due to aging or disease [26]. In an allogeneic approach, clinicians can even select the most 

suitable MSC source for the treatment of a specific disease. Another great advantage based on the results 

obtained in this work is that an improved allogeneic cell product can be produced, stored and delivered 

without affecting the preconditioning effect. An allogeneic product represents a major advantage in the 

context of AMI. After an AMI event, patients should not wait several weeks or even months for a 

therapeutic solution, due to the extended tissue necrosis and remodeling that occurs after the event. Also, 

the therapeutic features of MSC from the patients might be impaired due to the disease, in the case of 

an autologous approach. All these reasons encourage the development of an allogeneic, off-the-shelf 

enhanced MSC-based product. 

To achieve the high cell numbers required for an MSC-based therapy in the AMI context, several 

millions of cells must be produced and administrated into the patient. Fortunately, the microcarrier-

based stirred platform is not only indicated to precondition cells, but also to produce them. In this 

context, a scalable expansion platform was successfully established to produce UCM and AT MSC, 

using the PBS-0.1 MAG system under S/XF conditions. In addition, this platform is disposable and 

easily scalable to industrial scales (PBS-15 and PBS-80, with maximum working volume of 15 L and 

80 L, respectively), with the possibility of monitoring and controlling the culture parameters, which 

greatly contributes to the approval by the regulatory agencies. Nevertheless, such platform was not 

efficient in promoting BM MSC expansion. Results from Chapter II show that the BM source represents 

the source with the lowest in vitro angiogenic potential, whereas the UCM and AT sources present 

higher in vitro angiogenic capacity, under the culture conditions studied. Therefore, the PBS-0.1 MAG 

efficiently promotes the expansion of the MSC sources presenting the highest in vitro angiogenic 

potential. The expansion protocol can also be adapted to other types of bioreactors, including the stirred 

tank reactor or the wave-mixed bioreactor. 

Despite the encouraging data generated in this work, the lack of in vivo studies still represents its main 

limitation. In vivo studies in AMI animal models would be important to compare the effect of cell 

preconditioning through the modulation of the bioprocessing parameters, as well as the effect of storage 



 

178 

 

and delivery on that preconditioning effect. Also, increasing the number of MSC donors in each of the 

chapters would increase the statistic significance of the results. A nonparametric test was used to analyze 

the data generated in the different chapters since a normal distribution of the variables can not be 

assumed without further tests. However, the use of nonparametric tests requires higher number of 

samples to assure statistical significance, compared with parametric tests. 

Another important technical aspect concerning the in vivo studies is the choice of the route of cell 

administration. Several reports have demonstrated that MSC engraftment in the myocardial tissue occurs 

only to 0.44% of the cells that are intravenously administrated [27]. In fact, these findings support the 

regenerative properties of MSC through paracrine signaling. Intravenous administration of the cells will 

lead to cell washout and probably accumulation in the lungs and spleen [28]. Other will be destroyed by 

immune cells present in circulation. Therefore, the most appropriate route of administration of MSC 

should be intramyocardially, either as single cells or cultured in a scaffold. Such approach would 

increase the chances of cell survival and retention in the damaged myocardium, although being an 

invasive medical procedure. 

A potential approach to overcome the use of cellular products due to the associated technical and 

regulatory difficulties is molecular therapy. The paracrine action of MSC provides the possibility to 

administrate one bioactive factor alone or combined with others as a specific cocktail therapy for the 

treatment of AMI. However, as previously discussed in Chapter II, some bioactive factors may be 

harmful for the body, such as TNF-α and IL-6 [29], two potent proinflammatory molecules. The main 

advantage of MSC-based therapy is the sustainable moderate release and concentration of the bioactive 

factors that might vary according to diverse microenvironment and situations [29]. MSC can adapt to 

harsh disease conditions, with the aim of restoring physiological status [29]. 

Recently, another cell-free approach is gaining relevance for the treatment of different diseases, the EV. 

The clinical use of EV represents a half way solution between molecular and cellular therapy. As 

previously mentioned in Chapter I, EV are small particles composed of a lipid layer enclosing 

cytoplasmic components, such as proteins, nucleic acids and lipids, secreted by cells [30]. EV derived 

from MSC present high therapeutic properties, mainly due to the presence of bioactive factors and small 

noncoding RNA capable of modulating the angiogenic process. Several preclinical studies in animal 

models showed that MSC-EV accelerate skin wound healing [31] and reduce infarct area in ischemic 

cardiac injury [32], [33]. However, several hurdles need to be addressed in the clinical translation of this 

new therapeutic tool, including the classification of cell secretome as a whole at regulatory levels and 

the definition of the method of administration [30]. Several advantageous arise from the use of EV under 

clinical settings. Since EV represent a distinct fraction of the cell secretome, their administration results 

in a set of signals with more limited and predictable effects. Therefore, the GMP production and release 
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of EV is less complex compared with living cells, resulting in reduced associated costs [34]. 

Nevertheless, EV are complex biological structures poorly understood and their isolation procedures are 

still unsatisfactory [30]. Clinical applications of EV have been limited to a single patient with graft-

versus-host disease (GvHD) [35] and a preliminary trial in patients with kidney failure [36]. Therefore, 

several gaps need to be filled to bring these potential therapeutic tools from bench to bedside. 

In conclusion, the main goal of this work was to develop a potential MSC-based product with enhanced 

therapeutic features for myocardial regeneration. To achieve this goal, the in vitro angiogenic potential 

of different human MSC sources cultured under different serum- and xenogeneic-free culture conditions 

was characterized. The impact of modulating the cell culture parameters, including culture platform and 

oxygen concentration, on the in vitro angiogenic potential of MSC was evaluated, to maximize their 

therapeutic capacity. To develop an MSC-based product with enhanced therapeutic capacity, it is not 

only important to find the culture conditions that would maximize this capacity, but also to establish an 

efficient, robust and GMP-compliant cell culture platform able to produce clinical-relevant MSC 

numbers to treat patients with AMI. In this work, all these goals were achieved. The in vitro angiogenic 

properties of MSC were successfully improved by culturing the cells under dynamic conditions and low 

oxygen concentration and a dynamic culture platform was established for the efficient expansion of 

MSC with enhanced therapeutic features for myocardial regeneration. 
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