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Abstract 

Cardiovascular diseases (CVD) are the leading cause of morbidity and 

mortality worldwide. Within CVD, myocardial infarction (MI) is associated with a 

massive and permanent loss of cardiomyocytes (CM). Advanced therapies based 

oŶ steŵ Đells͛ poteŶtial to pƌoŵote ĐaƌdiaĐ ƌegeŶeƌatioŶ haǀe ďeeŶ eǆploƌed iŶ 

numerous preclinical studies. Nonetheless, their clinical efficacy to improve the 

heart function remains elusive and controversial. The lack of validated and 

standardized cell culture protocols and characterization tools are among the 

contributing factors for this translational failure. Moreover, understanding the key 

cellular mechanisms underlying cardiac regeneration may also expose a 

multiplicity of therapeutic targets, paving the way for improved therapies by 

controlling cardiac tissue remodeling and/or to impose a pro-regenerative state. 

This thesis aimed at the implementation of novel strategies that could 

contribute for improved cardiac regenerative therapies. This work was divided 

into two main sections covering (A) the implementation of robust and scalable 

protocols for the expansion of human stem cells and (B) the interrogation of the 

functional role of a putative therapeutic molecule, CCBE1 (collagen and calcium-

EGF binding domain 1), on cardiac commitment. 

For translating the stem cell manufacturing protocols towards industrial and 

clinical settings, it is essential to develop strategies to produce therapeutic cells at 

high quantity, quality and low cost of goods.  Therefore, in the first part of the 

work (A), we evaluated the impact of different bioprocess parameters, such as 

culture matrix composition and bioreactor design and hydrodynamics, on stem 

cell expansion yields and phenotype. Given the clinical potential of human 

Embryonic Stem Cells (hESC) and human Mesenchymal Stem Cells (hMSC), both 

cell sources were selected to conduct these studies. In Chapter 2, two 

phenotypically different hESC lines, one feeder-dependent and other feeder-free, 
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were efficiently expanded on xeno-free microcarriers in stirred culture conditions. 

We were able to demonstrate the robustness of this strategy to expand different 

lines of hESC, showing a phenotypic convergence along their expansion, as 

depicted in their transcriptome. Noteworthy, at low-oxygen levels using 

environmentally controlled stirred-tank bioreactors, a metabolic rearrangement 

with upregulation of the glycolytic machinery favoring an anaerobic glycolysis, a 

stemness feature, was clearly observed in contrast to 2D culture system. Overall, 

this study provided relevant findings on the physiological and metabolic hallmarks 

of hPSC expansion. Furthermore, in Chapter 3, we aimed at scaling up the hMSC 

expansion process using disposable bioreactors amenable for translation into 

clinical-grade bioprocesses. We took advantage of a 2 L-scale single-use low shear 

stress bioreactor (Vertical-WheelTM PBS-3 Air) to implement a scalable protocol for 

improved hMSC expansion. Using this single-use bioreactor, we were able to 

achieve high hMSC expansion yields (3×105 cell/mL), comparable with those 

obtained in ST bioreactors. Notably, in PBS-3 Air a significantly lower percentage 

of apoptotic cells as well as reduced levels of HLA-DR positive cells were detected, 

when compared to ST bioreactors. Ultimately, these data demonstrated that 

process transfer from ST bioreactor to PBS-3 Air, and scale-up were successfully 

carried out, proving its potential as a new scalable biomanufacturing platform for 

microcarrier-based cell therapy products. 

In the second part of this thesis (B), we aimed at interrogating CCBE1 role on 

cardiac commitment that could be used to identify novel CCBE1-modulated 

pathways as targets for translation into CCBE1-based cardiac therapies. 

The putative role of CCBE1 in lymphatic/cardiac vascular development, 

prompted its study as a therapeutic molecule to restore cardiac tissue upon heart 

injury, through CCBE1-mediated cardiac commitment and/or augmentation of 

lymphangiogenesis. Therefore, in Chapter 4, we conducted an in vitro study to 

interrogate CCBE1 role on cardiac commitment, combining human induced 
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pluripotent stem cells and gene editing tools (CRISPR interference technology), to 

modulate the CCBE1 expression along CM and endothelial cells (EC) 

differentiation. CCBE1 knockdown (KD) led to a significant reduction on the 

expression of cardiac troponin marker TNNT2 and other cardiac myosin genes. 

Ultrastructural changes, namely sarcomere length and alignment, were also 

observed in CM derived from CCBE1 KD cell line at day 15 of differentiation, 

indicating a more immature state relative to control cell line. CCBE1 KD along EC 

differentiation, on the other hand, showed no impact at morphological and gene 

expression levels. Together, these data suggested a modulatory role of this 

protein particularly on CM phenotype. Gain-of-function assays would be critical to 

rescue the normal phenotype. Nonetheless, the lack of efficient protocols for the 

production of full-length CCBE1 has hindered its use as a soluble and therapeutic 

molecule. Thus, in Chapter 5, we took advantage of different bioprocess strategies 

to improve the production of full-length CCBE1 protein. Exploring a high cell 

density transfection protocol, higher volumetric production yield of CCBE1 was 

observed when compared to standard transfection condition, without 

compromising rCCBE1 attributes, namely the glycosylation pattern. Following a 

purification step with higher recovery yields (>95% of full-length rCCBE1), the 

application of proteomic-based tools allowed the identification of process 

contaminants after production and purification steps, namely host-cell proteins. 

Lastly, the angiogenic potential of rCCBE1, as a functional attribute, was 

confirmed by promoting vessel formation (HUVECs assay). 

Finally, we envision that the implemented strategies and knowledge gained 

during this thesis can contribute for the development of novel and more 

efficacious cardiac therapies, opening new avenues for the implementation of 

knowledge-driven approaches and to the identification of CCBE1-modulated 

proteins/pathways as targets for cardiac commitment. 
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Resumo 

As doenças cardiovasculares são atualmente uma das principais causas de 

morte a nível mundial, sendo o enfarte do miocárdio (EM) o que apresenta maior 

incidência. Esta doença está associada a uma perda excessiva e permanente de 

cardiomiócitos (CM), um dos principais constituintes celulares do coração. As 

terapias mais inovadoras baseadas em células estaminais, têm demonstrado 

resultados promissores quanto à sua capacidade regenerativa em estudos pré-

clínicos. Contudo, o mesmo não se verifica em ensaios clínicos. Este facto pode 

estar relacionado com i) a falta de protocolos standardizados para a cultura de 

células estaminais e de métodos analíticos para a caracterização destas células, e 

ii) o reduzido conhecimento sobre os mecanismos celulares associados à 

regeneração cardíaca. Assim, este conhecimento permitirá o desenvolvimento de 

novas terapias através do controlo da remodelação do tecido cardíaco e/ou 

ativando a sua capacidade regenerativa. 

O principal objetivo desta tese foi a implementação de novas estratégias que 

irão contribuir para o desenvolvimento de terapias mais eficazes na regeneração 

cardíaca. O trabalho desenvolvido focou-se em 2 grandes blocos: (A) na 

implementação de protocolos estalonáveis para a cultura de células estaminais 

humanas e (B) na investigação da funcionalidade da CCBE1 (collagen and calcium-

EGF binding domain 1) durante a diferenciação cardíaca, como uma molécula 

terapêutica. 

Atendendo ao objetivo da primeira parte do trabalho (A), a implementação 

de protocolos de cultura de células estaminais num contexto industrial e clínico 

deve assegurar que as estratégias alcancem elevados rendimentos celulares, 

mantendo a identidade das mesmas e a baixo custo. Neste sentido, avaliou-se o 

impacto de diferentes parâmetros do bioprocesso (ex.: composição da matriz de 

cultura e o formato e hidrodinâmica dos reatores) no rendimento celular e na sua 
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identidade. Nestes estudos foram utilizados dois tipos de células estaminais 

humanas, tento em conta o seu potencial em terapias celulares: células 

estaminais embrionárias (hESC) e células estaminais mesenquimais (hMSC). No 

Capítulo 2 descreve-se a estratégia implementada para a expansão de duas linhas 

de hESC, com modos de cultura diferentes, utilizando microsuportes sintéticos em 

sistemas de cultura agitados. A caracterização do transcriptoma destas células, 

após o processo de expansão, revelou a robustez do sistema implementado. 

Adicionalmente, e após análise do transcriptoma e metaboloma das hESC quando 

expostas a baixos níveis de oxigénio, verificou-se um rearranjo metabólico que 

favoreceu um fenótipo glicolítico. Este estudo permitiu identificar características 

fisiológicas e metabólicas de hESC durante a sua expansão.  

No Capítulo 3 procedeu-se à implementação de um processo escalonável em 

reatores descartáveis para a expansão de hMSC, passível de ser transferido para 

contexto industrial e clínico. Neste processo utilizou-se um bioreator descartável 

de 2 L com baixa tensão de cisalhamento e agitação vertical (Vertical-WheelTM 

PBS-3 Air), permitindo a eficiente expansão de hMSC (3×105 cell/mL), cujos valores 

de hMSC são comparáveis aos obtidos quando cultivadas em bioreatores de 

tanque agitado (ST). Além do mais, este bioreator descartável permitiu uma 

redução significativa da morte celular por apoptose e uma diminuição do número 

de células a expressar o marcador HLA-DR. Estes dados comprovam que foi 

possível transferir de forma eficiente a expansão de hMSC de bioreatores ST para 

bioreatores descartáveis, como o PBS-3 Air, potenciando o seu uso em 

plataformas para cultura de produtos celulares dependentes de microsuportes. 

A segunda parte do trabalho (B) teve como objetivo investigar a função da 

CCBE1 durante a diferenciação cardíaca, permitindo a identificação de novos alvos 

terapêuticos que sejam modulados pela CCBE1 para terapias cardíacas. 

Diversos estudos têm se sugerido uma possível função da CCBE1 na 

regeneração do tecido cardíaco, através da diferenciação cardíaca ou da 
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linfangiogenese. Neste sentido, no Capítulo 4 explorámos o papel desta proteína, 

utilizando células estaminais pluripotentes induzidas (hiPSC) e métodos de 

modificação génica (tecnologia de interferência CRISPR) para induzir a perda de 

função do gene em causa durante a diferenciação em CM e células endoteliais 

(CE). A inibição da expressão da CCBE1 levou a um decréscimo na expressão de 

marcadores cardíacos, tais como o gene TNNT2 entre outros. Após 15 dias de 

diferenciação, os CM apresentavam alterações ulta estruturais, nomeadamente 

no tamanho e alinhamento dos sarcómeros, indicativo de um fenótipo imaturo, 

comparativamente com a cultura sem modificação génica. Por outro lado, esta 

inibição da expressão da CCBE1 não teve qualquer impacto na diferenciação em 

CE, tanto a nível morfológico como na expressão génica. Estes dados sugerem que 

esta proteína pode ter uma função moduladora no fenótipo dos CM. A falta de 

processos eficientes para a produção desta proteína tem impedido o seu uso 

como factor terapêutico. Desta forma, no Capítulo 5 foram implementadas 

estratégias para melhorar a produtividade da CCBE1, tendo sido o protocolo de 

transfeção a elevadas densidades celulares (20 milhões de células por mL) aquele 

que apresentou resultados mais promissores. Pois, através desta estratégia foi 

possível obter-se um efeito positivo na produtividade da CCBE1 sem comprometer 

as qualidades da mesma, como o seu padrão de glicosilação. Após a purificação da 

CCBE1 com elevada percentagem de recuperação da proteína (95 % da proteína 

de 49 kDa), foram utilizados métodos de espectrometria de massa para identificar 

as proteínas no produto final, como por exemplo proteínas celulares. O potencial 

angiogénico da CCBE1 foi também confirmado, tendo em conta a sua capacidade 

em potenciar a formação de estruturas celulares semelhantes a vasos endoteliais.  

Por fim, esperamos que as estratégias implementadas e todo o 

conhecimento adquirido ao longo deste trabalho possam contribuir para o 

desenvolvimento de novas terapias cardíacas mais eficazes na regeneração 

cardíaca, e que possam criar novas oportunidades para a implementação de 
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metodologias baseadas no conhecimento, bem como na identificação de 

proteínas que sejam reguladas pela CCBE1 durante a diferenciação cardíaca.  
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1. Cardiovascular Diseases: Motivation for Biomedical & 

Clinical Research 

Cardiovascular diseases (CVD) remain the leading cause of morbidity and 

mortality worldwide (World Health Organization, 2017). Coronary heart disease 

(myocardial infarction, MI) is included in this group of disorders, occurring when 

blood supply to the heart is blocked, which leads to massive and permanent loss 

of cardiomyocytes (CMs). With a limited regenerative capacity driven by CMs turn-

over and enhanced by endogenous cardiac progenitor/stem cells (CPC/CSC), the 

infarcted myocardium is not fully restored. Instead the myocardial tissue is then 

replaced by non-contractile scar tissue (fibrosis), leading to cardiac dysfunction 

(Beltrami et al., 2003; Bergmann et al., 2009; Chien & Olson, 2002). Currently, no 

curative treatment for heart failure is available apart from heart transplantation 

that is restricted in response to organ donor shortage. Pharmacotherapy targeting 

the regulatory mechanisms activated by left ventricular dysfunction has also been 

applied, namely inhibitors of the renin–angiotensin system, β-blockers and 

mineralocorticoid-receptor antagonists. Still, these approaches are intrinsically 

non-curative, failing on cardiac regeneration and repair.   

2. Stem Cell-based Therapies for Myocardial 

Regeneration 

The limited capacity of human adult heart to renew cardiac tissue after injury 

in addition to limited therapeutic options have led to the global burden of CVD. In 

this context, readily available cell sources able to increase heart performance are 

highly desirable. Therapies relying on stem cell-based approaches have been 

evaluated in several preclinical and clinical trials (Faiella & Atoui, 2016).  

Stem cells hold a great promise in biomedical research, namely in cell 

therapy, tissue engineering and drug discovery applications. The use of stem cells 
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in research allows the understanding of basic mechanisms of human development 

and the identification of key regulators/molecules for their differentiation, 

potentiating the development of new treatments. Different cell types are under 

evaluation for cell-based cardiac therapies and its selection relies on their 

features, accessibility and potential risk. Ideal stem cell source must have the 

ability to differentiate into CMs and vascular endothelial cells and/or must act via 

paracrine mechanisms, with the secretion of chemokines or growth factors for 

improved resident cell survival and heart function (Figure 1.1). Nevertheless, the 

transplantation of multiple cell sources might stimulate the myocardium 

regeneration at different levels. 

 

Figure 1.1. Cell sources for cardiac cell -based therapies. Cell manipulation might be 
needed after cell isolation, namely cell expansion, differentiation and purification to be 
administrated into the patient. Adapted from (Murphy et al., 2013). 

Stem cell-based products are considered an Advanced Therapy Medicinal 

Product (ATMP) that can be either somatic cell therapy medical product or tissue 

engineered product. For marketing authorization of cell-based products, 

regulatory authorities in the USA (Food and Drug Administration) and EU 

(European Medicines Agency) have published guidance documents for its 

application and the European Commission adopted Guidelines on Good 
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Manufacturing Practice (GMP) specific for ATMPs in last Ǉeaƌ ;͞Eudƌaleǆ The Rules 

Governing Medicinal Products in the European Union, Volume 4, Good 

Manufacturing Practice͟Ϳ. 

Such therapies can be either allogeneic or autologous based on their origin. 

In allogeneic stem cell therapy there is a single healthy donor whose human 

leukoĐǇte aŶtigeŶs ;HLAͿ aƌe aĐĐeptaďle ŵatĐhes to the patieŶt͛s and a large cell 

bank is available. For autologous cell therapy, stem cells are harvested from a 

patient, expanded or differentiated ex vivo if needed and then returned to the 

same patient (Malik, 2012) (Figure 1.2). Selecting the best therapy to use depends 

on several factors, namely disease type, stage and/or status as well as availability 

of a suitable and compatible donor (Richard, 2003). The manufacturing costs and 

logistics differed between allogeneic and autologous therapies. Such factors are 

also critical to determine which therapeutic type to pursue to produce a 

commercially attractive product. In allogeneic stem cell therapies, a larger facility 

for the manufacturing of each production batch (scale-up processing) is required 

and its "off-the-shelf" availability as well as the reduction in cost of goods makes 

this therapy more attractive than autologous therapies. Nowadays, new platforms 

are being implemented to address the manufacturing challenges for different cell-

based products, maintaining its quality (Abraham et al., 2017).   

2.1 Stem Cell Sources 

2.1.1 Mesenchymal Stem Cells 

The first generation of cell-based therapies for cardiac repair and 

regeneration was based on bone marrow-derived mononuclear cells, 

mesenchymal stem cells (MSC), among others. MSC unique features make them a 

very attractive cell source for allogeneic or autologous therapies for inflammatory 

and fibrotic conditions, due to their immunomodulatory and anti-inflammatory 

properties, as well as their non-immunogenicity. MSC were originally isolated 
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from bone marrow (Pittenger et al., 1999), presenting an inherent capacity to self-

renew and differentiate into osteoblasts, adipocytes, and chondroblasts. Since 

then, cells with MSC-like characteristics have been isolated from other adult and 

fetal tissues, including cord and peripheral blood, fat, placental and umbilical 

tissues (Anker et al., 2004; O. K. Lee, 2004; Murphy et al., 2013; Zuk et al., 2002). 

Despite the phenotypic similarities between all MSC populations, there is an 

inherent heterogeneity at transcriptional and proteomic levels reflecting some 

disparities on the activity of MSC from different tissues of origin  (Klopp et al., 

2012). 

 

Figure 1.2. Autologous & Allogeneic cell-based therapies for heart repair using MSC 

isolated from bone marrow, fat tissue, etc., and PSC derivatives. Somatic cells from 
patient A can be isolated, reprogramed into iPSC and after manipulation (expansion and 
differentiation into cardiac progenitor cells or cardiomyocytes) those cells can be 
transplantation into the same patient (autologous) or in a matched donor (allogeneic). ESC 
derivatives can also be used as stem -based products for allogeneic therapies.  

 

IŶ aŶ atteŵpt to staŶdaƌdize the MSC͛ defiŶitioŶ, the International Society for 

Cellular Therapy (ISCT) established criteria to characterize these cells in culture, as 

follow: i) to be plastic-adherent cell population; ii) to exhibit a defined 
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immunophenotype, more than 95% of cells must express CD73, CD90, CD105 and 

lack of hematopoietic/endothelial markers expression (e.g. CD45, CD34, 

CD14/CD11b, CD79/CD19 and HLA-DRI); and iii) to be capable of differentiating 

toward mesenchymal lineages (e.g., adipogenic, osteogenic and chondrogenic 

lineages) (Dominici et al., 2006). The intrinsic capability of MSC to migrate towards 

injured tissues (cellular homing) along with the immunomodulatory effects, 

emphasizes their suitability for clinical applications, such as anti-cancer agents 

delivery or tissue repairing capacity (Caplan & Correa, 2011).  

Beneficial effects of transplanted adult stem cells (MSC) into infarcted 

myocardium is likely due to multiple mechanisms such as neovascularization and 

remodeling of the scar tissue rather than the formation of new CMs (Le & Chong, 

2016). Ongoing clinical trials of ischaemic heart diseases employing autologous or 

allogeneic MSC-based therapy are presented in Table 1.1. MSC-based therapies 

have shown promising results for cardiac injury, promoting functional recovery 

(Gaebel et al., 2011). The safety of MSC infusion on infarcted heart was 

demonstrated in a large randomized phase II-III trial (NCT01392105), whereas the 

left ventricular ejection fraction (LVEF) was modestly improved at a 6-month 

follow-up visit (Lee et al., 2014). Nonetheless, the optimal cell dose is a critical 

parameter that depends on the selected cell type. In the POSEIDON trial 

(NCT01087996), the high dose of MSC (200 × 106 cells) was less effective in 

increasing LVEF than a low dose of MSC (20 × 106 cells) after MI (Hare et al., 2012). 

A randomized and controlled phase II-III trial is under evaluation to compare the 

effects of single versus repeated application of autologous bone marrow-derived 

mononuclear cells to treat patients following MI (REPEAT trial; NCT01693042). 

Meta-analysis of the first generation of cell-based therapies in patients with 

MI have shown contradictory clinical outcomes from several single and 

multicenter studies and multiple publication (Gyöngyösi et al., 2016). This led to a 

switch towards a second-generation therapy in cardiac regeneration field, 

http://clinicaltrials.gov/show/NCT01087996
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comprising cardiac progenitor/stem cells (CPC/CSC) and pluripotent stem cells 

(hPSC).  

2.1.2 Cardiac Progenitor/Stem Cells 

CPC/CSC were identified as resident cell populations within myocardium 

expressing ŵultiple ŵaƌkeƌs, suĐh as Đ‐Kit, SĐa‐ϭ, Isl‐ϭ, SSEA-1 and Abcg2. 

Importantly, these cells are able to differentiate into cardiomyocytes, vascular 

smooth muscle and endothelial cells (Beltrami et al., 2003; Oh et al., 2003). These 

cells can offer distinct advantages over other adult stem cells for cardiovascular 

regeneration, being tissue-specific and committed to cardiovascular lineages. 

CPC/CSC are also characterized by the secretion of growth factors, involved in 

signaling pathways stimulating the endogenous cardiac cells and/or paracrine 

mechanisms. The direct contribution of CSC to give rise to new CMs, after cell loss 

upon injury remains an open question, as well as their origin, in vivo activation 

and their role in tissue homeostasis and repair (Bollini et al., 2011). Still, increased 

recovery of LV systolic function and decreased infarct size after MI was 

demonstrated in the first clinical trial using autologous c-kit+ CSC (SCIPIO; 

NCT00474461) (Bolli et al., 2011). Further advances in this field have contributed 

to the development of novel therapies exploring the combination of different 

autologous cell sources (MSC and CPC/CSC), which is currently under clinical 

evaluation and showing a positive synergistic effect (CONCERT-HF; NCT02501811). 

Repeated cell therapy trials are emerging as alternative approach for cardiac 

treatment (Bolli & Ghafghazi, 2017). Promising outcomes have been shown in MI 

rodent models (mice and rats) where 3 repeated doses (12 × 106 cell/dose) of CPC 

are much more effective than a single administration (36 × 106 cell/dose), 

resulting in a cumulative improvement in left ventricular function and structure 

(Tang et al., 2016; X. Tang et al., 2018). Nonetheless, the fundamental aspects of 
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this administration as well as the optimal dose frequency need to be explored and 

validated in new clinical trials to test its truly safety and efficacy. 

2.1.3 Pluripotent Stem Cells 

The intrinsic characteristics of hPSC, such as their ability to proliferate 

indefinitely and to differentiate into all cell types of the three germ layers 

(ectoderm, endoderm and mesoderm), makes them also a powerful cell source for 

the establishment of production platforms of specific human cell types, which can 

be used in cell therapy and in vitro disease modeling (Robinton & Daley, 2012). 

hPSC include human embryonic stem cells (hESC), derived from the inner cell 

mass of the blastocyst, and human induced pluripotent stem cells (hiPSC), 

reprogrammed somatic cells using a cocktail of pluripotency genes. Although the 

ethical and political controversial in hESC research, these cells have been widely 

exploited as a tool for early human developmental studies and to understand 

several human diseases for therapeutic breakthroughs. However, most of the 

derived and registered hESC lines worldwide are not suitable for clinical 

applications due to the source of embryonic material and manufacturing 

processes (Fraga et al., 2011). Given this, new clinical-grade hESC lines were 

recently derived and characterized under a stringent Good Manufacturing Practice 

Quality Management System amenable for clinical therapeutic use (Ye et al., 

2017). The development and implementation of more efficient protocols to direct 

differentiation of hESC into a desired cell type has strongly contributed to 

advances in this field. hESC clinical application is limited by histocompatibility and 

immunological tolerance of the host (ABO blood group antigens and HLAs). To 

reduce the likelihood of graft rejection, a study was conducted to estimate the 

number of hESC lines needed to achieve varying degrees of HLA match, raising  

practical, political, and ethical implications for the establishment of these cell 

banks (Taylor et al., 2005). 
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The emergence of iPSC revolutionized the field of stem cell research, with the 

ability of a soŵatiĐ Đell to ͞de-diffeƌeŶtiate͟ iŶto a pluƌipoteŶt steŵ Đell ďǇ 

introducing only four factors (Takahashi et al., 2007; Takahashi & Yamanaka, 

2006). Since then, significant progresses have been made from improved 

manipulation and culture techniques towards more robust and reproducible 

disease cell models and drug screening platforms (Takahashi & Yamanaka, 2016). 

iPSC technology allows well-informed decisions in drug development pipeline, as 

better predictive tool (Sayed et al., 2016). iPSC research will be the fastest growing 

market throughout the forecast period 2017-2025, as it possesses application in 

regenerative medicines, drug screening, disease modelling, and organoid 

generation. hiPSC are remarkably like hESC in many key aspects critical for their 

application in regenerative medicine. However, comparative genomic analysis 

revealed differences between them (Chin et al., 2009), which could be expected 

due to differences in genetic background; also observed among different hESC 

lines. Such phenomena was also demonstrated for their differentiation potential 

into neurons, with a significant reduced efficiency and increased variability of 

hiPSC compared to hESC (Hu et al., 2010). Still, iPSC offer the unprecedented 

opportunity to recapitulate and study many other diseases, including Gaucher 

disease type III, muscular dystrophy, Parkinson disease, Huntington disease, 

diabetes mellitus (Marchetto et al., 2010; Park et al., 2008).  The EBiSC – European 

Bank for induced pluripotent Stem Cells project aims to address the increasing 

demands by iPSC researchers for high-quality, disease-relevant and genetically 

diverse iPSC lines. This large repertoire would enable to predict the clinical 

outcome of a drug therapy with high accuracy, as well as to be the cell source of 

the therapy itself.  

Menasché and colleagues reported the first clinical trial using hESC-derived 

cardiac progenitor cells in a patient with severe heart failure as presented in Table 

1.1 (Menasché et al., 2015, 2018). A preclinical study using mouse models 
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demonstrated the functional benefits of hESC-derived cardiac progenitors 

resulting in sustained improvement in contractility and attenuation of remodeling, 

probably acting through paracrine mechanisms (Bellamy et al., 2015). Still, their 

ability to form teratomas in vivo and the uncertainty in selecting the most suitable 

cell source - progenitors versus fully differentiated cell type - to provide the best 

clinical outcome are the major concerns on their effectiveness to be translated 

into clinics (Trounson & DeWitt, 2016). Actual clinical trials are very costly due to 

the number of trial sites, training for the transplant procedure and cell 

manufacturing. A paradigm shift in the field of cell-based therapies for cardiac 

regeneration/repair was recently proposed by the international consortium 

TACTICS (Translational Alliance for Regenerative Therapies in Cardiovascular 

Syndromes) to improve the quality and translatability of preclinical studies 

(Chamuleau et al., 2018). The identification of truly effective and reproducible 

therapies at a preclinical level is crucial to avoid costly and inappropriate clinical 

trials with no therapeutic effect. For that, standardized, robust, reproducible and 

multicenter preclinical work must be conducted exploring in vitro and in vivo 

studies, showing high quality results registered in independent and open 

database. 

2.2 Stem Cell Manufacturing Strategies  

For the effective translation of stem cells and/or their derivatives into clinical 

applications, the manufacturing process is a critical bottleneck. There is a high 

need to develop safer and cost-effective manufacturing solutions, namely by 

changing media formulations or bioreactor design towards scalable production 

platforms compliant with good manufacturing practices (Kropp et al., 2017). 

Increased efficiency of bioprocess with lower variability could be attained by 

combining process automation, monitoring and control with physicochemical 
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culture parameters, e.g. hydrodynamics, oxygen tensions or media composition 

(King & Miller, 2007; Kropp et al., 2017).  

A fundamental part of the manufacturing process is product identity 

characterization that should be analyzed by multiparametric assays, which allow 

the evaluation of cellular identity and function with a high level of sensitivity. Both 

MSC and hPSC are routinely expanded in static conditions as cell monolayers in 

flat surfaces (two-dimensional (2D) conditions). Still, the lack of culture process 

control (e.g. oxygen and pH), heterogeneity and low production yields limits its 

application in the systematic development of cell mass production, since for MI 

cell-based therapy it would be needed 109 cells/patient (Serra et al., 2012; Simaria 

et al., 2014). The combination of stirred culture systems and microcarrier 

technology offers great advantages in process scale-up over the standard 2D static 

culture (i.e., planar technologies), providing a high surface-to-volume ratio in a 

more controlled and homogeneous microenvironment. Accordingly, 

manufacturing costs related to the large expansion of adherent cells using 

microcarrier-based bioreactors are lower compared to planar technologies 

(Simaria et al., 2014). 

2.2.1 Extracellular Matrix Composition 

Microenvironmental cues, such as soluble factors, adhesive contexts and 

physical forces, strongly influence cellular functions and behaviors, as cell 

proliferation or differentiation into a specific cell lineage (Serra et al., 2012). 

Cellular events such as adhesion, migration, proliferation, differentiation, and 

survival can be directly modulated by the mechanical properties of the 

extracellular matrix (ECM), depending on its biochemical and biophysical nature. 

The reported expansion protocols for MSC using microcarriers (CytodexTM3 or 

Plastic P-102L) do not required the use of coating matrices (Table 1.2).  



 

 
 

 

Table 1.1. Stem cell-based therapies for ischemic heart diseases using adult and pluripotent stem cells. The technologies developed, 
clinical trial, cell dose and major outcome are presented. Adapted from (Higuchi et al., 2017; Wu et al., 2018) and www.clinicaltrials.gov.  

Cell 

Type 

Cell 

Processing 
Technology Clinical  Trial Cell dose 

Myocardial 

effects 

Finish 

date 
Ref. 

MSC Expansion Allogeneic hMSC 
Phase II study 

TRIDENT 
(NCT02013674) 

20-100 × 10
6
 cells 

Increase % of LVEF 
in 100 × 10

6
 cell 

dose condition 
Jun-2019 

(Florea et 
al., 2017) 

MSC Expansion 
Autologous bone marrow-

derived MSC 

Phase II study 
MESAMI2 

(NCT02462330) 
61 × 10

6 
cells Still follow-up Dec-2019 

(Guijarro et 
al., 2016)

[1]
 

MSC n.m. Umbilical cord-derived MSC 
Phase I/II study 
UCMSC-Heart 

(NCT02439541) 
10 × 10

6 
cells Still follow-up Dec 2018   

MSC n.m. 
Allogeneic umbilical cord-

derived MSC 

Phase I/II study 
HUC-HEART  

(NCT02323477) 
n.m. Still follow-up Feb-2018   

MSC Expansion 
Allogeneic human umbilical 

cord-derived MSC (hUC-MSC) 
Phase I/II study 
(NCT02635464) 

100 × 10
6 

cells Still follow-up Mar-2019   
MSC+ 
CSC 

Expansion 
Autologous MSC and c-kit

+
 

Cardiac Stem Cells 

Phase II study 
CONCERT-HF 

(NCT02501811) 

   150 × 10
6 

MSC 
   5 × 10

6
 CSC 

Still follow-up May-2020 

 
CDC 

Expansion 
(speroids) 

Allogeneic cardiosphere-
derived cells (CAP-1002) 

Phase I-II study 
ALLSTAR 

(NCT01458405) 
25 × 10

6 
cells Still follow-up Sep-2021  

CDC 
Expansion 
(speroids) 

Allogeneic cardiosphere-
derived cells (CAP-1002) 

Phase I study 
DYNAMIC 

(NCT02293603) 
n.m. Still follow-up Apr-2020   

hESC Differentiation 
CD15

+
 Isl-1

+
 progenitors 

embedded into a fibrin patch 

Phase I study 
ESCORT 

(NCT02057900) 
4 × 10

6
 cells Increase % of LVEF Jun-2018 

(Menasché 
et al., 2015) 

n.m. indicates not mentioned. [1] Published results from MESAMI pilot study. 

1
3

1
2 
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http://www.clinicaltrials.gov/
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Still, some reports showed an efficient expansion of these cells using xeno-

free matrix to coat Plastic P-102L microcarriers or synthetic microcarriers (Dos 

Santos et al., 2014; Hervy et al., 2014).  Over the last years, the gold standard for 

hPSC culture requires the use of MatrigelTM or feeder cells. In stirred culture 

systems, most of the reported expansion protocols for hPSC use MatrigelTM-

coated microcarriers (Table 1.2).   

However, this matrix is complex, not defined and contains animal 

components. To meet regulatory safety concerns, efforts have been made to 

develop fully-defined and xeno-free matrices for hPSC propagation. In particular, 

Fan and colleagues engineered xeno-free microcarriers for hPSC expansion in 

stirred vessels, making the hPSC more suitable for clinical applications (Fan et al., 

2014). Currently, at least three well-defined and xeno-free components are 

commercially available: CELLstartTM (Invitrogen), StemAdhereTM (Stem Cell 

Technologies) and Synthemax® (Corning), amenable for the implementation of 

standardized, reproducible and scalable cell culture platforms for the production 

of clinically relevant hPSC. 

2.2.2 Physicochemical and Hydrodynamic Environment 

In addition to the molecular composition and mechanical properties of the 

cellular microenvironment, physicochemical parameters as dissolved oxygen, pH 

and temperature, as well the bioreactor hydrodynamics can greatly influence 

Đell͛s ďehaǀioƌ. The use of environmentally controlled bioreactors should 

guarantee the i) cell maintenance (expansion or differentiation) in a scale-up 

process, ii) efficient local exchange of gases (e.g. oxygen), nutrients, metabolites 

and growth factors, and iii) provide physiological stimuli. 

DiffeƌeŶt ďioƌeaĐtoƌ͛s ĐoŶfiguƌatioŶs haǀe ďeeŶ eǆploited to Đultiǀate steŵ 

cells: (i) microfluidic devices, (ii) rotating wall systems, (iii) stirred culture systems, 

and (iv) wave bioreactors (Kropp et al., 2017). Nonetheless, to accelerate the 
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clinical translation of allogeneic cell-based products, scalable disposable 

bioreactors are required. Today, there are several options of disposable and 

single-use bioreactors commercially available (e.g. Mobius CellReady, Millipore, 

Univessel, Sartorius Stedim Biotech or Vertical-WheelTM from PBS Biotech, Inc.), 

bypassing high capital expenses, long installation lead times, and avoiding extra-

manipulation related to in situ sterilization and cleaning between batches (MSC 

expansion report on Table 1.2). IŶ aŶ atteŵpt to use the ͞ideal bioreactor͟ to 

cultivate the cell source of interest, there are several issues to take into 

consideration, such as their ability to mix the liquid in a faster and homogeneous 

way to minimize spatial gradients across the vessel (temperature, pH, dissolved 

oxygen and nutrient levels) at high mass-transfer and low-shear stress, while 

maintaining the cells/microcarriers in suspension (Hashimura et al., 2012). 

Dissolved oxygen (DO), as a critical process parameter, must be tightly 

regulated, since low oxygen tensions have a beneficial impact on the maintenance 

of the undifferentiated state of embryonic and mesenchymal stem cells, among 

others (revised in Mohyeldin et al., 2010; Serra et al., 2010). Still, more studies 

using DO-control based are needed to clarify the DO optimal conditions for stem 

cell expansion. 

2.2.3 ǲOmicsǳ Tools in preclinical and clinical research 

The identification of key regulatory mechanisms and pathways associated 

with stem cell self-renewal or maintenance and along their differentiation is 

mandatory to be translated into robust and effective stem cell manufacturing 

platforms or to develop reliable cell-based disease models. In biopharmaceutical 

and biomedical settings, efforts have been made towards knowledge-driven 

approaches for the implementation of improved manufacturing processes. 

Accordingly, characterization of the fundamental cellular mechanisms in such 

processes, namely mammalian cells lines for therapeutics production or stem cells 
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for allogeneic or autologous therapies, by exploring multi-omics tools including 

transcriptomic, proteomic and metabolomics techniques would be crucial (Farrell 

et al., 2014).  

The investigation of the transcriptome, proteome and/or metabolome can 

provide novel insights on cellular phenotype as to facilitate bioprocess 

optimization, ensuring product quality and potency. Moreover, these tools 

allowing the measurement of near-totality of genes, transcripts, proteins and 

metabolites have prominently facilitated the discovery of molecules that serve as 

biomarkers (McShane et al., 2013). Over the past 20 years, the FDA´s Office of 

WoŵeŶ͛s Health has funded 34 research projects to FDA-regulated products 

involving omics-related technology, which has contributing to different areas, 

namely FDA-regulated product safety assessment, drug-induced toxicity and 

personalized medicine in the diagnosis and treatment for diseases prevalent in 

women. 

Whole-gene expression analyses have been performed to characterize the 

cell phenotype during expansion and differentiation processes (Huang et al., 2017) 

or to identify transcriptomic signatures from each cell source (Gao et al., 2017). 

Proteomic tools can also aid these analyses in stem cell phenotype, such as in MSC 

studies to identify potential hazards associated with senescence and tumoral 

transformation, to ideŶtifǇ MSC͛ pƌoteoŵiĐ sigŶatuƌes aloŶg its eǆpaŶsioŶ aŶd 

differentiation, as well as in disease setting (Mateos et al., 2014).  

The similarities and differences between hESC and hiPSC have been 

extensively studied at several levels, namely global gene expression, epigenetic 

status and metabolic regulation. Interestingly, DNA methylation analysis 

demonstrated that the methylome of hiPSC differs from hESC and their 

counterparts, retaining aŶ ͞epigeŶetiĐ ŵeŵoƌǇ͟ fƌoŵ the soŵatiĐ Đells (Doi et al., 

2009). 



 

 
 

Table 1.2. Studies reporting the expansion of hPSC and hMSC on microcarriers in different culture systems. (MC: microcarriers; N/A: not 
available; ULA: Ultralow attachment plates; SV: Spinner vessels; STB: Stirred-tank bioreactors). 

MC Coating Cell Type Culture System  Cell Yield Fold Increase Ref. 

Hillex II N/A hESC ULA plates 0.7 × 10
6
 cell/mL 3 fold in 5 days (Phillips et al., 2008) 

DE-53 Matrigel
TM

 
hESC SV (0.025 L) 3.5 × 10

6
 cell/mL 9 fold in 7 days 

(Chen, Chen, Choo, 
Reuveny, & Oh, 2011) 

hiPSC SV (0.1 L) 6.1 × 10
6
 cell/mL 20 fold in 7 days (Bardy et al., 2013) 

Cytodex
TM

3 

N/A hESC SV (0.066 L) 1.5 × 10
6
 cell/mL 6.8 fold in 14 days (Fernandes et al., 2009) 

Conditioning with media  BM-hMSC STB (1.5 L) 2.6 × 10
6
 cell/mL  10 fold in 5 days (Zhou et al., 2013) 

Matrigel
TM

 

hESC ULA plates N/A 3.4 fold in 2.5 days 
(Nie, Bergendahl, Hei, 

Jones, & Palecek, 2009) 

hESC 
SV  (0.3 L) – 5% pO2 2.2 × 10

6
 cell/mL 15 in 11 days 

(Serra et al., 2010) 
SV (0.3 L) – 30% pO2 0.8 × 10

6
 cell/mL 7 in 12 days 

Cytodex
TM

3  
Cytodex

TM
1 

Collagen BM-hMSC STB (3 L-CellReady) 2 × 10
5
 cell/ml N/A (Niss et al., 2013) 

Cytodex
TM

1 Matrigel
TM

 
hESC 

SV (0.025 L) 
3.7 × 10

6
 cell/ml 19 fold in 7 days (Ting, Chen, Reuveny, & 

Oh, 2014) hiPSC 3.5 × 10
6
 cell/ml 18 fold in 7 days 

Plastic P-
102L 

Conditioning with media  BM-hMSC STB (2.5 L) 1.7 × 10
5
 cell/ml 6 fold in 12 days 

(Rafiq, Brosnan, 
Coopman, Nienow, & 

Hewitt, 2013) 

CELLstart CTS solution  
BM-hMSC 

SV (0.1 L)/STB (0.8 L) 
1.3 × 10

5
 cell/ml 

N/A (Dos Santos et al., 2014) 
AT-hMSC 0.6 × 10

5
 cell/ml 

ProNectinR®F-coated MC BM-hMSC STB (0.1-35L) 2.8-3 × 10
5
 cell/ml N/A (Schirmaier et al., 2014) 

Polystyrene 

Matrigel
TM

 
hESC SV (0.05 L) 1 × 10

6
 cell/ml 34-45 fold in 8 days (Lock & Tzanakakis, 2009) 

hiPSC SV (N/A) 3.5 × 10
6
 cell/ml 5.6 fold in 7 days 

(Kehoe, Jing, Lock, 
Tzanakakis, & Ph, 2010) 

Laminin  
Vitronectin 

hESC ULA plates 
1.5 × 10

6
 cell/ml 

8.5 fold in 7 days (Heng et al., 2012) 
1.4 × 10

6
 cell/ml 

hESC SV (0.025 L) 3 × 10
6
 cell/ml 15 fold in 7 days (Lam et al., 2014) 

pLL solution hiPSC SV (0.05 L) 1.6 × 10
6
 cell/ml 19 fold in 6 days (Fan et al., 2014) 1

7

1
2 
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To understand the inherent variability among hPSC cell lines, the Human 

Induced Pluripotent Stem Cells Initiative (http://www.hipsci.org/), a comprehensively 

characterized open access iPSC resource from healthy individuals and rare diseased 

volunteers, recently described the systematic generation, genotyping and 

phenotyping of 711 iPSC lines derived from 301 healthy individuals using high-

throughput and high resolution transcriptomic and proteomic tools (Kilpinen et al., 

2017). Indeed, these differences might have an impact on their differentiation 

potential and further applications. Such differences have also been investigated at 

metabolic level, mostly in terms of glucose-related genes expression, where hiPSC 

showed slightly lower levels of expression/activity and differences in mitochondria 

morphology in comparison to hESC and differentiated cells (Varum et al., 2011). 

Several studies have reported that highly proliferative cells (e.g. hPSC) have a unique 

energetic metabolism compared with their counterparts, presenting high glycolytic 

flux that can be controlled by transcription factors and signaling network molecules, 

including the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin 

system (Agathocleous & Harris, 2013).  

Comparison studies can also be performed using publicly available data sets, 

providing an extra validation level of the published results (e.g. Genotype-Tissue 

Expression portal, Human Brain Atlas or Human Protein Atlas). Advances in omics-

technologies and bioinformatics is prompting a shift towards integrative pipelines in 

pre-clinical and clinical research (Manzoni et al., 2018; McShane et al., 2013). Since 

the transcriptome, proteome and metabolome are not isolated biological entities, 

(multi)omics data should be concomitantly analyzed and integrated contributing to 

the understanding of human health and/or disease (Figure 1.3) (Yugi, Kubota, 

Hatano, & Kuroda, 2016). However, such entities are still mainly analyzed as separate 

areas that generate a monothematic type of knowledge. Cancer biology field is at the 

forefront for data integration to be translated into clinics.  The ColoRectal Cancer 

(CRC) Subtyping Consortium applied data integration to categorize molecular 

http://www.hipsci.org/
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colorectal cancer subtypes for knowledge-driven decisions and predict patient 

outcomes. Recently, such molecular subtypes were faithfully recapitulated in CRC cell 

cultures and patient-derived xenografts, enabling researchers to study CRC intrinsic 

and stable features (Linnekamp et al., 2018). 

 

Figure 1.3. Trans-omics analysis. This technology includes the phenotypic relation to multiple-
omic layers, reflecting both genetic and environmental factors. Adapted from (Yugi et al., 
2016) 

Regardless these advances in data integration and sharing, there are still several 

biological limitations and challenges. Perhaps in near future, with the advances in 

cell-based modeling, image analysis and machine learning, more complex cell-based 

assays would emerge leading to a fundamental shift in phenotypic screening towards 

more global definitions of cell health/disease (Finkbeiner et al., 2015). Nonetheless, 

the effective translation of this knowledge and advances into complex disorders 

remains a challenge. 
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3. Noncellular Therapies for Myocardial Regeneration 

Although promising preclinical cell-based studies, small or negligible cardiac 

function improvements have been observed in most of the clinical trials (phase II-III) 

mainly due to poor engraftment and rapid cell clearance (Bolli & Ghafghazi, 2017). 

Fortunately, no adverse effect has been documented so far, evidencing the safety of 

such therapies. Nonetheless, these results have prompted the search and 

development of novel therapies implying endogenous heart regeneration (Cahill et 

al., 2017). Animal models have been widely exploited to study a variety of biological 

aspects of human development. Particularly, heart regeneration-underlying biological 

mechanisms have been exploited in several studies using zebrafish and neonatal 

mouse models (Vivien et al., 2016). The lack of reliable techniques to distinguish 

newly muscle tissue from the preexisting one is limiting the assessment of adult 

mammalian heart regeneration (Karra & Poss, 2017). Next-generation therapies for 

heart regeneration/repair are directed toward cell enhancement or early retention 

(using 3D cell constructs, cytokines and miRNAs or biomaterials) and cell- free 

approaches (administration of growth factors, non-coding RNAs and extracellular 

vesicles or by direct reprograming of fibroblasts into CMs) (Cambria et al., 2017; 

Menasché, 2018). Cardiac engineering approaches by combining hPSC-derived CMs 

and cardiac fibroblasts with or without scaffolds have shown cardio-therapeutic 

potential after MI (Iseoka et al., 2018; Tiburcy et al., 2017). Nonetheless, poor 

mechanistic insights into the biology of heart regeneration, namely on CMs 

proliferation, endogenous cell niches, neovascularization, etc., has hampered the 

effective clinical translation of such therapies targeting heart repair following MI. 

3.1 Coronary vasculature formation & revascularization upon 

injury 

Proper coronary vascular development is essential for late embryonic and adult 

cardiac tissue physiology. Upon MI, even after reperfusion, microvasculature 
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obstruction persists in up to 50 % of patients, leading to endothelial cell death, 

inflammation and overall remodeling (Cahill et al., 2017). Regeneration of the 

coronary microcirculation would be crucial for the effective heart repair. For that, 

there is a need to better understanding of how coronary vessels are built during 

development. 

In the last years, several groups have identified three major progenitor 

populations of the embryonic origin of coronary endothelial: proepicardium (PE), 

sinus venosus (SV), and endocardium (Endo). PE is a transient extracardiac 

mesothelial cell population that migrates to the developing heart to give rise to the 

epicardium (Ep). Once the Ep covers the heart tube, a subpopulation of epicardium-

derived progenitor cells (EPDCs) undergo epithelial-to-mesenchymal transition, 

migrate into the myocardium and give rise to vascular smooth muscle cells, 

fibroblasts and cardiomyocytes (Simões & Riley, 2018; Smart et al., 2009; Smits et al., 

2018; Tian et al., 2015). In the adult heart, most epicardial cells remain quiescent, but 

upon MI these cells differentiate only into SMC and fibroblasts, leading to 

myocardium remodeling (Figure 1.4).   

The crosstalk between epicardium (Ep) and myocardium is essential for coronary 

vessel formation during heart development, namely through fibroblast growth factor 

(FGF) and vascular endothelial growth factor (VEGF) signaling pathways, myocardial 

factor thǇŵosiŶ βϰ (Tβϰ) or GATA4-FOG2 interaction (Tian et al., 2015). Several 

preclinical studies have demonstrated the key role of Tβϰ in neovascularization, by 

promoting the inward migration of EPDCs and differentiation into endothelial and 

smooth muscle cells to form the coronary vasculature through paracrine stimulus 

(Smart et al., 2007). These studies also confirmed that the cardiac neovascularization 

through Tβϰ was mediated by CPC activation. RegeneRx company is developing an 

iŶjeĐtaďle Tβϰ foƌŵulatioŶ (RGN-352) for the treatment of MI and chronic heart 

failure, which successfully completed the clinical phase I assuring the product safety. 
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A compensatory mechanism to rebuild the coronary vasculature was recently 

reported, demonstrating the regulation of distinct coronary progenitor pools by both 

genetic timing (ELABELA-APJ signaling) and the microenvironment (hypoxia) to 

ensure the establishment of the proper vasculature needed for heart physiology 

(Sharma et al., 2017). Still, the precise mechanisms of coronary revascularization 

upon injury are unclear. Nonetheless, the understanding of how the epicardial 

response is modulated along regeneration compared to scar formation would guide 

towards optimal therapeutic approaches. 

There are several promising alternative therapeutic strategies that could be 

considered for heart regeneration, namely (i) the activation of epicardial cells, (ii) the 

activation of angiogenesis and lymphangiogenesis, (iii) immunomodulation, and (iv) 

fibrosis inhibition. The delivery of specific recombinant factors (e.g. VEGF-A) to 

support angiogenesis, cardiomyocyte proliferation and survival, would greatly 

improve healing and functional outcome of the heart upon injury. However, the use 

of VEGF-A in clinical trials (EUROINJECT-ONE and NORTHERN) aiming at 

neovascularization has failed to show beneficial effects (Taimeh et al., 2013). The 

poor outcomes of these growth factor-based approaches might be due to 

inappropriate dosages and/or the lack of organ selectivity. Nonetheless, improved 

heart function was achieved by the intramyocardial injection of synthetic modified 

RNA encoding human VEGF-A in a mouse and swine myocardial infarction models 

(Carlsson et al., 2018). 

This technology was firstly applied for cell reprogramming to generate hiPSC and 

has been under investigation as a new way to trigger heart regeneration (Chien, et 

al., 2015; Warren et al., 2010). An epicardial follistatin-related protein 1 (FSTL1) was 

identified as an alternative growth factor that promotes myocardial regeneration 

after injury, showing a 10 % improvement in LVEF at large-animal preclinical studies 

(Wei et al., 2015).  
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Cardiac lymphatic vessels emerged at E12.5, from extra-cardiac regions proximal 

to the outflow tract, on the ventral side (Figure 1.4). Coronary lymphatic endothelial 

cells (LECs) within the expanding plexus on the developing heart co-expressed 

VEGFR-3, Prox1 and LYVE-1 (Klotz et al., 2015). Recently, Klotz L. and colleagues 

showed that the adult cardiac lymphatics underwent a significant angiogenic 

response initiating the lymphatic developmental program followed by MI (Klotz et al., 

2015). Augmentation of lymphangiogenesis is an emerging strategy for clearance of 

edema and reduce inflammation, promoting cardiac repair through the ectopic VEGF-

C stimulation following injury (Henri et al., 2016; Klotz et al., 2015). 

 

 

Figure 1.4. Heart Vasculature Formation. In late embryonic stages, epicardial cells (Ep) form 
mesenchymal epicardium-derived cells (EPDCs) by epithelial-to-mesenchymal transition in 
subepicardial layer (Sub Ep) and also migrate into myocardium (myo), where they 
differentiate into fibroblasts (Fb), smooth muscle cells (SMC), cardiomyocytes (CM), and 
endothelial cells (EC). By embryonic day E12.5, cardiac lymphatic endothelial cells (LEC) enter 
the heart to form the first lymphatic capillaries. After birth, the lymphatic network expands 
towards the apex following the coronary veins and by day P15 the cardiac lymphatic network 
is fully developed. In normal conditions (homeostasis), Ep cells remain quiescent 
(homeostasis), while after myocardium infarction, Ep cells become activated in Sub Ep 
differentiating into Fb and SMC. MI also affect coronary lymphatic vasculature. Adapted from 

(Aspelund et al., 2016; Vuorio et al., 2017). 
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VEGF-C is the key mediator of lymphangiogenesis during development and is 

required for proper development of SV-derived coronary vessels through its binding 

to VEGF receptor 3 (VEGFR3) following maturation process (Chen et al., 2014a, 

2014b). Genetic studies in zebrafish and mice models displaying lymphatic vessels 

defects, as well as in rare individuals with Hennekam syndrome, have contributed to 

the identification of a secreted protein collagen and calcium-binding EGF domain 1 

(CCBE1) that is required for proper lymphatic vascular development (Alders et al., 

2009; Hogan et al., 2009). Recent studies have reported the requirement of CCBE1 

and a metalloproteinase (ADAMTS3) for the proteolytic processing of VEGF-C but not 

VEGF-D (Bui et al., 2016) (Figure 1.5B). 

3.2 CCBE1 as a potential modulator of cardiac function 

CCBE1 contains an N-terminal domain with three calcium binding EGF-like 

repeats and a C-terminal domain with two collagen-like repeats. Most known 

mutations of CCBE1 in humans are localized in its N-terminal  domain associated to 

the Hennekam syndrome (Alders et al., 2009). Several reports have dissecting the 

importance of each terminal domain of CCBE1 using knock-in mice expressing 

different CCBE1 deletion mutants. These studies have shown two modes of action: 

CCBE1 accelerates the proteolytic cleavage of pro-VEGF-C – mediated by C-terminal 

domain, and localizes pro-VEGF-C mainly on the surface of endothelial cells to 

efficiently form the trimeric complex (pro-VEGF-C/CCBE1/ADAMTS3) – mediated by 

N-terminal domain (Jha et al., 2017; Roukens et al., 2015) (Figure 1.5B). It is highly 

expressed near to developing lymphatic vessels and particularly in the developing 

heart (Bos et al., 2011). CCBE1 was identified in early cardiac progenitors in chick 

embryos, and in heart precursors of first and second heart fields, and PE in mouse 

embryos from day E7.0 to E9.5 (Facucho-Oliveira et al., 2011). A recent study also 

showed a higher expression of CCBE1 in pericardium, epicardium and SV of the 
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embryonic mouse heart at E11.5 to E13.5, when coronary vessels stars to form 

(Bonet et al., 2018).  

In mouse, CCBE1 have been shown to impact on the formation of SV-derived 

subepicardial coronary vasculature and coronary arteries during embryonic 

development (Sharma et al., 2017; Bonet et al., 2018). Interestingly, Ccbe1 knockout 

mouse models displayed similar heart defects as in Vegfc mutants as well as in Ela or 

Apj mutants (Sharma et al., 2017). Indeed, CCBE1 is essential for the migration of the 

endocardial-derived ventral coronary vessels (Bonet et al., 2018). The ELABELA-APJ 

signaling axis is required for SV-derived progenitors and agonists of APJ would be 

considered as therapeutic agents to regulate cardiovascular homeostasis in adult. 

Accordingly, CCBE1 could also potentially be used as a therapeutic factor to promote 

neovascularization upon injury.  

Given the embryonic lethal Ccbe1-/- phenotype at E14-14.5, the investigation of 

the complete loss-of-function of CCBE1 in adult heart, e.g. following MI, is only 

possible by  conditional KO (Bui et al., 2016). Alternatively, the use of precise gene 

editing tools (e.g. CRISPR/Cas9) would greatly contribute for in vivo and in vitro 

studies uncovering the CCBE1 role in cardiac repair.   

3.3 Gene editing tools  

Understanding the regulatory networks driving specific cellular activities, in 

healthy or pathophysiological conditions, involves the use of precise and effective 

tools for specific gene manipulation. The combination of genome-engineering 

strategy and hiPSC technology enabled the generation of human cellular disease 

models in a precise and controlled manner, contributing also for predictable high-

throughput drug screening platforms. Indeed, genome editing has been used to 

introduce genetic alterations to create disease models (e.g. cardiomyopathies and 

neurological disorders) or correct certain genetic mutations in iPSC-derivatives 

(Sayed et al., 2016). 
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Figure 1.5. Lymphangiogenesis: VEGF-C role in myocardial infarction (MI) and its activation by CCBE1 and ADAMTS3. A) MI is followed by 
adverse remodeling of epicardial collector lymphatics and subsequent edema, severe inflammation and fibrosis. A therapeutic approach is 
based on VEGF-C administration to increase lymph flow and resolves inflammation, improving the cardiac function. B) CCBE1 secretion at 
sites of lymphatic vessel growth promotes the proteolytic cleavage of pro-VEGF-C form by the disintegrin/metalloprotease ADAMTS3. The 
mature form of VEGF-C can fully activate VEGFR-3. Most of the VEGF-C cleavage may occur on lymphatic endothelial cell (LEC) surface 
mediated by CCBE1 and ADAMTS3. Adapted from (Aspelund et al., 2016; Vuorio et al., 2017). 
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For that, it is crucial to create isogenic hiPSC line pairs, which have identical 

genetic backgrounds and differ in only a single genetic change, studying a specific 

mutation without confounding genetic background effects (Soldner et al., 2011; Y. 

Wang et al., 2014). 

RNA-mediated interference (RNAi) was the first explored tool for studying 

gene function; however its inefficiency and non-specificity has limited their wide 

application (Jackson et al., 2003). For precise genetic modifications, custom-

engineered and site-specific endonucleases were successfully developed: zinc-

finger nucleases (ZFN) and transcription activation-like effector nucleases (TALEN) 

(Boch et al., 2009) (Figure 1.6). However, each DNA-binding protein needs to be 

individually designed and their construction and delivery is technically challenging. 

An emerging alterative based on RNA-guided nuclease surpass the above 

limitations. The type II Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) system uses a Cas9 derived from Streptococcus pyrogenes and a short 

non-coding CRISPR RNA sequence (single-guide RNA; sgRNA), which guides the 

Cas9 to the target sequence for site-specific double-stranded break (Jinek et al., 

2012). CRISPR-Cas9 technology can also be explored as a gene regulation tool 

using a nuclease-deficient dCas9, which retains the ability to target specific 

sequences but unable to cleave DNA being a more versatile version of this 

technology. CRISPR/Cas9 system is a tremendously powerful tool for basic 

research applications, such as functional interrogation of new loci and generation 

of novel human cellular or animal disease models, as well as for novel clinical 

approaches. Currently, 14 studies exploring this technology are under clinical 

research, from the development of isogenic patient-derived stem cell lines 

towards disease treatment through genetic modification.  

Heart embryonic development is tightly regulated showing gene activation 

and repression in a time-dependent manner, and dysregulation in the timing and 

dosage of critical transcription factors can lead to inherited congenital heart 
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defects (Takeuchi et al., 2011). The combination of CRISPR interference or 

activation technology (CRISPRi or CRISPRa) and iPSC lines can be exploited for 

temporal control of loss- or gain-of function phenotypes (Figure 1.6). Both CRISPR 

strategies were developed for gene regulation studies: the CRISPRi, where the 

dCas9 is fused with a repressor domain (e.g. KRAB), allowed the repression of a 

specific gene with a single sgRNA but might be limited by the presence of 

regulatory elements; and the CRISPRa, where the dCas9 is fused with activation 

domains (e.g. VP64), enabled the activation of reported or endogenous genes but 

requires multiple sgRNAs for effective activation (Dominguez, Lim, & Qi, 2016). 

 

Figure 1.6. Gene editing tools. The identification of crucial cellular mechanisms through 
͞oŵiĐs͟ data iŶtegƌatioŶ and gene editing/regulation tools have been explored for the 
modulation of cell phenotype. Gene editing versus gene regulation strategies using 
Streptococcus pyogenes Cas9 and deactivated Cas9, respectively. Adapted from 
(Dominguez et al., 2016).  

For loss-of function approaches, Mandegar and colleagues developed a 

versatile CRISPRi-based inducible system using iPSC lines to enable precise control 

of transcript silencing upon doxycycline addition, also amenable for studying 

cardiac development and disease mechanisms (Mandegar et al., 2016).  
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Genome editing has been used to introduce genetic alterations to create 

cardiac disease models or correct genetic mutations in iPSC-CMs to model cardiac 

diseases, such as Barth syndrome, mitochondrial disorder caused by mutation of 

the gene encoding tafazzin (G. Wang et al., 2014). In this study, Wang and 

colleagues combined patient-derived iPSC, CRISPR/Cas9, modified RNA and 

bioengineered microchips to mimic the pathophysiology of this disorder in vitro 

amenable for new target discovery. The CRISPR/Cas9 system has great potential 

to correct genetic defects in postnatal/adult mice. The ability of CRISPR/Cas9 

system to disrupt a specific gene in vivo was recently demonstrated by Ding and 

colleagues (Ding et al., 2014).  Here, the PCSK9 gene was efficiently disrupted in 

liver with no off-target mutagenesis, decreasing the risk of developing CHD due to 

higher LDL cholesterol levels (Ding et al., 2014). ReĐeŶtlǇ, iŶ OlsoŶ EN͛s gƌoup, a 

straightforward strategy was developed for rapidly edit genes of interest using a 

mouse model mimicking cardiomyopathy and heart failure diseases (Carroll et al., 

2016). Thus, combining the multiplexing capacity of CRISPR/Cas9 and patient-

specific iPSC technologies, more precise clinical trials would be performed towards 

precision medicine, identifying a subset of patients who optimally respond to the 

drugs under investigation, thereby reducing the attrition rates of developed drugs 

with clinical relevance. 

4. Aims and Scope of Thesis 

The overarching aim of this thesis was to implement strategies that could 

contribute for improved cardiac regenerative therapies. This work comprises two 

different parts: A) the development of robust and scalable approaches for 

manufacturing of stem cell therapy products, and (B) the interrogation of CCBE1 

potential as a therapeutic factor, by unveiling its role on cardiac commitment 

(Figure 1.7). 
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The lack of robust protocols able to sustain production of high stem cell 

numbers, as required for regenerative medicine, has hindered its translation into 

clinical setting. Therefore, in the first part of this thesis, we explored different 

approaches aiming at improved stem cell expansion yields with high quality for 

clinical translation. For this, in Chapter 2, different culture matrices and conditions 

were tested to design an optimized protocol for the expansion of hESC. To assess 

the robustness of the optimized protocol using xeno-free microcarriers and stirred 

culture conditions, two different hESC lines, a feeder-dependent and a feeder-

free, were expanded. Also, the impact of these conditions on hESC phenotype was 

evaluated exploring transcriptomic and metabolic tools. This work would provide 

physiological and metabolic insights of hESC expanded in different culture 

conditions that can also contribute to improved scale-up designs for such 

production systems. Given the proposed therapeutic potential of hMSC as a cell 

source for improving cardiac function following MI, in Chapter 3, we implemented 

a scalable protocol for the expansion of bone marrow-derived hMSC. For this, we 

used xeno-free microcarriers and a disposable low shear stress bioreactor 

(Vertical-WheelTM PBS-3 Air) that could effectively be translated into streamlined 

manufacturing platforms for clinical application. The impact of bioreactor design 

and hydrodynamics on hMSC growth profile and quality was also studied. 

CCBE1 has been studied as a secreted protein critical for lymphatic/cardiac 

vascular development. Previous studies have proposed that CCBE1 may 

potentially be used to restore cardiac tissue upon heart injury, through CCBE1-

mediated cardiac commitment and/or augmentation of lymphangiogenesis. 

Therefore, in Chapter 4, we conducted an in vitro study to investigate the CCBE1 

molecular role on cardiac commitment, combining hPSC differentiation into 

cardiomyocytes (CM) and endothelial, and gene editing tools (CRISPR interference 

technology). We hypothesized that by understanding the CCBE1 role in each stage 

of CM or endothelial differentiation, we would be able to identify the CCBE1-
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modulated signaling pathways for translation into CCBE1-based cardiac therapies. 

For this, we knocked down CCBE1 expression along hiPSC differentiation and its 

effect on CM and endothelial cells phenotype was assessed.  

 

Figure 1.7. Schematic representation of the different strategies and major aims of this 

thesis on cellular- and noncellular-based cardiovascular therapies. 2D- two-dimensional 
culture; STB- stirred-tank bioreactors; PBS-3 Air- Vertical-Wheel

TM
 bioreactor (PBS 

Biotech®); hESC- human embryonic stem cells; hMSC- human mesenchymal stem cells; 
CVPC- cardiovascular progenitor cells; CM- cardiomyocytes; EC- endothelial cells; SMC- 
smooth muscle cells; USP- upstream bioprocess; DSP- downstream bioprocess. 

Moreover, given CCBE1 therapeutic potential and the lack of efficient 

protocols to produce the full-length protein, in Chapter 5 improved bioprocess 

strategies were pursued to maximize CCBE1 productivity. Product quality was 

comprehensively evaluated by mass spectrometry tools and complementary cell-

based assays. This will support further studies to fully explore CCBE1 regenerative 
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therapeutic potential in in vitro and in vivo studies. 

Finally, the results obtained in this thesis were discussed in Chapter 6, 

together with a perspective on how these can guide towards more efficacious 

cardiac regenerative therapies. 
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Abstract 

Human embryonic stem cells (hESC) have an enormous potential as a source for 

cell replacement therapies, tissue engineering and in vitro toxicology applications.  

The lack of standardized and robust bioprocesses for hESC expansion in relevant 

quantities while maintaining their pluripotency has hindered the application of 

hESC and their derivatives in clinical setting. Here, we developed a scalable and 

well-characterized bioprocess for hESC expansion under fully-defined conditions 

and explored the potential of transcriptomic and metabolomic tools to evaluate 

the impact of culture system on hESC phenotype. Two different hESC lines 

(feeder-dependent and feeder-free lines) were efficiently expanded on xeno-free 

microcarriers in stirred culture systems. Both hESC lines maintained the 

expression of stemness markers such as Oct-4, Nanog, SSEA-4 and TRA1-60, and 

the ability to spontaneously differentiate into the three germ layers. Whole-

genome transcriptome profiling revealed a phenotypic convergence between both 

hESC lines along the expansion process in stirred-tank bioreactor cultures, 

providing strong evidence on the robustness of the cultivation process to 

homogenize cellular phenotype. Under low oxygen tensions, results showed a 

metabolic rearrangement with the up-regulation of the glycolytic machinery 

favoring an anaerobic glycolysis Warburg-effect like phenotype, with no evidence 

of hypoxic stress response, in contrast to 2-dimensional culture. Overall, we report 

a scalable and fully-defined bioprocess for the propagation of hESC while 

guaƌaŶteeiŶg pƌoduĐt ƋualitǇ. Fuƌtheƌŵoƌe, the ͞oŵiĐs͟ tools heƌeiŶ used 

provided relevant findings on the physiological/metabolic changes during the 

hESC expansion in environmentally-controlled stirred-tank bioreactors, which can 

contribute for more standardized production systems. 
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1.Introduction 

Human pluripotent stem cells (hPSCs), including embryonic (hESCs) and 

induced pluripotent stem cells, are an extremely attractive cell source for cellular 

therapy (Robinton & Daley, 2012), drug discovery and disease modeling 

applications (Inoue & Yamanaka, 2011), due to their ability to proliferate 

indefinitely and to differentiate into all cell types of the three germ layers. Many 

of their biomedical applications require massive numbers of hPSC and their 

derivatives. Therefore, there is a need for robust protocols for scalable cell 

production under well-defined conditions, and compliant to good manufacturing 

practices (GMP).  

In the past decade, methods for hPSC production have rapidly evolved along 

with the development of novel culture media formulations and supplements 

(Chen, Mallon, McKay, & Robey, 2014). Additionally, the use of extracellular 

components and synthetic surfaces has shown to provide safer and more defined 

culture conditions for long-term expansion of undifferentiated hPSCs in either 

adhesion or suspension (Serra, Brito, Correia, & Alves, 2012; Sun et al., 2014). 

Concerning suspension culture systems, different strategies for expansion and/or 

differentiation of hPSCs have been explored, including the cultivation of cells as 

aggregates (Abbasalizadeh, Larijani, Samadian, & Baharvand, 2012), immobilized 

on microcarriers (Serra et al., 2010) or using hydrogels (Lei & Schaffer, 2013). With 

well-designed robotic automated systems or environmentally controlled 

bioreactors (e.g. stirred-tank bioreactors), the production of a clinically relevant 

quantities of hPSCs will hopefully be achieved in the near future.  

The combination of stirred culture systems and microcarrier technology 

offers great advantages in process scale-up over the standard 2-dimensional (2D) 

static culture (i.e. planar technologies), providing a high surface-to-volume ratio in 

a more controlled and homogeneous microenvironment. Because massive 
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numbers of hPSCs may be needed to address the biomedical demands, namely, 

for cell therapy (e.g. 109 - 1010 cells are required for heart or hepatic failure 

therapies) or drug discovery pipelines (requiring approximately 1010 cells to screen 

a 1 million-compound library at once), the use of microcarrier-based bioreactors 

offers a more cost-effective system for high production scales than planar 

technologies, as reported recently (Simaria et al., 2014). Our group and others 

have demonstrated successful expansion of hPSCs in stirred tank bioreactors using 

different types of microcarriers (Kehoe, Jing, Lock, & Tzanakakis, 2010; Krawetz et 

al., 2010; Serra et al., 2010). Moreover, in order to meet regulatory safety 

concerns, Yongjia F. et al. engineered xeno-free microcarriers for hPSC 

propagation in stirred suspension vessels making the hPSCs more suitable for 

clinical applications (Fan, Hsiung, Cheng, & Tzanakakis, 2014). In particularly, 

Hervy et al. reported long term culture of human mesenchymal stem cells on 

novel synthetic Synthemax II microcarriers (Corning Inc., Corning, NY, 

http://www.corning.com) (Hervy et al., 2014). This synthetic surface (VN-PAS; 

Corning Synthemax® Surface) was already tested to expand and differentiate 

hESCs in 2D static culture system (Melkoumian et al., 2010); however, its use in 

dynamic conditions has not yet been reported for hPSCs.  

Identifying the key regulatory mechanisms/pathways associated to the stem 

cell self-renewal and maintenance of pluripotent phenotype during hPSC 

production is critical. Growing attention has been directed towards the 

significance of stem cell metabolism in pluripotency and differentiation. It is 

reported that highly proliferative stem cells have unique energetic demands 

compared to differentiated cells, presenting high glycolytic flux (Prigione, Fauler, 

Lurz, Lehrach, & Adjaye, 2010) that can be controlled by transcription factors and 

signaling network molecules, including the phosphatidylinositol 3-

kinase/Akt/mammalian target of rapamycin system (Agathocleous & Harris, 2013; 

DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). Characterization of stem 



͞OŵiĐs͟ ChaƌaĐteƌizatioŶ of HuŵaŶ PluƌipoteŶt Steŵ Cells 

49 

 

cell phenotype during the expansion bioprocess and differentiation, however, has 

been restricted to the assessment of stemness markers using 

immunofluorescence microscopy and quantitative real-time polymerase chain 

reaction. Transcriptional and metabolite profiling provided important insights 

about stem cell phenotype in characterizing the final cell-based product so as to 

facilitate bioprocess optimization for different culture conditions (Varum et al., 

2011). Still, the use of such tools to evaluate the influence of culture strategies, 

such as extracellular matrices or environmental factors, on hPSC phenotype and 

metabolic signatures has not been considered aiming at improvement in hPSC 

bioprocesses. 

This study reports the use of transcriptomic and metabolomic tools for hESC 

culture characterization. These were herein used to evaluate the impact of the 

developed bioprocess on hESC proliferation and phenotype of two hESC lines 

displaying different growth characteristics: a feeder-dependent hESC line (growing 

as a colony) and a feeder-free hESC line (growing as a monolayer). Large-scale 

transcriptional profiling and metabolite analysis tools were used to support 

process and product characterization by comparing 2D culture systems with 

microcarrier-based stirred tank bioreactors using synthetic beads. 

 

2. Material & Methods 

2.1 Human embryonic stem cell culture 

Two different hESC lines were used: a feeder-dependent hESC line 

(SCED461; Cellectis Bioresearch, Romainville, France, http://www.cellectis.com) 

that grows as a colony-type culture (hereafter referred to as hESC-C) and a feeder-

free hESC line (SA181; Cellectis Bioresearch) that proliferates in a single-cell-based 

non colony monolayer (hereafter referred to as hESC-M) culture. 
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2.1.1 Culture of hESC in 2D culture systems 

hESC-C cells were routinely propagated as colonies in static systems (six-well 

plates; 2D culture) on a feeder layer of human foreskin fibroblasts (hFFs; catalog 

no. CRL-2429, ATCC collection), inactivated with mitomycin C (Sigma-Aldrich, 

Steinheim, Germany, https://www.sigmaaldrich.comͿ, iŶ kŶoĐkout DulďeĐĐo’s 

ŵodified Eagle’s ŵediuŵ ;DMEMͿ Đulture medium (knockout DMEM 

supplemented with 20% [vol/vol] knockout serum replacement, 1% [vol/vol] 

minimum essential medium nonessential amino acids, 0.1 mM 2-

mercaptoethanol, 2 mM GlutaMAX, 1% [vol/vol] penicillin/streptomycin, 0.5% 

[vol/vol] gentamycin; all from Life Technologies, Paisley, UK, 

https://www.lifetechnologies.com) and 10 ng/ml basic fibroblast growth factor 

(Peprotech, Neuilly-Sur-Seine, France, https://www.peprotech.com), as reported 

previously [19]. hESC-C propagation was performed as described by Serra et al. 

[20]. Extracellular components were also evaluated for the expansion of hESC-C: 

Matrigel (diluted 1:35 in mouse embryonic fibroblast-conditioned medium [MEF-

CM]; BD Biosciences, Franklin Lakes, NJ, https://www.bdbiosciences.com), 

CELLstaƌt ;diluted ϭ:ϱϬ iŶ DulďeĐĐo’s phosphate-buffered saline with CaCl2 and 

MgCl2; Life Technologies), StemAdhere matrix (diluted 1:25; Stemcell 

Technologies, Grenoble, France, http://www.stemcell.com), and Synthemax® six-

well plates (Corning Inc.). hESC-C cells were inoculated at 53 104 cells per cm2 

under defined culture medium mTeSR1 (Stemcell Technologies) and MEF-CM [7], 

both supplemented with 10 mM Rock inhibitor (Calbiochem; EMD Millipore, 

Billerica, MA, http://www.emdmillipore.com). The culture medium was replaced 

every 2 days. 

hESC-M cells were routinely propagated in Coat-1-coated tissue culture 

flasks (2D culture) using DEF-CS basal medium(DEF-CS system; Cellectis 

BioƌeseaƌĐhͿ, aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ’s protocols. Synthemax® six-well 

plates (Corning Inc.) were also used as an extracellular component to propagate 

https://www.sigmaaldrich.com/
https://www.lifetechnologies.com/
https://www.peprotech.com/
https://www.bdbiosciences.com/
http://www.stemcell.com/
http://www.emdmillipore.com/
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hESC-M cells in comparison with 2D culture using Coat-1. hESC-M cells were 

inoculated at 3.53104 cells per cm2 using DEF-CS basal medium; culture medium 

was replaced daily. 

2.1.2 Culture of hESC on microcarriers in 24 well plates 

Cells were inoculated (3.5–5 3 104 cells per cm2) with empty microcarriers 

(3 cm2 per well) in ultra-low-attachment 24-well plates (Corning Inc.) in 0.5 ml of 

culture medium per well. Seven different synthetic microcarriers prototypes 

(Corning Inc.) were tested, Matrigel-coated Cytodex 3 and Coat-1-coated Cytodex 

1 were used as controls for hESC-C and hESC-M cells, respectively. The cells were 

cultured in these conditions for up to 5 days; medium was replaced every 2 days. 

All microcarriers tested are listed in supplemental online Table 1. hESC-C cells 

were expanded in mTeSR1 (Stemcell Technologies) and MEF-CM, both 

supplemented with 10 mMRock inhibitor (Calbiochem; EMD Millipore). hESC-M 

were expanded in DEF-CS basal medium. The culture medium was replaced every 

2 days for hESC-C cells and daily for hESC-M cells. 

2.1.3 Culture of hESC on microcarriers in in stirred vessels 

hESC-C and hESC-Mcellswere inoculated at 3 and 2 × 105 cells per milliliter, 

respectively, into 125-ml spinner vessels (Corning Inc.) containing synthetic 

microcarriers (Synthemax II-hydrogel [4 g/l] and Synthemax II-polysterene [16 g/l], 

Corning Inc.). Cells and beads were inoculated in 50% of the final working volume 

of medium under intermittent stirring, as described previously by Serra et al. [7]. 

After 6 hours, fresh medium was added to cultures to a final working volume of 60 

ml, and the agitation rate was set to 20 rotations per minute (rpm). Partial 

medium exchange was performed daily (50% in hESC-C cultures and 80% in hESC-

M cultures). 

hESC-M cells were cultivated in computer-controlled stirred tank 

bioreactors (Cellferm-pro bioreactor system, working volume 180 ml; Eppendorf 
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AG, Hamburg, Germany, http://www.eppendorf.com) under defined culture 

conditions (pH 7.2; partial pressure of oxygen 30% air saturation; temperature 

37°C). Cells were inoculated (23105 cells per milliliter) into a bioreactor containing 

empty microcarriers in 50% of initial working volume (90 ml) under intermittent 

stirring. After 6 hours, the remaining volume of culture medium was added. By 

day 3 onward, the agitation rate was set to continuous at 20 rpm. Partial (80%) 

medium exchange was performed daily after day 2. 

2.2 Evaluation of cell viability, cell concentration and 

metabolic activity 

2.2.1 Cell viability & Metabolic activity 

Cell viability was evaluated by using two methods, as described by Serra et al. 

(Serra et al., 2011): (a) the enzyme substrate fluorescein diacetate (FDA; Sigma-

Aldrich) and the DNA-dye propidium iodide (PI; Sigma-Aldrich) and (b) the trypan 

blue (Life Technologies) exclusion method.  

hESC metabolic activity was assessed using the metabolic indicator 

alamarBlue, aĐĐoƌdiŶg to the ŵaŶufaĐtuƌe’s ƌeĐoŵŵeŶdatioŶ ;Life TeĐhŶologiesͿ. 

Fold increase in metabolic activity was estimated based on the ratio of 

fluorescenceMAX/ fluorescencei, in which fluorescenceMAX represents the 

fluorescence at day 4 of culture and fluorescencei represents the fluorescence at 

day 1 of culture. 

2.2.2 Cell concentration 

For the 2D culture system and static culture on microcarriers, the cell 

concentration was determined by the trypan blue exclusion method after the cell 

harvesting using TrypLETM Select (Life Technologies) for 5-10 minutes. For stirred 

culture conditions, the cell concentration was determined using crystal violet 

staining, as described previously (Serra, Brito, Leite, Gorjup, von Briesen, et al., 

2009). Fold increase in cell concentration was evaluated based on the ratio 
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XMAX/X0, in which XMAX is the peak of cell concentration (cells per milliliter) and X0 is 

the initially attached cells at day 0 (cells per milliliter). The specific rate of cell 

growth (µ) was determined using a simple first order kinetic model dX/dt = µX, as 

described elsewhere (Serra et al., 2010; Serra, et al., 2009). 

2.3. RNA extraction, amplification, labelling and BeadChip 

hybridization of RNA samples 

Total RNA from hESC-C and hESC-M after expansion on Synthemax II-

polystyrene in stirred culture or 2D culture systems were extracted using RNeasy 

mini kit (Qiagen, Venlo, The Netherlands, https://www.qiagen.com), according to 

the manufacturer instructions. RNA quality was characterized by the quotient of 

the 28S to 18S ribosomal RNA electropherogram peak using an Agilent 2100 

bioanalyzer and the RNA Nano Chip (Agilent, Santa Clara, CA, 

http://www.agilent.com). Transcriptional profiling was assessed using Illumina 

HumanHT-12 v4 Expression BeadChip microarray technology (Illumina, San Diego, 

CA, http://www.illumina.com). Illumina TotalPrep RNA Amplification Kit (Ambion; 

Life Technologies) was used to transcribe 200 ng of RNA according to the 

ŵaŶufaĐtuƌeƌ’s ƌeĐoŵŵeŶdatioŶ. A total of ϳϬϬ Ŷg of cRNA was hybridized at 

58°C for 16 hours to the Illumina HumanHT-12 v4 Expression BeadChips (Illumina). 

BeadChips were scanned using an Illumina BeadArray Reader and the Bead Scan 

Software (Illumina). To assess the pluripotency via microarray-based gene 

expression, data was processed using online PluriTest platform 

(www.pluritest.org/), according to Müller et al. (Müller et al., 2011). To evaluate 

the gene expression profile along culture time and the differences between both 

hESC lines, data was processed using Environment for Statistical Computing (R) 

2.7.0 (R Foundation for Statistical Computing, Vienna, Austria, http://www.r-

project.org) in combination with Bioconductor 2.2 (Gentleman et al., 2004). The 

Bioconductor lumi package (Du, Kibbe, & Lin, 2008) was used for quality control. 

http://www.pluritest.org/
http://www.r-project.org/
http://www.r-project.org/
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Raw data was log2-transformed using the lumiT() function and no background 

correction was performed (Schmid et al., 2010). Data was transformed using 

variance-stabilizing transformation  (Lin, Du, Huber, & Kibbe, 2008) and quantile 

normalized  (Bolstad, Irizarry, Astrand, & Speed, 2003). All methods used are 

implemented in the R package lumi. Data of both static and dynamic cultures was 

analyzed and the dynamic changing genes were selected based on the coefficient 

of ǀaƌiatioŶ ;CVͿ, |CV|≥ϮϬ% defiŶed as the ƌatio of the staŶdaƌd deǀiation to the 

mean (average) providing a normalized estimation of the variation in gene 

expression changes.  Hierarchical clustering was performed in 

transformed/normalized data using Spotfire® Decision SiteTM software 

(www.spotfire.com). Pathway analysis was performed using Ingenuity Pathway 

Analysis (IPA) (Ingenuity® Systems, www.ingenuity.com). The entire microarray 

data set was submitted to the Gene Expression Omnibus repository with the 

accession number GSE63192. 

2.4 Metabolic Profiling 

In both 2D culture and bioreactor culture systems, the hESC metabolic profile 

was evaluated. Glucose and lactate concentrations were measured using YSI 7100 

MBS system (YSI Life Sciences, Yellow Springs, OH, 

http://www.ysilifesciences.com). Ammonia concentration was quantified using an 

enzymatic kit (catalog no.AK00091; NZYTech, Lisboa, Portugal, 

https://www.nzytech.com). Amino acids were quantified by high performance 

liquid chromatography (HPLC) using the protocol described by Carinhas et al.  

(Carinhas et al., 2010). The specific metabolic rates (qMet, mol·106 cells–1·hour–1) 

were estimated, as described elsewhere (Serra, et al., 2009). 

http://www.spotfire.com/
http://www.ingenuity.com/
http://www.ysilifesciences.com/
https://www.nzytech.com/
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2.5 hESC Phenotype Characterization 

2.5.1 Alkaline Phosphatase (AP) staining  

Cultures were stained using an AP activity detection kit (Millipore, Billerica, 

MA, USAͿ aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs aŶd oďseƌǀed usiŶg aŶ 

inverted phase contrast microscope (Leica Microsystems GmbH). 

2.5.2 Immunocytochemistry 

The detection of stemness markers in hESC immobilized on microcarriers was 

performed as described by Serra et al. (Serra et al., 2011).  Primary antibodies 

used were: Tra-1-60 and Oct-4 (from Santa Cruz Biotechnology, CA, USA). 

Secondary antibodies used were: goat anti-mouse IgM-AlexaFluor488 and goat 

anti-mouse IgG-AlexaFluor 488 (all from Life TeĐhŶologies™, PaisleǇ, UK). 

2.5.3 Flow cytometry 

 Cells were dissociated from microcarriers with TrypLETM Select and the 

sample preparation protocol was based on previous reported work (Serra et al., 

2011).  Primary antibodies used were Tra-1-60, SSEA-4, SSEA-1, isotype control 

antibodies (all Santa Cruz Biotechnology, Santa Cruz, CA, USA), SSEA-5 (Abcam, 

Cambridge, UK) and hESCellectTM (Cellartis AB, GÖteborg, Sweden). Secondary 

antibodies used were goat anti-mouse IgM-AlexaFluor488 and goat anti-mouse 

IgG-AlexaFluor 488 (all from Life TeĐhŶologies™). 

2.5.4 RT-qPCR analysis 

Total RNA was isolated with High Pure RNA Isolation Kit (Roche Applied 

Science), according to the manufacturer instructions, and reverse transcription 

was performed using High Fidelity cDNA Synthesis Kit (Roche Applied Science). 

The resulting cDNA was quantified and used directly for qPCR analysis. qPCR was 

performed in triplicates according to LightCycler® 480 SYBR Green I Master Kit 

(Roche Applied Science) on LightCycler® Carousel-Based System (Roche Applied 

Science), in 20µL reactions with diluted 1:2 cDNA template and 5 µM Primers 
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(listed in Table S2Ϳ. CǇĐles thƌeshold ;Ct’sͿ aŶd ŵeltiŶg Đuƌǀes ǁeƌe deteƌŵiŶed 

using LightCycler® 480 Software version 1.5 (Roche Applied Science). All data was 

analyzed using the 2-ΔΔCt method for relative gene expression analysis (Livak & 

Schmittgen, 2001). The changes in gene expression (Oct-4 and Nanog) were 

normalized using the housekeeping gene RPL22 (Ribosomal Protein L22) as 

internal control. Statistical analysis was carried out using GraphPad Prism 5 

software. 

2.5.5 In vitro pluripotency analysis via embryoid body (EB) formation  

hESC pluripotency was evaluated in vitro via embryoid body (EB) formation 

and spontaneous differentiation as described by Serra et al.(Serra et al., 2010).  

3. Results  

To implement a robust and standardized bioprocess for the expansion of 

hESCs, an initial screening of several xeno-free matrices for the cultivation of two 

phenotypically different hESC lines in chemically defined culture media was 

performed using static 2D culture systems. The best xeno-free matrix was then 

selected for the development of a scalable protocol using microcarrier-based 

stirred culture systems. Finally, transcriptomic and metabolic profiles of hESCs in 

stirred-tank bioreactors and static 2D cultures were analyzed and compared to 

better understand the biological changes induced by the culture system (Figure 

2.1). 

3.1 Xeno-free matrices screening allowed the hESC expansion 

under fully-defined conditions 

We assessed the culture of hESC-C, typically grown as colonies on Matrigel 

using MEF-CM (control culture) in the chemically defined medium mTeSR1 and on 

the following xeno-free matrices: vitronectin-based peptide (Synthemax®; Life 
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Technologies), recombinant human E-cadherin (StemAdhere; Stemcell 

Technologies), and substrate composed mainly of fibronectin and albumin 

(CELLstartTM; Life Technologies). The vitronectin-based peptide surface induced 

the highest-fold increase in cell concentration during expansion. Indeed, cells 

cultured on this matrix showed similar proliferation capacity (Figure 2.2B) and 

metabolic activity (Figure 2.2C) compared with control culture. The same outcome 

was observed for the second cell line used, hESC-M (not shown). These results 

showed the effectiveness of a vitronectin-based peptide surface for the expansion 

of both hESC lines, which was selected for the development of a scalable protocol 

using microcarrier-based stirred culture systems. 

3.2 A fully defined microcarrier-based stirred culture system 

increases hESC expansion yields while maintaining the 

undifferentiated phenotype 

Six different microcarrier prototypes were screened for growth of hESC-C 

and hESC-M using small scale culture systems (as described in Material and 

Methods) (supplemental Table 1). Most microcarriers evaluated allowed efficient 

cell attachment and growth for both cell lines (supplemental Table 1). For 

enhanced-attachment polystyrene and Coating K microcarriers very low cell 

attachment efficiency was observed (supplemental Table 1). Synthemax II-

hydrogel and Synthemax II-polystyrene microcarriers were selected for use in 

stirred culture systems because they allowed the highest cell attachment 

efficiency and growth and efficient microcarrier colonization during culture time 

(supplemental Table 1). 
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Figure 2.1. Implementation and characterization of a standardized protocol for hESC expansion. Schematic representation of the hESC expansion 

bioprocess herein developed. Two hESC lines, a feeder-dependent line (hESC-C, in green) and a feeder-free line (hESC-M, in red), were expanded under 

fully defined conditions using stirred-tank bioreactors and characterized by transcriptomic and metabolic tools toward implementation of a standardized 

and robust protocol for hESC expansion. 
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The expansion of hESCs on the two selected microcarriers was evaluated in 

stirred culture systems using spinner vessels. Our results showed that Synthemax 

II-polysterene microcarriers were the most suitable beads for the expansion of 

both hESCs (Figure 2.3A-B). In these microcarriers, hESC-C and hESC-M achieved  

maximum cell concentration of 20.7 ± 0.6 × 105 cell/mL and 10.6 ± 0.3 × 105 

cell/mL (Figure 2.3B), respectively. In addition, higher cell-recovery yields (>80%) 

(Figure 2.3C) were attained after cell detachment from these microcarriers 

without compromising cell viability (>90%).  

 

 

Figure 2.2. Human embryonic stem cell attachment and growth on different extracellular matrices. 

A) Representative images from phase-contrast microscopy at days 1 and 4 of hESC-C cells expanded 

on different extracellular matrices. Scale bars = 100 mm. Fold increase in cell concentration (B) and 

metabolic activity (C) measured by alamarBlue assay for hESC-C cells. Error bars denote the mean ± 

SD of four measurements. **, p < .01; ***, p < .001 determined by one-way analysis of variance. 

Abbreviations: CS, CELLstart
TM

; MEF-CM, mouse embryonic fibroblast conditioned medium; MG, 

Matrigel
TM

; Synth, Synthemax®; SA, StemAdhere. 
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In contrast, Synthemax II-hydrogel microcarriers did not support the expansion of 

hESCS-C cells in stirred culture system (Figure 2.3A, upper right panel). Although 

efficient cell growth was achieved in hESC-M culture (24.0 ± 1.2 × 105 cell/mL), a 

low percentage of recovered cells after cell detachment from the microcarriers 

was achieved (45.5 ± 0.5%) (Figure 2.3C). Importantly, the differences observed on 

cell attachment efficiency (28.5 ± 4.5% vs. 53 ± 3% for hESC-C and hESC-M, 

respectively) and on colonization (Figure 2.3A) of Synthemax II-polystyrene 

microcarriers in both hESC lines might be explained by the physical properties of 

each line (colony culture mode or monolayer culture mode, (Chen et al., 2014)). 

After expansion on synthetic microcarriers, both hESC lines retained their 

undifferentiated phenotype and pluripotency. Both nuclear (Oct-4) and surface 

(TRA-1-60) markers were detected at the last day of culture, as was positive 

staining for alkaline phosphatase (Figure 2.3D). The expression of stemness 

markers (TRA-1-60, SSEA-4, and hES-Cellect [Cellartis, Göteborg, Sweden, 

http://www.cellartis.com])along with very low percentage of positive cells for 

SSEA-1 (early differentiation marker) was maintained (Figure 2.3E), and no 

significant differences were observed in relative gene expression of Oct-4 and 

Nanog compared with 2D culture systems (control) (Figure 2.3F).  

Both hESC were able to form embryoid bodies and spontaneously 

differentiated into cells from the three germ layers (mesoderm, ectoderm, and 

endoderm) (Figure 2.3G). Our results also demonstrate that these cells  presented 

strong pluripotency signatures, according to PluriTest bioinformatic platform 

(Müller et al., 2011), showing high and similar scores (supplemental Figure 1) 

compared with 2D culture.   

Hierarchical clustering of hESC-C expansion on Synthemax II-polystyrene 

microcarriers (day 12), on Synthemax® 2D surface (day 12) and on hFF feeder 

(static 2D culture; day 12) showed divergence of hESC-C cells in 2D culture (day 0 

and day 12) and cultured on Synthemax® surface (2D and microcarriers) (Figure 
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2.3H). Interestingly, hESC-M cells on Synthemax II-polystyrene microcarriers (day 

8) clustered with hESC-M cells at day 0, but with a clear approximation to hESC-C 

cells on the Synthemax® surface (2D and microcarriers) (Figure 2.3H). These 

results demonstrated approximation of hESC lines, providing evidence of the 

robustness of the cultivation process to homogenize cellular phenotype. The 

removal of feeder cells in hESC-C culture appeared to be an important driving 

force for this output because the cultures in which the feeder was present 

clustered in an isolated group, regardless the culture day. 

3.3 Synthemax II-polystyrene microcarriers and fully defined 

conditions shifted central carbon metabolism 

For the cultivation of hESC in a fully controlled environment, we used 

stirred-tank bioreactors operating at specific culture conditions, such as low O2 

tensions (as described in Material and Methods), as optimized previously by our 

group (Serra et al., 2010). The results obtained were similar to those described for 

the cultures in spinner vessels, both in terms of growth profile and cell 

characteristics, proving that the culture strategy was successfully implemented in 

stirred-tank bioreactors (results not shown). In the following sections, we 

reported and compared the transcriptomic and metabolomic profiles of hESC-M 

cells cultured in stirred-tank bioreactors (using Synthemax II-polysterene 

microcarriers) and 2D culture system, aiming at a thorough and comparative 

characterization of hESC expansion. 

3.3.1 Transcriptome analysis 

For transcriptome analysis, genes showing dynamic expression along the 

Đultuƌe peƌiod ;ďased oŶ a ĐoeffiĐieŶt of ǀaƌiatioŶ CV ≥ ϮϬ% [day 8 vs. day 0]) were 

selected both for 2D and bioreactor culture systems.  
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Figure 2.3. Expansion and characterization of hESC on synthetic microcarriers in stirred culture 

conditions. .A) Representative images from cell viability assays (FDA-live cells in green; PI – dead 

cells in red) of hESC-C and hESC-M on microcarriers at the last day of culture. Scale bars: 100 µm. B) 

Growth curves of hESC-C and hESC-M in spinner vessels on SP microcarriers. C) Percentage of cell 

recovery after the harvesting process, using TrypLE Select. D) Immunofluorescence images of Oct-4 

and TRA-1-60 labeling of hESC-M on SH microcarriers, and phase contrast images of alkaline 

phosphatase activity staining of hESC-M on SP microcarriers. E) Flow cytometry analysis: 

percentages of TRA-1-60, SSEA-4, hESCellect
TM

 and SSEA-1 positive cells at Day 0 and at the last day 

of culture on SP microcarriers. Error bar denotes SD of 2 measurements. F) Gene expression of 

stemness markers Oct-4 and Nanog relative to Day 0 of both hESC-C and hESC-M cultured on SP 

microcarriers and 2D culture (2D). Gene expression was quantified using ΔΔCt method 

(housekeeping:  RPL22). Error bar denotes SD of 3 replicates. G) Images of embryoid bodies of both 

hESC (after expansion on SP microcarriers) and the differentiated cultures labeled for α–SMA ;α 
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smooth muscle actin, mesoderm), FOXA2 (Forkheadbox A2, endodermͿ aŶd β III-Tuď ;β tuďuliŶ tǇpe 
III, ectoderm). Nuclei were stained with DAPI (blue). Scale bars: 100 µm. H) Hierarchical clustering 

given by person correlation method implemented in SpotFire of initial and final samples for both 

hESC lines in 2D culture system (feeder layer for hESC-C and Coat1 for hESC-M) and on Synthemax 

synthetic surface. Legend: SP-Synthemax II-polystyrene; SH-Synthemax II-hydrogel. (**p<0.01 and 

***p<0.001 determined by two-way ANOVA). 

 

A total of 1,ϳ9ϲ pƌoďes, pƌeseŶtiŶg CV ≥ ϮϬ%, ǁas seleĐted ;suppleŵeŶtal 

file SFA) and analyzed by Ingenuity Pathway Analysis for significantly enriched 

pathways. The most significantly enriched pathways – glycolysis, amino acid 

metabolism, cytoskeleton rearrangements and stress resistance – were further 

analyzed throughout culture time (Figure 2.4A; supplemental file SFB). For both 

2D and bioreactor systems, transcriptional signatures associated to high glycolytic 

rates were identified (Figure 2.4A); however, bioreactor samples presented 

consistently higher expression of the glycolytic enzymes, prominently aldolase A 

(ALDOA), enolase 2 (ENO2), glucose phosphate isomerase (GPI) and 

phosphoglycerate kinase 1 (PGK1). Glucose transporters were also consistently 

up-regulated in bioreactor culture, although only SLC2A1 (also known as GLUT1) 

pƌeseŶted CV ≥ϮϬ%. FiŶallǇ, laĐtate dehǇdƌogeŶase A ;LDHAͿ ǁas fouŶd to ďe 

drastically increased in the bioreactor, sustaining high expression levels until the 

end of culture time (Figure 2.4A). These results led to the hypothesis that, given 

the low oxygen levels maintained in bioreactor (6% O2), hESC-M cells could be 

facing hypoxic stress; however, we found that, although all the downstream 

response associated to hypoxia was changing substantially, the upstream hypoxia 

responsive machinery, in particular hypoxia inducible factor 1 (HIF1) was relatively 

unchanged (CV=1.3%) (supplemental Figure 2; supplemental file SFC).  

In the category of amino acid metabolism, the SLC3A2 and SLC7A5 transporter 

subunits were the most highly changing along time and presented increased 

expression rates in bioreactor culture (Figure 2.4A). Many amino acid catabolic 

enzymes were also highly dynamic and showed increased expression levels in 

bioreactor culture, including  asparagine synthetase (ASNS), branched chain 
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aminotransferase 1 (BCAT1), glutamic pyruvate transaminase 2 (GPT2, also known 

as alanine aminotransferase) (Figure 2.4A). Altogether, this transcriptional 

signature indicated a more active amino acid metabolism under fully defined 

conditions. Cytoskeleton rearrangements category was also extensively enriched. 

Genes like vimentin (VIM), actin alpha 1 (ACTA1) and transgelin (TAGLN), 

appeared as highly dynamic during culture time and presented increased 

expression levels in bioreactor culture (Figure 2.4A). In fact, the hESC-M 

cultivation on synthetic microcarriers combined with fully defined conditions 

resulted in the up-regulation of all cytoskeleton filament types: i) microfilaments 

(actins, transgelins); ii) intermediate filaments (vimentin, keratins and lamins) and 

iii) microtubules (tubulins) (Figure 2.4A). In stress resistance category, we found a 

set of genes displaying a common behavior: metallotionines (MTs, Figure 2.4A). In 

general, in bioreactor culture, MTs presented lower expression relatively to 2D 

culture, sustained until the end of the culture. As metallotionines are robust stress 

markers, this data suggests that fully defined conditions provide a more adequate 

environment for cell cultivation.  

The lack of standardization and reproducibility is a major problem in the 

protocols for hESC expansion derived from academic and research labs. Apart 

from the operator associated variability, the cell line origin (feeder dependence) 

and the culture process parameters (matrix, medium, O2, pH, etc) are the main 

causes of this problem. Therefore, we evaluated the robustness of the herein 

presented process to reduce such variability. Transcriptome signatures of both 

hESC lines used in this work were compared in the beginning and in the end of the 

process, showing a clear convergence of both hESC lines when cultured on 

synthetic microcarriers using stirred culture systems (Figure 2.3H). We further 

inquired on the biological pathways steering such convergence, and the most 

significantly enriched pathways were cytoskeleton/extracellular matrix 

rearrangements, glycolysis and carbohydrate metabolism, nucleotide metabolism, 
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cell cycle, transcription and RNA processing and stress and apoptosis (Figure 4B 

and supplemental file SFD). Interestingly, many of these pathways were found to 

be enriched for hESC-M expansion in bioreactor (Figure 2.4A) including the 

transcriptional signatures associated to high glycolytic rates, substantiating the 

importance of culturing under fully defined conditions to homogenize and 

standardize the final cell phenotype. 

3.3.2 Central carbon metabolism analysis 

To further characterize the metabolic changes occurring within the 

bioreactor microenvironment, central carbon metabolism dynamics of hESC-M 

were analyzed in both bioreactor and 2D culture systems. Figure 2.5 summarizes 

the specific consumption/production rates of glucose, lactate and amino acids, 

and Figure 2.6 illustrates the main reactions of central carbon metabolism 

integrating transcriptional changes data.  

In bioreactor culture we observed higher ratios of lactate production to 

glucose consumption in comparison to 2D culture (Table 1), in line with the 

extensive up-regulation of the glycolytic machinery and LDHA given by 

transcriptome analysis (Figure 2.4A and Figure 2.6). Yet, ratios of LAC/GLC greater 

than 2, as those obtained in bioreactor (Table 2.1), suggested an alternative 

source for lactate production. An alternative source of lactate through pyruvate 

can be derived from amino acid catabolism (Figure 2.6). Glucose as well as amino 

acid consumption (Figure 2.5), was higher in 2D culture, however, the ratios of 

LAC/GLC and ammonia production to amino acid consumption (AMN/NET, Table 

2.1) were lower. This suggests that these macromolecules are being channeled to 

biomass synthesis in 2D culture (with less formation of by-products), while shifting 

to energy production in the bioreactor culture. This hypothesis is corroborated by 

higher specific cell growth rate in 2D culture (0.02 h-1) than in bioreactor (0.01 h-1). 
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Figure 2.4. Whole-genome transcriptome analysis of hESCs expanded on Synthemax II-polystyrene 

microcarriers. A) Transcriptional profiling of selected genes with dynamically changing expression over 

culture time. hESC-M cells in the 2D culture system (left) versus the bioreactor culture system (right) of 

glycolysis, amino acid metabolism, cytoskeleton rearrangements, and metallothionein genes. Genes were 

considered dynamically changing for coefficient of variation CV≥20% over the 192 hours of culture. A 

complete list of all genes with CV≥20% can be found in supplemental online file SFA. A list of the genes 

composing this figure, fold-change values, CV statistics, and gene abbreviation definitions is provided in 

supplemental online file SFB. B) Heat map of converging genes in both hESC lines across significantly 

enriched pathways given by Ingenuity Pathway Analysis. Heat map of probes with transcriptional 

convergence during the expansion process. Color gradient indicates gene expression fold-change 

between the referred samples aŶd ͞hESC-M daǇ Ϭ.͟ Dashed ďoǆ highlights the siŵilaƌitǇ of geŶe 
expression patterns between hESC-C and hESC-M cells by the end of expansion process in Synthemax II-

polystyrene microcarriers. A complete list of the genes composing this figure, expression values, fold-

change, and gene abbreviation definitions can be found in supplemental online file SFD. The microarray 

dataset presented in this figure was submitted to the Gene Expression Omnibus repository with the 

accession number GSE63192. Abbreviations: 2D, two-dimensional; C, hESC-C cell line; M, hESC-M cell line. 

 

The dynamics in amino acid metabolism, could be divided into three groups 

(Figure 2.5B-D). The first group (Figure 2.5B), comprising consumed amino acids, 

showed reduced uptake in bioreactor culture. Given that amino acid metabolic genes 

appeared extensively enriched and up-regulated in transcriptional profiling (Figure 

2.4A and Figure 2.6), these results suggested a shifting/rearrangement of amino acid 

metabolism, with less consumption and increased channeling towards catabolic 

routes. This observation was substantiated by extremely high ratios of AMN/NET 

(Table 2.1), indicating amino acid catabolism to be used as feeding of TCA 

intermediates (Figure 2.6). The second group includes amino acids accumulating in the 

extracellular, glycine, alanine and glutamate, which were found to be produced in 

higher extent in bioreactor culture (Figure 2.5C). Increased production of glycine was 

in agreement with the up-regulation of serine hydroxymethyltransferase 2 

(mitochondrial) (SHMT2, Figure 2.6). This reaction also supports folate recycling, 

essential to sustain amino acid catabolism (Figure 2.6). 
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Figure 2.5. Metabolic profiling of hESC-M in the 2D culture system versus stirred-tank bioreactors. 

hESC-M cells in the 2D culture system (left- sided charts) and the bioreactor culture system (right). A) 

Specific rates of glucose consumption and lactate production. Specific amino acid uptake/production 

rates of group 1, consumed amino acids (B); group 2, produced amino acids (C); and group 3, amino acids 

with inverted uptake/production profiles (D). For specific rates, negative values denote uptake and 

positive values denote production. Error bars represent the propagation of error. The curves represent 

the best fit to points using the fourth order polynomial. Abbreviation: 2D, two- dimensional. 

 

Increased glutamate accumulation, corroborated the shifting of amino acid 

metabolism towards catabolic routes, as glutamate is a common intermediate in the 

degradatioŶ of ŵaŶǇ aŵiŶo aĐids, ďefoƌe it is fiŶallǇ ĐoŶǀeƌted to α-ketoglutarate 

releasing ammonia (Figure 2.6). Glutamate can also be transaminated by glutamic 
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pyruvate transaminase (GPT2), up regulated by 2-fold in bioreactor culture (Figure 6), 

contributing to the increased accumulation of alanine observed (Figure 2.5C).  

 

Table 1. Amino acid metabolism of hESC-M during expansion process in 2D culture system and stirred-

tank bioreactors. 

Culture 

Time (h) 

NET consumption AMN/NET consumption YLAC/GLC 

2D BR 2D BR 2D BR 

48 162 ± 17 50 ± 6 0.209 ± 0.001 1.438 ± 0.002 1.7 ± 0.2 2.5 ± 0.3 

72 140 ± 15 37 ± 4 0.310 ± 0.001 1.344 ± 0.003 1.7 ± 0.2 2.4 ± 0.2 

96 61 ± 6 28 ± 3 0.261 ± 0.002 1.880± 0.004 1.7 ± 0.2 2.5 ± 0.3 

120 49 ± 5 22 ± 2 0.407 ± 0.002 1.828 ± 0.005 1.7 ± 0.2 2.3 ± 0.2 

144 36 ± 4 28 ± 3 0.398 ± 0.003 0.920 ± 0.004 1.6 ± 0.2 2.4 ± 0.2 

168 18 ± 3 23 ± 2 1.115 ± 0.008 0.455 ± 0.005 1.6 ± 0.2 2.4 ± 0.2 

NET denotes the sum of specific rates determined for all consumed amino acids, excluding glutamine 

uptake, and AMN/NET consumption denotes the ratio between ammonia production (AMN) and NET 

consumption. Glutamine consumption could not be quantified but it was estimated to be identical in both 

culture systems since the levels of glutamine accumulation in the culture medium – derived from 

GlutaMAX® peptidase degradation – when normalized to the cell concentration were similar. Peptidases 

expression was also similar evaluated by transcriptome analysis. Legend: 2D-2D culture system; BR- 

stirred-tank bioreactor. 

 

Finally, the third group comprised amino acids where the uptake/production 

profile was found to be inverted between 2D and bioreactor cultures. For histidine 

and threonine, the positive rates cannot reflect production as these are essential 

amino acids in human cells. Therefore, either they reflect: i) protein degradation 

(supported by transcriptional data), or ii) it might translate reduced consumption of 

these amino acids, if they are provided by medium proteins/peptides, since the media 

herein used is not protein free.  For proline and asparagine, the increased production 

observed was supported by the up-regulation of their synthesizing enzymes, pyrroline-

5-carboxylate reductase (PYCR) and asparagine synthase (ASNS), respectively (Figure 

2.6). 
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Figure 2.6. Central carbon metabolism of hESC-M cells expanded in 2D culture system versus stirred-

tank bioreactors. Schematic representation of the main reactions of central carbon metabolism, 

highlighting transcriptome changes of hESC-M cells in the 2D culture system and the bioreactor culture 

system. Transcriptome changes correspond to fold-change in both culture conditions at the last day of 

culture, colored according the graphic legend. Each arrow represents a single reaction; reversibility is 

indicated by a two-arrow line according to the BioCyc database (Caspi et al., 2010). Dashed arrows are a 

general representation of metabolites being channeled from or into the indicated pathways. Reactions 
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are shown as a schematic representation and do not necessarily represent a unique possibility for the 

presented metabolites. For simplicity, only the main metabolites and cofactors are shown, thus the 

reactions are not necessarily balanced. Not all reactions (arrows) are assigned to an enzyme, either for 

clarity or because no specific enzyme has been described in the BioCyc database. Genes are shown in 

corner-rounded boxes, colored according to fold-change, and metabolites are shown unboxed. Enzymatic 

complexes and multigene-composed proteins are identified by a corner-rounded dashed line surrounding 

the gene set. Gene sets not surrounded by this line represent different enzymes and/or enzyme isoforms 

catalyzing the same reaction. Genes were considered to be expressed for average expression level above 

1.5-fold the average expression of the background probes. Metabolic map adapted from (Rodrigues et al., 

2013). The microarray dataset presented in this figure was submitted to the Gene Expression Omnibus 

repository with the accession number GSE63192. Abbreviations: 2D, two-dimensional; CoA, coenzyme A; 

DHF, dihydrofolate; FC, fold change; NC, no change; NE, not expressed; Pi, inorganic phosphate; PLP, 

pyridoxal-5-phosphate; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, 

tetrahydrofolate. 

 

4. Discussion 

The implementation of fully defined scalable bioprocesses for the production of 

hESCs, along with proper process and product characterization, are important steps 

for meeting regulatory demands. In previous work, our group reported a scalable 

expansion protocol to expand a feeder-dependent hESC line on Matrigel-coated 

Cytodex-3 microcarriers (Serra et al., 2010, 2011). In this work, we evaluated the 

ability of synthetic and fully defined surfaces to expand two different hESC lines 

providing detailed transcriptomic and metabolic characterization. The differences in 

cell propagation on Synthemax II-polystyrene under fully defined conditions 

comparatively to the control condition (supplemental online Table1) can be related to 

the diversity of microcarrier surface composition. The interaction of hESCs with the 

Synthemax® surface (engaging vitronectin-derived short peptide), for example, 

ismediated by integrin-αvβ5 (Jin, Yao, Weber, Melkoumian, & Ye, 2012), whereas that 

connection on Matrigel-coated Cytodex-3 could be mediated by several extracellular 

matrix proteins (ECMPs) such as laminin, vitronectin, collagen, and fibronectin. In 

general, and as recently reviewed, the cell-adhesion molecules and ECMPs might be 

involved in cell-surface interactions to maintain the homeostasis and self-renewal of 

hPSCs (Lambshead, Meagher, O´Brien, & Laslett, 2013). Consequently, it is crucial to 
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expand hPSCs in a xeno-free and fully defined culture surface for the establishment of 

a well-characterized cell production platform to overcome some clinical concerns. 

In stirred culture conditions, Synthemax II microcarriers presented very distinct 

abilities in supporting cell growth of both hESC lines (Figure 2.3). The microcarrier 

surface functional property might be related to this outcome: only Synthemax II-

polystyrene microcarriers could efficiently support the attachment and proliferation of 

both hESC lines. Synthemax II-hydrogel showed very low cell-recovery yields, 

suggesting the presence of strong cell- ECM interactions that might hamper efficient 

cell harvesting. The pluripotent phenotype of both hESC cell lines was confirmed by 

the detection of stemness markers (Figure 2.3D–3F), by in vitro oxygen levels have 

been reported as a key process parameter in the maintenance of pluripotency 

(Agathocleous & Harris, 2013; Folmes, Dzeja, Nelson, & Terzic, 2012; Zhang, Nuebel, 

Daley, Koehler, & Teitell, 2012). Our data showed that the culture conditions used, 

including low oxygen levels, do not activate the hypoxia response machinery while 

maintaining the downstream hypoxia-response signature including an anaerobic 

glycolysis phenotype, a stemness feature that was less evident with the 2D culture 

system. Under hypoxic conditions, anaerobic glycolysis will be favored over oxidative 

phosphorylation as an energy-generation source. This is in agreement with the 

upregulation of the glycolytic machinery and LDHA, with the downregulation of the 

TCA reactions preceding oxidative phosphorylation, and stands for the evidently 

higher ratios of lactate production to glucose consumption (Table 1). In this context, 

amino acid catabolism can function as a feeding source of the remaining TCA 

reactions, substantiated by the extremely high ratios of ammonia production to amino 

acid consumption (Table 1). Intriguingly, although membrane transporters of both 

glucose and the majority of the amino acids were found to be extensively upregulated 

in the bioreactor, specific consumption rates of both were lower (Figure 2.5). The 

reason why increased upregulation did not translate into higher consumption is not 

clear, and although it is worth investigating, it was outside the scope of this work. A 
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direct correlation is not compulsory; for example, for glucose transporters, it has been 

shown that increased gene expression does not necessarily lead to higher glucose 

uptake rates, which better correlate with mitochondrial phosphorylation activity (Aloj 

et al., 1999). For amino acid consumption, a recent study reported substantial gene 

expression variation for amino acid transporters among different CHO cell lines, 

whereas the rates of consumption and production remained unchanged 

(Kyriakopoulos, Polizzi, & Kontoravdi, 2013). The crosstalk between metabolic 

plasticity, cellular signaling and genetic/epigenetic network has been studied 

extensively to understand and identify the key molecular mechanism linked to the 

maintenance of pluripotency in hPSCs (Folmes et al., 2012; Smith, Ladi, Mayer-

Proschel, & Noble, 2000). In accordance, we highlight the importance of using 

transcriptional and metabolic tools to further characterize the final cell phenotype. In 

this study, we showed, for the first time, the phenotypic approximation of two 

different hESC lines, driven by a fully defined and standardized expansion bioprocess, 

while maintaining pluripotency markers. The results presented offer valuable insights 

into the transcriptomic and metabolic hallmarks of hPSC expansion using a fully 

defined manufacturing bioprocess, a subject underexplored because much of the 

currently available data derive from academia and research protocols. Such insights 

can help guide process design and media optimization toward higher cell densities of 

pluripotent human stem cells. 

5. Conclusion 

In this study, we implemented a fully defined bioprocess for the expansion of 

undifferentiated pluripotent hESCs. Transcriptomic and metabolomic tools further 

confirmed the robustness and standardization capacity of the developed bioprocess 

by showing phenotype convergence between two different hESC lines. Consequently, 

the bioprocess established in this study to expand hESCs can contribute to the 
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implementation of manufacturing systems to efficiently produce hESCs for high-

throughput drug screening and stem cell-based therapies. 
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Abstract 

Anchorage-dependent cell cultures are used for various cell therapies and 

tissue engineering applications. Most of these applications currently rely on planar 

technologies for the generation of biological products. However, as new cell 

therapy product candidates move from clinical trials towards potential 

commercialization, planar platforms have proven to be inadequate to meet large-

scale manufacturing demand. Therefore, a new scalable platform for culturing 

anchorage-dependent cells at high cell volumetric concentrations is urgently 

needed. One promising solution is to grow cells on microcarriers suspended in 

single-use bioreactors. 

Toward this goal, a novel bioreactor system utilizing an innovative Vertical-

WheelTM technology was evaluated for its potential to support scalable expansion 

bioprocess for human bone marrow-derived mesenchymal stem cells (hMSC). Key 

hydrodynamic parameters such as power input, mixing time, Kolmogorov length 

scale, and shear stress were estimated. The performance of Vertical-WheelTM 

bioreactors (PBS-3 Air) was then evaluated for hMSC expansion and compared to 

traditional stirred-tank (ST) bioreactors. Although higher percentages of 

proliferative cells could be reached in the PBS-3 Air compared with ST bioreactors, 

no significant differences in the cell volumetric concentration and expansion 

factor were observed. Noteworthy, the hMSC population generated in the PBS-3 

Air showed a significantly lower percentage of apoptotic cells as well as reduced 

levels of HLA-DR positive cells.  

Overall, these results showed that process transfer from ST bioreactor to 

PBS-3 Air, and scale-up was successfully carried out for hMSC. Ultimately, the data 

herein generated demonstrate the potential of Vertical-WheelTM bioreactors as a 

new scalable biomanufacturing platform for microcarrier-based stem cell cultures 

of complex biopharmaceuticals. 
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1.Introduction 

Traditionally, stirred tank (ST) bioreactors have been the most popular 

scalable platform for the production of biological therapeutics including 

monoclonal antibodies and other recombinant proteins (Matasci et al., 2008). 

Although ST bioreactors were initially limited to cell types growing in suspension, 

in 1967 Van Wezel pioneered the use of microcarriers in ST bioreactors to grow 

anchorage-dependent cells (van Wezel, 1967). Previous and ongoing clinical trials 

in cell therapies have used two-dimensional technologies such as plate stacking to 

produce challenging cell-based products, but it has become clear that these 

methods are insufficient for scaling up to clinical manufacturing. Therefore, a new 

scalable platform for the production of anchorage-dependent cells to high cell 

volumetric concentrations is still needed for the emerging cell therapy market 

(Rowley et al., 2012; Serra et al., 2012).  

Recent findings indicate that microcarrier-based culture systems can increase 

therapeutic cell culture productivity in a cost-effective manner while ensuring 

culture homogeneity and strict process control (Simaria et al., 2014). However, 

developing and implementing microcarrier processes in conventional ST 

bioreactors presents major challenges and limitations. Keeping microcarriers 

suspended and uniformly distributed in a ST vessel is difficult due to the fluid 

mixing properties of the propeller-like impeller. A potentially greater issue arises 

during scale-up; the impeller must spin faster to mix larger volumes and will likely 

affect the cells growing on microcarrier surfaces, as they are much more sensitive 

to shear forces than cells cultured in suspension (Croughan et al., 1987, 1988).  

Various types of single-use bioreactors have recently been developed with 

features designed to overcome these challenges. In particular, the Vertical-

WheelTM bioreactor incorporates a vertically rotating wheel inside a U-shaped 

vessel, resulting in faster and more efficient mixing at very low shear rates 
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compared with ST bioreactor designs across a range of working volumes from 0.1–

500 L (Hashimura et al. , 2012).  

To investigate the potential applicability of Vertical-WheelTM bioreactors 

(PBS-3 Air) on the microcarriers-based cell culture performance, human bone 

marrow-derived mesenchymal stem cells (hMSC) were used as cell source. The 

cell therapy market is highly interested in hMSC due to their immunosuppressive, 

immunoregulating, migrating, and trophic properties, as well as their proliferative 

capacity and potential to differentiate into several cell types such as osteocytes, 

chondrocytes, and adipocytes. They also show great potential in numerous clinical 

applications for a wide range of medical disorders such as, autologous and 

allogeneic therapies for diabetes mellitus, graft-versus-host disease, CrohŶ’s 

Disease, myocardial infarction, orthopedic indications, and cancer (Wei et al., 

2013). 

In this study we evaluated (i) the growth performance of hMSC on 

microcarriers using ST bioreactor and PBS-3 Air, and (ii) the impact of bioreactor 

design on the yield and quality hMSC as cell-based product.   

 

2. Material & Methods 

2.1 Bioreactor configuration and hydrodynamics 

2.1.1 Vessel  Geometry  and  Impellers 

The geometry of Vertical-WheelTM bioreactors (PBS-3 Air) (PBS Biotech®, 

Camarillo) is significantly different from ST bioreactors (Table 3.1). The PBS-3 Air 

single-use vessel consists of four flat, vertical, baffle-less walls, and a U-shaped 

bottom (Figure 3.1A) whereas ST bioreactors are cylindrically shaped with wall 

baffles. The Vertical-Wheel impeller itself is very large, accounting for almost 85% 

of the width of the U-shaped bottom and rotates in a vertical plane about a 

stationary horizontal axle, whereas impellers in ST bioreactors rotate in a 
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horizontal plane. The Vertical-Wheel can be thought of as a combination of radial 

and axial flow impellers, with the radial component in a vertical plane and the 

axial component in the horizontal one. The vanes in the impeller responsible for 

the axial flow component are positioned to generate flow in opposite directions, 

one pumping from front-to-back and the other from back-to-front (Figure 3.1B). 

This opposition creates a cut-and-fold action that leads to very efficient and fast 

mixing. The PBS-3 Air used in these studies was powered by the buoyant energy of 

gas sparged from below the impeller whereas the ST bioreactor, equipped with 

axial flow three-pitched impeller 30° angled, was powered by top drive motor 

(Biostat Qplus from Sartorius Stedim Biotech, Gottingen, Germany). Aeration in ST 

bioreactors was promoted using the head-space of the bioreactor. 

2.1.2 Mixing Time and Microcarrier Suspension 

Mixing time was measured in PBS-3 Air using conductivity measurements and 

salt bolus additions. A conductivity probe was placed in the region of slowest 

mixing in the bioreactor, then a small volume of concentrated salt solution was 

added to the surface of the liquid and the conductivity signal recorded until 

equilibrium was reached, indicating complete mixing. The time for mixing to be 

95% complete was measured from the conductivity vs. time plots, with these 

measurements carried out in triplicates and the results averaged. 

In ST bioreactor, mixing time (tm) was quantified by means of simple 

engineering correlation (Eq. 1) presented by Ruszkowski (Ruszkowski S., 1994) and 

many others:  tm = A. ቀଵ𝑁ቁ . ቆ ଵ𝑃𝑁ೞ೟భ య⁄ ቇ . ቀ𝑑ೞ೟𝐷ೞ೟ቁ−ଶ   (1) 

where A is a proportional factor, N is the stirring rate (s-1), PNst is the power 

number (dimensionless) for the impeller, dst is impeller diameter (m), and Dst the 

vessel diameter (m). The A proportional factor used was 8.7 as estimated by 
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Kaiser and colleagues for identical ST bioreactors geometries used in our work 

(Kaiser et al., 2011). Power number (PNst) for the three-blade pitched impeller was 

obtained from the same study and four-blade pitched impeller from Postmix 

Optimizaton and Solutions website (www.postmixing.com).  

Microcarrier suspension experiments were performed using Synthemax® II 

microcarriers (Corning, USA) to determine the minimum agitation rates (Njs) that 

would fully suspend the microcarriers. This determination was made visually, with 

the criteria being the minimum agitation that kept all the microcarriers off the 

bottom of the vessel. 

Table 3.1. Comparison of PBS-3 Air to traditional stirred-tank (ST) bioreactors 

Characteristics ST Bioreactors Vertical-Wheel Bioreactor 

Vessel Geometry Cylindrical U-shaped bottom and flat walls 

Baffles 
Baffles necessary for particle 

suspension and good mixing 
Baffles not required 

Impeller position 

and rotation 

Vertical (or nearly vertical) shaft 

and rotates in the horizontal (or 

nearly horizontal) plane 

Horizontal shaft and rotates in the 

vertical plane 

Impeller power 

source 
Rotating shaft and external motor 

Buoyancy of gas introduced under the 

impeller and caught in circumferential 

air cups 

Impeller type Radial or axial flow impellers 
Combination of axial and radial flow 

features 

Vertical fluid 

circulation and 

particle suspension 

Comes from axial flow component 

of impeller (especially in absence 

of baffles) 

Comes from radial flow component of 

impeller interacting closely with vessel 

walls 

Mixing power From turbulent dissipation 

From turbulent dissipation and also 

͞Đut-and-fold͟ aĐtioŶ geŶerated ďy 
axial vanes arranged to pump in 

opposite directions 

Power input 
Usually estimated from 

engineering correlations 

Dependent on and calculated from 

sparged gas flow rate 

Impeller zone mass Typically 5% of bioreactor mass 
22% - 33% of bioreactor mass, 

depending on scale 
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Figure 3.1. A) Geometry of PBS bioreactor single-use vessel with enclosed vertical-wheel, 

U-shape round bottom and flat sides in the front and back. B) Diagram of Vertical-Wheel 

impeller using AirDrive mixing mechanism. 

 

2.1.2 Hydrodynamics Parameters 

The estimation of shear stress (τ) (N/m2) under stirred conditions as result of 

flow through Kolmogorov eddies was performed using Eq. 2, as described in the 

literature (Croughan et al., 1987, 1988; Cruz et al., 1998), 

τ = ቀε
ν

ቁͳʹ  . µ                                                              (2) 

and the Kolmogorov length scale (KLS; ʄ), or eddy size (m) was estimated by Eq. 3: 

λ = √νయ
ε

ర
                                                                  (3) 

where  (m2.s-1) is the kinematic viscosity,  (m2.s-3) is the turbulent energy 

dissipation in the impeller zone and µ (N.s/m2) is the viscosity of the fluid. For the 

microcarrier suspension studies using culture medium at 37oC, as well as the 

microcarrier cultures at the same temperature, the viscosity of the fluid was  

n

 

e
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assumed to be 0.0071 g/cm/sec. The kinematic viscosity used for the calculations 

was 0.007 cm2/sec (Croughan et al., 1988). 

The turbulent energy dissipation rate (EDR) for PBS-3 Air can be estimated by: 

ε = ୔ PB౏DPB౏మ.WPB౏ .ρ                                                            (4) 

where PPBS (W) is the power input and DPBS (m) is the impeller (i.e., wheel) 

diameter for PBS-3 Air bioreactor, respectively, and ρ (kg/m3) is the density of the 

medium (Croughan et al., 1988). A characteristic of PBS-3 Air geometry is that 

using D
3

PBS as an estimate of the impeller zone volume leads to a value greater 

than the actual culture volume of the present experiments. In present 

experiments, the impeller zone volume measurement was estimated by using 

D
2

PBS multiplied by impeller width (WPBS, front-to-back). For the bioreactor used in 

this experiment, DPBS=13.5 cm and WPBS=5.5 cm. The density of the medium was 

assumed to be 1.003 g/ml. The power input to the PBS-3 Air impeller, PPBS (W), is 

linearly dependent to the flow rate of the main sparged gas, similar to what is 

observed in a Pelton wheel (impulse type water turbine), and can be estimated by: P𝑃𝐵𝑆 =ρ. 6୕଴ . 𝑔. D୔Bୗ                                                  (5) 

where Q (m3/min) is the volumetric flow rate of the main sparged gas and g is 

acceleration due to gravity (9.8 m/s2). In Eq. 5 the mixing power in PBS-3 Air is 

equal to the power input minus any solid–solid friction drags between the shaft 

and the wheel. The friction drag was experimentally estimated and considered 

negligible. For this reason, the mixing power can be considered equal to the 

power input. The energy dissipation throughout a ST bioreactor volume is 

commonly determined using the following equation:  

ε = 𝑃𝑁 ౏౐.ρ.𝑁య.𝑑౏౐ఱ𝑉                                                            (6) 

where V the working volume (m3) and dST the impeller diameter (m) of the ST 

bioreactor. In 1985, Placek and Tavlarides reported that the energy dissipation 
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near the impeller is much higher than estimated by equation above, in a ratio of 

approximately V/d
3

ST (Placek & Tavlarides, 1985). Assuming the impeller local 

power dissipation rate is the significant factor, the energy dissipation around the 

impeller can be estimated by: 

ε = 𝑃𝑁 ୗ୘.ρ. 𝑁ଷ. 𝑑ୗ୘ଶ                                                      (7) 

2.2 hMSC culture under static conditions 

Human bone marrow-derived mesenchymal stem cells (hMSC) were obtained 

from STEMCELLTM Technologies (Cat. No. MSC-001F; STEMCELLTM Technologies, 

France). These hMSC were thawed and expanded to prepare working cell stocks 

folloǁiŶg the ŵaŶufaĐturer’s iŶstruĐtioŶs usiŶg the MeseŶĐult-XF Kit (STEMCELLTM 

Technologies). Cryopreserved hMSC (passage 3 or 4) were thawed and plated at a 

cell density of 4 × 103 cell/cm2 on tissue culture flasks of 175 or 225 cm2 of 

available area for growth pre-coated with MesenCultTM-SF attachment substrate 

using MesenCultTM-XF medium (both from STEMCELLTM Technologies) 

supplemented with 2 mM L-glutamine (Life Technologies). Cells were cultured at 

37°C in a humidified incubator at 5% CO2. Fifty percent of culture medium was 

exchanged at day 5. At roughly 70% cell confluence, hMSC were detached from 

the flasks by rinsing with DPBS, adding TrypLETM Select, and incubating the flask 

for 5 min at 37°C. Cells were removed, pooled, and counted using Trypan Blue 

exclusion method to determine number and viability. 

2.3 hMSC culture under stirred conditions 

In this study, two different bioreactor systems were used: PBS-3 Air and glass 

ST bioreactor. More specifically, hMSC cells were cultured in PBS-3 Air (PBS 

Biotech) and the Biostat Qplus bioreactor system equipped with three-blade 

segment impeller 30° angled (Sartorius Stedim Biotech). Data acquisition and 

process control were performed using HelloTM Software running on a Real-time OS 
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(PBS Biotech) and MFCS/Win (Sartorius Stedim Biotech) as described previously 

(Obom et al., 2014; Serra et al., 2010). In the following sections, we describe the 

operation parameters (Table 3.2) and methodology used for the expansion of 

hMSC. It is important to highlight that the selection of the operation parameters 

for ST bioreactors was based in previous data obtained by our group (Cunha et al., 

2015; Fernandes et al., 2013; Silva et al., 2008). For the PBS-3 Air, the same 

operation parameters (e.g., pO2, pH, cell inoculum concentration, microcarrier 

type and concentration, temperature) were used and the agitation rate used was 

estimated experimentally having as criteria the minimum agitation required for 

full suspension of the microcarriers (NS1). 

2.3.1 Expansion of hMSC in bioreactors 

hMSC were inoculated in the PBS-3 Air (2.2 L) and Biostat Qplus ST bioreactor 

(0.25 L) at a concentration of 2.5 × 104 cell/mL using 16 g/L Synthemax II 

ŵiĐroĐarriers ;CorŶiŶgͿ prepared aĐĐordiŶg to the ŵaŶufaĐturer’s iŶstruĐtioŶs. For 

each bioreactor system, hMSC were cultured for 14 days in MesenCultTM-XF 

medium supplemented with 2 mM L-glutamine and 0.025% (v/v) antifoam C 

emulsion (Sigma- Aldrich). On day 6 of culture, additional empty Synthemax II 

microcarriers were added at a 2:1 ratio, increasing the final concentration to 48 

g/L. Fifty percent of culture medium was replaced every 2.5 days, starting at day 

5. Operation parameters of pH, temperature and pO2 as well as the stirring rate 

and profile used in each bioreactor culture are indicated in Table 3.2. Sampling 

was performed daily and hMSC were characterized in terms of cell concentration, 

viability, morphology, proliferation capacity, and metabolism using the 

methodologies described below. The hMSC were harvested from the microcarriers 

using TrypLETM Select solution according to the protocol described elsewhere 

(Cunha et al., 2015). 
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Table 3.2. Operational conditions used in Vertical-Wheel
TM

 (PBS-3 Air) and stirred tank (ST) 

bioreactors for the culture of hMSC line. 

Bioreactor PBS-3 Air ST 

Temperature 37
o
C 

pH 7.2 

DO 20% air saturation 

Aeration 0.1 vvm 

Agitation 

0-7 h: 15 rpm, 1 min; off 20 min 

Day 1-6: 15 rpm 

Day 6-10: 15 rpm, 5 min; off 1 h  

Day 10-14: 17 rpm 

0-6 h: 40 rpm, 1 min; off 20 min 

Day 1-6: 40 rpm 

Day 6-10: 40 rpm, 5 min; off 1 h  

Day 10-14: 45 rpm 

2.4 Analytical methods 

2.4.1 Cell Growth and Microcarrier Colonization 

Total cell concentration was determined using crystal violet staining. Cells 

were briefly disrupted using 0.1 M citric acid with 1% TritonX-100 at 37°C 

overnight and nuclei stained with 0.1% crystal violet as described elsewhere (Alves 

et al., 1996). Nuclei were counted in a Fuchs–Rosenthal hemocytometer chamber. 

Cell expansion in the bioreactors was characterized by assessing the specific 

growth rates, µ (day-1), as previously described (Serra et al., 2010). Fold increase in 

cell concentration was evaluated based on the ratio XMAX/X0, where XMAX is the 

peak cell concentration and X0 is the cell concentration at inoculum. Cell viability 

and microcarrier colonization were assessed by staining cells with fluorescein 

diacetate (FDA, green, viable cells) and propidium iodide (PI, red, dead cells) as 

described by Serra and colleagues followed by visualization under a fluorescence 

microscope (Leica Microsystems GmbH, Germany) (Serra et al., 2010). The analysis 

of microcarrier colonization was performed by recording at least three 

representative images (with at least 300 microcarriers each) of cells on 

microcarriers. The percentage of colonized microcarriers was determined by 

dividing the number of colonized microcarriers with the total number of 

microcarriers (colonized and empty). 
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2.4.2 Metabolite Analysis 

The consumption of glucose and glutamine as well as the production of 

lactate and ammonia were monitored throughout the culture period. Glucose, 

glutamine, and lactate concentrations were analyzed using an YSI 7100MBS (YSI 

Incorporated, USA) whereas the ammonia concentration was quantified 

enzymatically using a commercially available UV test (Roche, Switzerland). Specific 

metabolic rates, qmet (mol/day/cell) and apparent yield of lactate-to-glucose 

(YLac/Glc) were determined as described in the literature (Serra et al., 2010). 

2.5 hMSC characterization 

2.5.1 Cell Apoptosis and Proliferation Assays 

The percentage of apoptotic hMSC was evaluated using the Apoptosis Assay 

Kit NucViewTM ϰ88 ;Biotiuŵ, IŶĐ., USAͿ, folloǁiŶg the ŵaŶufaĐturer’s iŶstruĐtioŶs. 

This kit contains the green fluorescent NucView 488 caspase-3 substrate, which 

detects intracellular caspase-3. The percentage of proliferating hMSC was 

determined using Click-iT EdU Flow Cytometry Assay Kit according to the 

ŵaŶufaĐturer’s reĐoŵŵeŶdatioŶ ;Life TeĐhŶologies). All samples were analyzed in 

a CyFlow® space instrument (Partec GmbH, Germany). At least 10,000 events 

were registered per sample.  

2.5.2 Cell Surface Marker Analysis by Flow Cytometry 

Upon termination of each bioreactor culture, hMSC were dissociated from 

microcarriers using TrypLETM Select solution and washed twice in DPBS. hMSC 

were incubated with primary antibodies for 1 h at 4°C, washed with DPBS and 

analyzed in a CyFlow® space instrument (Partec GmbH) as reported elsewhere 

(Serra, Brito, Costa, Sousa, & Alves, 2009). Ten thousand events were registered 

per analysis. Conjugated antibodies used: CD90-PE, CD73-PE, CD105-PE, CD166-

PE, CD44-PE, CD45-PE, CD34-PE, HLA-DR, and isotype control antibodies (all from 

BD PharmingenTM).  
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2.5.3 Immunocytochemistry 

hMSC immobilized on microcarriers were fixed in 4% (w/v) paraformaldehyde 

in DPBS for 20 min, then permeabilized for 20 min in 0.1% (w/v) Triton X-100 

(Sigma-Aldrich) in DPBS. After 30 min of blocking with 0.2% (w/v) fish skin gelatin 

(Sigma- Aldrich) in DPBS, cells were incubated with phalloidin-FITC solution (1:100; 

Sigma-Aldrich) for 2 h at room temperature. Cells were washed three times in 

DPBS and then cell nuclei were counterstained with Hoechst 33342 (Sigma-

Aldrich). The analysis of cytoskeleton organization was performed both 

qualitatively and quantitatively. After staining, fixed cells were visualized using 

fluorescence microscopy (Leica Microsystems GmbH). One hundred cells were 

analyzed from each condition and the percentage of cells showing actin fibers 

and/or granular actin was quantified. 

2.5.4 Multilineage Differentiation Assays 

hMSC multilineage differentiation assays were performed using the Stem- 

MACSTM AdipoDiff (Miltenyi Biotec, Germany), StemMACSTM OsteoDiff (Miltenyi 

Biotec) and StemPro® Chondrogenesis (Life Technologies) differentiation kits 

(Cunha et al., 2015). 

2.5.5 Colony Forming Unit (CFU) Assay 

After cell dissociation and separation from microcarriers, hMSCs were 

inoculated in 100 mm Petri dishes in 10 mL of DMEM supplemented with 10% 

(v/v) FBS (250 cells/Petri dish). Fifty percent of culture medium was replaced twice 

a week. After 15 days in culture, the number of CFUs was measured. Briefly, cells 

were washed twice with DPBS and fixed with methanol for 20–40 min at -20°C. 

After fixation, cells were dried under hood and then incubated with Giemsa 

solution (Sigma Aldrich) diluted 1:20 in H2O for 30 min at room temperature. After 

staining, cells were washed twice with DPBS and dried under hood. The number of 

CFU was counted in each Petri dish. Colonies with less than 20 cells were not 
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considered. At least four replicates were carried out. The number of CFU is 

presented as mean ± standard error of all colonies in all Petri dishes. 

2.6 Statistical Analysis 

All values presented in this work are mean ± standard error of mean of two 

repliĐates ;Ŷ=ϮͿ. StudeŶt’s t-tests (nonparametric test) were used to compare 

means. p<0.05 was chosen as the level of significance. All comparisons were made 

using two-tailed statistical tests. 

3. Results & Discussion 

3.1 Bioreactors configuration, hydrodynamics parameters, 

and operation 

Although mixing and mass transfer in conventional ST bioreactors have been 

extensively characterized over the years (Chisti, 1993; Nienow, 1997), the 

performance of biological systems under specific environmental conditions is still 

difficult to understand and predict. This is especially true for complex systems 

such as microcarrier-based cell cultures; highly sensitive to shear stresses, making 

it difficult to fine-tune the necessary mixing power in bioreactors during process 

scale-up while maintaining microcarriers uniformly suspended, shear stresses 

below a damaging level, and providing sufficient mass transfer to achieve high cell 

volumetric concentration. 

The aim of many of the novel mixing regimes designed into single-use 

bioreactors (SUB), such as the Vertical-WheelTM PBS bioreactor (PBS-3 Air), ST, 

wave motion and orbital shaken bioreactors, is to provide an environment that 

further enhances cellular productivity while maintaining mixing performance for 

optimal cell growth (van Eikenhorst et al., 2014). Löffelholz et al. showed that the 

size, geometry, and position of the Vertical-Wheel of PBS bioreactor leads to an 
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uniform distribution of the hydrodynamic forces (Löffelholz et al., 2010). 

Consequently, the maximum specific turbulent EDR (2 × 103 W/m3) and maximum 

wall shear stress (1.7 N/m2) calculated are within the range of values that animal 

cells can tolerate (Godoy-Silva et al., 2009; Godoy-Silva et al., 2009; Tramper et al., 

1986; Vickroy et al., 2007). Furthermore, the power input generated by the 

Vertical-Wheel is significantly lower than a Rushton turbine, one of the types of 

impellers frequently used for the culture of animal cells in ST bioreactors. In a 

different study, Odeleye et al. showed that PBS-3 Air bioreactor exhibited a 

greater degree of fluid dynamic homogeneity and that the turbulent kinetics 

energy (TKE) generated at higher wheel speeds is lower when compared with 

MobiusTM CellReady 3 L ST bioreactor and wave motion Cultibag RM bioreactor 

from Sartorius (Odeleye et al., 2013). Vertical-Wheel bioreactors, together with 

orbital shaken technology bioreactors, are described as low shear stress 

bioreactors even under maximum agitation capacities (Löffelholz et al., 2010; 

Tissot et al., 2011). 

In order to evaluate the suitability of PBS-3 Air for microcarrier applications, 

key hydrodynamic parameters were estimated, namely (i) specific power input 

(SPI), (ii) mixing time (tm), (iii) KLS, and (iv) shear stress, and compared with the 

values determined for ST bioreactors (Table 3.3). To determine the NJS in PBS-3 

Air, suspension experiments with 16 and 48 g/L of Synthemax® II microcarriers 

were performed. From the NS1 values obtained, it was decided to run the culture 

of hMSC at 15/17 rpm, corresponding to a SPI of 0.3 W/m3. These SPI values are 

within the range of those estimated for ST bioreactors.  

The mixing studies were performed in the PBS-3 Air using conductivity 

measurements and salt bolus additions. In fact, the mixing characterization of one 

bioreactor is normally performed by investigating the fluid flows of an inert tracer 

inside the vessel aiming to establish numerical correlations to predict the time 

needed to reach homogeneity inside a ST. In the last decades, numerical 



Single-Use Bioreactor for hMSC Expansion 

95 

 

correlations have been established (Grenville K, Ruszkowski S, 1995; Ruszkowski et 

al., 1994) and have been shown to correlate well with the tm predicted by CFD 

data (Kaiser et al., 2011). Based on such results and since no experimental data 

was generated to estimate the tm in the ST bioreactor, it was decided to use a 

numerical correlation for this purpose. For both cultures, the tm estimated for PBS-

3 Air (18 s) was lower than for ST (56 s). The reason for this observation may lie on 

the greater degree of fluid dynamic homogeneity observed in PBS-3 Air when 

compared with ST as described by Odeleye et al. (Odeleye et al., 2013).  

Table 3.3. Specific power input, mixing times and Kolmogorov length scales estimated for 

the experimental conditions used for culturing hMSC line in PBS 3L Vertical-Wheel
TM

 (PBS-

3 Air) and stirred tank (ST) bioreactors. 

Bioreactor PBS-3 Air ST 

Stirring rate  

(rpm) 
17 40-45 

Specific power input 

 (W/m
3
) 

0.3 
Average: 0.1-0.2 

Impeller: 0.6-0.8 

Mixing Time  

(sec) 
18 56 

Kolmogorov Length Scale 

(ʅm) 
151 

Average: 220-202 

Impeller: 157-143 

Shear stress rate  

(N/m
2
) 

0.021 
Average: 0.008-0.010 

Impeller: 0.019-0.024 

 

With the objective of providing engineering correlations to guide the design 

of ST bioreactors for microcarrier cultures, Croughan et al. have established a 

relationship between KLS and cell growth inhibition and death rates (Croughan et 

al., 1987, 1988) identifying a critical threshold for KLS above which no harm to 

cells occurs. For cell culture on microcarriers, this threshold corresponds to 

approximately 130 µm (Croughan et al., 1988). The estimated KLS values for PBS-3 

Air and average KLS in ST bioreactor are above that critical length: the lowest 

value estimate was 133 µm for PBS-3 Air (Table 3.3).  

Shear stress is an essential parameter for the design and operation of ST 

bioreactors used for cultivations involving shear-sensitive cells. This is an 
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important engineering correlation since it is a function not only of the impeller 

speed or SPI but also of the density and rheological properties of culture medium. 

From the several descriptions available in the literature for microcarrier cultures, 

Croughan et al. reported shear stress levels detrimental for cell growth roughly an 

order-of-magnitude higher than those estimated in our study for the culture 

conditions used (Table 3.3) (Croughan et al., 1989). 

 Although different bioreactor scales of PBS-3 Air (2.2 L) and ST (0.25 L) 

bioreactors were used in this study, we believe that the results reported in the 

following sections can be directly compared. ST bioreactors have been used for 

decades and during this period, engineering/hydrodynamic parameters have been 

extensively explored and used to assist the transfer of processes from lab (e.g., 2 

L) to manufacturing scale (e.g., >500 L). Importantly, in all these scaling-up 

processes, the main objective is to maintain constant as much hydrodynamic 

parameters as possible. Translating this concept to our study, the results obtained 

with a 0.2 L can be comparable to a 2 L scale as long as the hydrodynamic 

conditions are kept similar. 

3.2 hMSC production 

The impact of bioreactor design on the growth, metabolism, and quality of 

hMSC derived from bone marrow was evaluated based on the following 

parameters: seeding efficiency, microcarrier colonization, growth rate, expansion 

factors, actin organization, apoptosis, metabolite consumption/production, and 

hMSC phenotype.  

An intermittent agitation scheme was used with the aim of promoting cell 

attachment during the first hours after inoculation (Table 3.2). Using this strategy, 

more than 95% of seeded hMSC attached to microcarriers 12 h after inoculation in 

both types of bioreactor cultures. Despite these similar seeding efficiencies, a 
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higher percentage of colonized beads were attained in the PBS-3 Air (68% ± 6%) 

when compared with ST bioreactor (48% ± 16%) (Figure 3.2A-B). 

  

Figure 3.2. hMSC expansion in PBS-3 Air and ST bioreactors. A) Representative images of 

hMSC at day 1 of culture (green: live cells stained with FDA; red: dead cells stained with PI; 

scale bars: 200 mm). B) Percentage of colonized microcarriers and C) cell growth curves, 

expressed in terms of cell concentration per volume of medium, in PBS-3 Air (orange 

circles) and ST (blue circles) bioreactors. Data are mean ± standard deviation of two 

replicates. 

 

These results might be a direct consequence of the more efficient and gentle 

mixing characteristics of PBS-3 Air (Table 3.3). At day 6, empty microcarriers were 

added to the cultures to provide additional area available for cell growth, as 

described previously (Hervy et al., 2014). In both bioreactor systems, hMSC were 

able to migrate to empty microcarriers and proliferate (Figure 3.2B-C and Figure 

3.3A). Again, the percentage of colonized microcarriers was higher in the PBS-3 Air 
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from day 7 to day 12 (Figure 3.2B), confirming that cell migration was more 

efficient in this system. The more homogenous microcarrier colonization and 

better migration efficiency observed in the PBS-3 Air bioreactor resulted in higher 

percentages of proliferative cells and were significantly different at days 3 and 9 of 

culture when compared with ST bioreactors (Figure 3.3A). However, the 

differences observed in cell volumetric concentrations between PBS-3 Air and ST 

bioreactors throughout culture time (Figure 3.2C) were not statistically significant; 

in both bioreactor systems hMSC displayed similar maximum growth rates (0.012 

h-1 in PBS-3 Air vs. 0.010 h-1 in ST bioreactor) and expansion factors (12 and 11, 

respectively). The maximum cell concentration achieved in both bioreactor 

systems (3 × 105 cell/mL) were lower than other reports in the literature (Caruso 

et al., 2014; Dos Santos et al., 2014; Goh et al., 2013). 

The difference in the cell growth profile may reflect the distinct cell origins 

(hMSC were isolated from the bone marrow of different donors), and the different 

culture conditions such as the microcarrier type, medium formulation, culture 

system, and operation mode. It is important to highlight that in our study, hMSC 

were cultured under well-defined conditions using synthetic microcarriers and 

xeno- and serum-free culture medium, which facilitates process transfer to a 

GMP- compliant environment. Further studies should be carried out in the future 

to test hMSC derived from different tissue origins and isolated from different 

donors in order to confirm the robustness of the PBS-3 Air bioreactor process 

implemented in this study and integrate biological variability.  

Actin organization is believed to play a pivotal role in hMSC phenotype 

(Mammoto & Ingber, 2009) and proliferation capacity (Sart et al., 2013). 

Bioreactor design did not impact the actin organization since the hMSC displaying 

organized actin fibers were observed in both culture systems at days 6 and 14 

(Figure 3.3B-C). The percentage of apoptotic cells was also assessed at these time- 

points. Although no differences were observed at day 6, a significantly higher 
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percentage of apoptotic cells were observed in ST at day 14 (Figure 3.3D). These 

results might be explained by the lower shear stress and more efficient mixing 

environment of PBS-3 Air bioreactors (Table 3.3).  

The consumption of glucose and glutamine as well as the production of 

lactate and ammonia were monitored throughout the culture period (Figure 3.3E). 

Results show that bioreactor design did not impact cell metabolism since similar 

consumption and production rates were observed. The yield Lac/Glc (YLAC/GLC) was 

approximately 2 for both bioreactor types, which is in accordance with results 

described in the literature for various types of stem cell during the self- renewal 

process (Zhang et al., 2012). Measurements of glucose and glutamine 

concentrations showed that there was no complete depletion of these nutrients 

during culture period (Figure 3.4). Moreover, the accumulation of lactate and 

ammonia was always below the growth-inhibitory concentrations (<8 and <1 mM, 

respectively) (Schop et al., 2010).  

It is well known that the cellular and immunophenotype of hMSC depend not 

only on the isolation protocol but also on the culture conditions (Bocelli-Tyndall et 

al., 2015; Sotiropoulou et al., 2006). Our results showed that both bioreactor 

types were able to maintain the hMSC cellular phenotype; hMSC were negative 

for hematopoietic CD34 and CD45 markers and displayed high levels of CD44, 

CD73, CD105, CD90, and CD166 mesenchymal stem markers (Figures 3.5A-B). 

According to the International Society for Cellular Therapy, hMSC are also 

considered HLA-DR-negative with no/reduced (below 5%) expression of HLA-DR 

surface molecules (Dominici et al., 2006). Importantly, in our work, we 

demonstrated that the percentage of HLA-DR positive cells was significantly 

reduced when hMSC were cultured in PBS-3 Air bioreactor (from 22% at the 

inoculum time to 3% at day 14) than the cells expanded in ST bioreactors (30% at 

day 14) (Figure 3.5B), suggesting that it might be the consequence of the different 
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cell culture conditions provided by the different bioreactor 

configurations/hydrodynamics. 

 

Figure 3.3. Characterization of hMSC during expansion in PBS-3 Air and ST bioreactors. A) 

Percentage of proliferative cells evaluated at days 3, 6, 9, and 14 of culture in PBS-3 Air 

(orange bars) and ST (blue bars) using Click-iT EdU flow cytometry assay kit. B) 

Representative image of actin organization of hMSC attached to microcarriers in PBS-3 Air 

at day 6, assessed by cell staining with phalloidin FITC (green; nuclei stained in blue); white 

arrows show cortical actin and red arrows show globular actin (scale bar: 50 mm). C) 

Percentage of hMSC with actin fibers (dark gray bars) or granular actin (light gray bars) 

organization estimated by microscopic evaluation. D) Percentage of apoptotic cells 

assessed by NucView
TM

 dye and flow cytometry at days 6 and 14. Data are mean6standard 

deviation of two measurements. E) Specific rates of glucose (GLC) and glutamine (GLN) 

consumption and lactate (LAC) and ammonia (NH4
+
) production for hMSC growth and 

hMSC migration and growth phases in PBS-3 Air (orange bars) and ST (blue bars) 

bioreactors. Data of hMSC growth phase are mean6standard deviation of mean of two 

independent experiments; data of hMSC growth and migration phase are mean6standard 

deviation of two replicates. Asterisks indicate significant difference (*P<0.05). 

Finally, in both bioreactor strategies, expanded hMSC were able to reattach 

on plastic surfaces and presented the ability to form colony forming units (CFU), 

showing similar number of colonies (83 ± 9 in PBS-3 Air and 83 ± 5 in ST). The 
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multipotent differentiation potential of hMSC was similar in both PBS-3 Air and ST 

since they could successfully differentiate into adipocytes, osteocytes, and 

chondrocytes (Figure 3.5C). No spontaneous differentiation was observed (data 

not shown). In future studies it will also be important to evaluate whether the 

gene expression profile and the paracrine activity of hMSC are affected by the 

expansion process using different bioreactor systems. It has been described in the 

literature that the cell culture system (planar technologies vs. microcarrier-based 

stirred systems) and operation conditions (e.g., hypoxia) greatly impacts and 

regulates the secretion of bioactive molecules such as growth factors, immune 

modulating and anti- inflammatory molecules, and anti-cancer factors (Hupfeld et 

al., 2014; Madrigal et al., 2014). 

 

 

Figure 3.4. Metabolite concentration profiles during hMSC expansion in both 

bioreactors. Concentration profiles of Glucose, Lactate, Glutamine and Ammonia (NH4
+
) 

during hMSC growth and migration.  
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Figure 3.5. Quality control assays of hMSC expanded in PBS-3 Air and ST bioreactors. A-

B) Flow cytometry analysis of percentages of hMSC markers CD90, CD73, CD105, CD166, 

CD44, and non-hMSC markers CD45, CD34, as well as HLA-DR at day 0 (gray bars) and day 

14 after expansion in PBS-3 Air (orange bars) and ST (blue bars) bioreactor. Representative 

histo- grams from flow cytometry analysis of hMSC after expansion in PBS-3 Air are 

included in (A). C) Multilineage differentiation potential of hMSC expanded in each 

bioreactor; cell differentiation was induced for up to 21 days then assessed by staining for 

adipogenesis (Oil Red-O), osteogenesis (Alizarin red), and chondrogenesis (Alcian blue); 

(Scale bar: 100 mm). Asterisks indicate significant difference (*P<0.05). 

 

4. Conclusions 

This study demonstrates the applicability of Vertical-WheelTM bioreactor for 

microcarrier-based hMSC expansion processes. Hydrodynamic studies and 

calculations were performed in this bioreactor, allowing for the estimation of key 
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hydrodynamic parameters such as power input, mixing time, and Kolmogorov 

length scale. Higher percentage of proliferative cells was observed in PBS-3 Air 

when compared with ST bioreactor. However, this does not translate into 

significant differences in cell volumetric concentration, expansion factor, or 

metabolic performance. Both bioreactor system types investigated here were able 

to maintain the hMSC phenotype and multipotent differentiation potential. 

Noteworthy, the hMSC population generated in the PBS-3 Air showed a 

significantly lower percentage of apoptotic cells as well as reduced levels of HLA-

DR positive cells when compared with the cells produced in the ST bioreactors, 

which may be an important finding for the clinical application of these cells. 

Further studies are required to understand the effect of bioreactor hydrodynamics 

and culture conditions in modulating HLA-DR surface expression of hMSC.  

Overall, these results show that process transfer from ST bioreactor to PBS-

3 Air and scale-up of hMSC expansion was successfully carried out. Regarding a 

new 3-dimensional manufacturing platform for cell therapy process development, 

PBS-3 Air bioreactors offer benefits over ST systems. The low shear stress mixing 

environment of Vertical-Wheel bioreactors address the key scalability limitation of 

existing platforms and thus they are positioned to become a potential boon for 

the needs of emerging cell therapy applications. 
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Abstract 

Chronic heart failure represents a major cause of mortality worldwide and is 

still an unmet clinical need arising from the loss of viable and functional cardiac 

muscle. There is a need to identify key molecules and signaling pathways acting on 

the coronary vasculature system towards regenerative therapies. Human induced 

pluripotent stem cells (hiPSC) are an attractive cell source to understand the 

regulatory networks involved in cardiac commitment and cardiomyocyte (CM) 

differentiation. Particularly, CCBE1 (collagen and calcium-EGF biding domain 1) 

gene was identified in heart precursors of first and second heart field, and 

proepicardium in mouse embryos from day (E)7.0 to (E)9.5. Noteworthy, 

mutations in CCBE1 have been associated with Hennekam syndrome, 

characterized by abnormal lymphatic system and congenital heart defects. This 

strongly argues that CCBE1 may have a determinant role during heart 

morphogenesis/specification and could contribute to regenerate cardiac tissue 

upon heart injury. Within this context, our main aim was to examine the CCBE1 

functional role in cardiac commitment and CM development by taking advantage 

of gene editing tools for loss-of-function studies.  

A modified hiPSC line with CRISPR interference technology (CRISPRi), 

harboring a doxycycline-inducible deactivated Cas9, was used to selectively 

knockdown (KD) the CCBE1 expression. The CCBE1 KD led to a reduction on the 

expression of cardiac troponin marker TNNT2 and on the ratios of MYH7:MYH6 

and TNNI3:TNNI1, and to an immature-related ultrastructure, suggesting that 

CCBE1 may modulate the CM phenotype. On the other hand, the EC 

differentiation was not impaired by CCBE1 KD. Therefore, CCBE1 might have a key 

role on CM maturation. This work would provide novel insights towards the 

development of CCBE1-mediated therapeutic strategies for cardiac regenerative 

medicine. 
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1.Introduction 

Chronic heart failure (CHF) arising from the loss of viable and functional 

cardiac muscle represents a major cause of mortality worldwide. Coronary artery 

(CA) anomalies are one of the major cause of myocardial infarction (MI). A 

variable incidence has been reported, ranging from 0.21 to 5.79% of the general 

population (Pérez-Pomares et al., 2016). Despite this prevalence and clinical 

relevance of CA anomalies, the cellular and molecular mechanisms beyond their 

impact on adult pathophysiology are still unknown. Hence, there is a need to 

identify the key molecules and signaling pathways acting on the coronary 

vasculature system development towards regenerative therapies.  

Vascular Endothelial Growth Factor-C (VEGF-C) was firstly described as a 

master regulator of lymphangiogenesis (Joukov et al., 1997), but has also been 

indicated as a key molecule for the coronary vasculature development (Chen et 

al., 2014a; Chen et al., 2014b). The proliferation and migration of lymphatic 

endothelial cells (LEC) is driven by the activation of VEGF receptor 3 (VEGFR-3) 

through VEGF-C. Moreover, the correct processing of pro-VEGF-C into an active 

molecule relied on the formation of an extracellular activation complex, 

comprising the collagen and calcium binding EGF domains 1 (CCBE1) protein and 

the protease A disintegrin and metallopeptidase with thrombospondin type 1 

motif 3 (ADAMTS3) (Bos et al., 2011; Bui et al., 2016; Jeltsch et al., 2014). CCBE1 

protein is characterized by two EGF domains and two collagen repeats at N- and 

C-terminals, respectively. In humans, mutations in CCBE1 gene were identified in 

patients with Hennekam syndrome, an autosomal recessive disorder, displaying 

diverse pathological features like lymphedema, lymphangiectasia and heart 

defects (Alders et al., 2009; 2012). Moreover, two different studies reported the 

expression of CCBE1 in heart precursors of first heart field and second heart field, 

and proepicardium in mouse embryos from day E7.0 to E9.5, as well as in the 
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bilateral cardiogenic mesoderm in chicken embryos (Facucho-Oliveira et al., 2011; 

Furtado et al., 2014). Recently, the regulation of VEGF-C signaling by CCBE1 was 

also demonstrated in mouse models, where coronary vascular defects were 

observed in CCBE1 and Vegfc mutants (Sharma et al., 2017, Bonet et al. 2018).  

These data suggest that CCBE1 may have a determinant role during heart 

morphogenesis/specification. 

Human induced pluripotent stem cells (hiPSC) are an attractive cell source to 

investigate regulatory networks involved in cardiovascular development. 

Furthermore, by combining genome-engineering strategies and hiPSC 

technologies it is possible to generate human cellular disease models in a precise 

and controlled manner (Hendriks et al., 2016). CRISPR-Cas9 technology has 

emerging as versatile gene editing/regulation tool using a nuclease/nuclease-

deficient Cas9, which retains the ability to target specific sequences and cleaving 

(Cas9) or not (dCas9) the DNA. Nowadays, this system has a tremendous impact in 

basic or clinical research settings (Adli, 2018). 

The current study was designed to explore the hypothesis that CCBE1 is a 

modulator of hiPSC cardiac commitment by combining hiPSC cardiac 

differentiation and CRISPR interference genomic editing technology for temporal 

control of CCBE1 loss-of-function phenotype. 

2. Material & Methods 

2.1 Human iPSC lines 

hiPSCs lines were used, a wild-type genetic background C (hereafter 

designated as WTC) and a modified and inducible CRISPRi Gen1C (hereafter 

referred to as CRISPRi) that express the deactivated Cas9 (dCas9) fused with the 

repressor KRAB domain from the inducible TetO promoter (TRE3G). mCherry 

reporter gene is under the control of the same inducible promoter (at 
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downstream of dCas9-KRAB, separated by p2A). These hiPSC were generated by 

Mandegar MA and colleagues (Mandegar et al., 2016) and provided by The J. 

David Gladstone Institutes. 

2.2 Culture of hiPSC 

2.2.1 hiPSC expansion 

hiPSC lines were routinely propagated in static culture systems (6-well plates) 

coated with growth factor reduced Matrigel® (BD Biosciences) in mTeSR1
TM

 media 

(STEMCELL Technologies), according to the protocol described by Mandegar MA 

et al. (Mandegar et al., 2016). Cells were maintained under humidified 

atmosphere with 5% CO2 at 37°C. 

2.2.2 hiPSC cardiomyocyte differentiation 

hiPSC were differentiated into CM in monolayer culture systems, according to 

protocol recently published by our group (Correia et al., 2018). Briefly, hiPSC were 

harvested and dissociated as single cells using Accutase (STEMCELL Technologies) 

and seeded at a density of 7-9 × 10
4 

cell/cm
2
 in Matrigel-coated 6 well plate or µ-

Slide 4 well formats. Two days after cell seeding, the differentiation was induced 

by replacing the mTeSR1
TM

 (STEMCELL Technologies) by RPMI supplemented with 

2% B27 minus insulin (Invitrogen), 12 µM CHIR99021 (Biogen Cientifica S.L), 80 

ng/mL Activin A (PeproTech) and 50 µg/mL Ascorbic acid (Sigma-Aldrich) as shown 

in Figure 4.1A. At day 1 of differentiation, the media was replaced by RPMI 

supplemented with 2% B27 minus insulin, 5 µM IWR-1 (Sigma-Aldrich) and 50 

µg/mL ascorbic acid. At day 3, cells were incubated with RPMI supplemented with 

2% B27 minus insulin and 5 µM IWR-1. From day 6 until day 15, the medium was 

exchanged 3 times per week with the RPMI supplemented with 2% B27 minus 

insulin. Cells were maintained under humidified atmosphere with 5% CO2 at 37°C. 
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2.2.3 hiPSC endothelial differentiation 

hiPSC were differentiated into endothelial cells according to the protocol 

described elsewhere (Giacomelli et al., 2017) (Figure 4.5). Cells were seeded at 

1.25 × 10
4
 cell/cm

2
 in Matrigel-coated 6 well plate format 24 hours before the 

differentiation process start. At day 0 of differentiation, the medium was replaced 

by APEL-Li (STEMCELL Technologies) supplemented with Activin A (20 ng/ mL), 

BMP4 (20 ng/mL) and CHIR99021 (1.5 µM). The medium was replaced every 3 

days by APEL-Li supplemented with VEGF (50 ng/mL) until day 10 of 

differentiation. Cells were maintained under humidified atmosphere with 5% CO2 

at 37°C. All supplements were supplied by Peprotech.  

2.3 CCBE1 knockdown: gRNA design, cell electroporation and 

selection 

For CCBE1 knockdown, four gRNAs were designed to target near the 

transcription start site (TSS) of CCBE1 (150 bp upstream and downstream). All 

gRNAs were phosphorylated, annealed and cloned into the pgRNA-CKB was a gift 

from Bruce Conklin (Addgene plasmid # 73501) at BsmBI restriction site. All the 

cloning steps were performed as described elsewhere (Mandegar et al., 2016). 

gRNA oligo sequences are listed in Table 4.1.  

The pgRNA-CKB expression vector, containing mKate2 as reporter gene and 

blasticidin as antibiotic selection marker (mKate2-T2A-Bsd), was transfected into 

CRISPRi cells using the NeoTransfection System (Thermo Fisher Scientific) 

aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs, using the following conditions: 1) 

1400 V, 20 ms, 2 pulses; 2) 1100 V, 30ms, 1 pulse. CRISPRi cells (2×10
6
 cells) were 

tƌaŶsfeĐted ǁith ϱ μg of ǀeĐtoƌ ĐaƌƌyiŶg a CCBEϭ-specific gRNA generating the 

CRISPRi-CCBE1 KD cell line or with empty pgRNA-CKB vector to generate the 

CRISPRi-Ctrl cell line (control condition). 
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Table 4.1. List of gRNA oligo sequences. Each gRNA indicates the binding relative to the 

transcription start site (TSS) of CCBE1 gene, and whether they target the template (T) and 

non-template (NT) strand. Forward and reverse primers for cloning into the pgRNACKB 

gRNA-expression vector are listed fƌoŵ ϱ’ to ϯ’. Legend: KD – knockdown. 
 

gRNA Name 

(Targeting Strand) 

Oligo Sequences 

ϱ’ – Forward Primer – ϯ’ 
ϱ’ – Reverse Primer – ϯ’ 

CCBE1 g-145 (NT) TTGGAAGGGGGTACCTGCGGTGTC 

AAACGACACCGCAGGTACCCCCTT 

CCBE1 g-82 (NT) TTGGCAGGGGTCCGGAATATTATG 

AAACCATAATATTCCGGACCCCTG 

CCBE1 g+22 (T) TTGGAGCAGGACGCTTGGTCCGGA 

AAACTCCGGACCAAGCGTCCTGCT 

CCBE1 g+37 (NT) TTGGTCCCAGCGCCGAGCTCCGTC 

AAACGACGGAGCTCGGCGCTGGGA 

 

Twenty-four hours post transfection, blasticidin selection (10 µg/mL) was 

applied in mTeSR1 supplemented with Y-27632 (10 μMͿ. Stable colonies were 

pooled and passaged five times to enrich for cells with integration into sites of 

active transcription. The percentage of nucleofected cells was evaluated by 

mKate2 expression using the inverted fluorescence microscope (Leica 

Microsystems GmbH). 

CRISPRi mediated gene knockdown studies (using CCBE1 g+37) were 

performed by supplementing the media with doxycycline (Dox; 2 µM). To allow 

the CCBE1 expression, cells were cultured in the absence of Dox. The gene 

knockdown efficiency was examined by RT-qPCR.  

2.4 hiPSC Characterization 

243.1 Cell proliferation 

The percentage of proliferating cells was determined using Click-iT EdU Flow 

Cytoŵetƌy Assay Kit aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ’s ƌeĐoŵŵeŶdatioŶ ;Life 

Technologies). All samples were analyzed in a CyFlow® space instrument (Partec 

GmbH, Germany). At least 10,000 events were registered per sample. 
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2.3.2 Immunocytochemistry 

The detection of cardiomyocyte marker cardiac troponin T (cTnT) in both iPSC 

cultures (CRISPRi-Ctrl and CRISPRi-CCBE1 KD) was performed as described 

elsewhere (Serra et al., 2011). Preparations were visualized in a point scan 

confocal microscope (SP5, Leica).  

2.3.3 Flow Cytometry  

Cells along expansion and differentiation were collected and dissociated as 

single cells using Accutase for undifferentiated cells and TrypLE
TM

 Select (Gibco 

Life Technologies) for differentiated cells. 

For membrane markers detection, cells were detached, washed with PBS 

containing 2% (v/v) FBS (washing buffer), and then incubated for 1 hour at 4°C 

with the primary/conjugated antibody. After two washing steps cells were 

incubated with the suitable secondary antibody for 30 min at 4°C. After this time, 

cells were washed twice in washing buffer. 

For intracellular markers detection, the washing, fixation and antibody 

incubation steps were performed using Inside Stain Kit, according to the 

ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs and the protocol described elsewhere (Correia et al., 

2018). Samples were analyzed in a CyFlow® space instrument (Partec GmbH, 

Germany). At least 10,000 events were registered per sample. Data was examined 

using FlowJo software.  Primary and secondary antibodies used are listed in Table 

4.2.  

2.3.3 mRNA Extraction and RT-qPCR  

Cell pellets were collected and washed with PBS, snap-freezed with liquid 

nitrogen and stored at -80°C until mRNA extraction. 

mRNA was extracted using a High Pure RNA isolation Kit (Roche) according to 

ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs aŶd ƋuaŶtified iŶ the NaŶoDƌop 2000c (Thermo 

Fisher).  
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Table 4.2. List of all antibodies and appropriate dilution used for immunocytochemistry 

and flow cytometry. 

  
Antibody Origin Supplier Catalog No. 

Dillution 

(Application) 

 

P
ri

m
a

ry
 

Oct-3/4 Mouse Santa Cruz sc-5279 1:10 (FC) 

 TRA-1-60 Mouse Santa Cruz sc-21705 1:10 (FC) 

 
TroponinT Mouse 

Thermo 

Scientific 
MS-295-P1 1:200 (FC,IC) 

 

S
e

co
n

d
a

ry
 

Alexa 488, anti-

mouse IgG1 
Goat 

Life 

Technologies 
A-21121 1:200 (FC, IC) 

 Alexa 488, anti-

mouse IgM 
Goat 

Life 

Technologies 
A-21042 1:200 (FC, IC) 

 

C
o

n
ju

g
a

te
d

 

SSEA1-FITC Mouse BD Biosciences 560127 1:10 (FC) 

 VCAM-1 (CD106) PE Mouse BD Biosciences 555647 1:5 (FC) 

 SIRPα/β ;CDϭϳϮͿ PE Mouse BioLegend 323805/323806 1:5 (FC) 

 

Is
o

ty
p

e
 FITC Mouse IgM BD Biosciences 553474 1:400 (FC) 

 Mouse IgG1 Santa Cruz sc-2877 1:2.5 (FC) 

 Mouse IgGƙϭ-PE Santa Cruz sc-2878 1:5 (FC) 

  Note: FC, flow cytometry; IC, immunocytochemistry. 

  

cDNA synthesis was carried out using the Transcriptor High Fidelity cDNA 

Synthesis Kit (Roche). RT-qPCR reactions were performed using the LightCycler 

480 Instrument II 384-well block (Roche) and the program cycles as follow: pre-

incubation for 10 minutes at 95°C; 45 cycles of amplification with denaturation at 

95°C for 15 seconds, and annealing at 60°C for 1 minute; extension at 72°C for 5 

minutes. The primers and probes used in this work are listed in Table 4.3. The 

Cycle threshold (Ct) was determined using LightCycler 480 Software version 1.5 

(Roche). The results were analyzed as described elsewhere (Livak & Schmittgen 

2001), using the 2
-ΔΔCt

 method for relative gene expression analysis. The gene 

expression data was normalized using two housekeeping genes, RPLP0 and 

GADPH, and represented relative to a control sample (set at 1).  
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Table 4.3. List of all Primers used in RT-qPCR (purchased from Life Technologies). 

Gene Reference Gene Reference 

CCBE1 Hs99999905_m1 MYL2 Hs00166405_m1 

Nanog Hs02387400_g1 MYL7 Hs00221909_m1 

POU5F1 Hs00999632_g1 MYH6 Hs01101425_m1 

T Hs00610080_m1 MYH7 Hs01110632_m1 

KDR Hs00911700_m1 TNNI1 Hs00913333_m1 

MESP1 Hs00251489_m1 TNNI3 Hs00165957_m1 

GATA4 Hs00171403_m1 PECAM-1 Hs01065279_m1 

Nkx2.5 Hs00231763_m1 CDH5 (VE-cadherin) Hs00901463_m1 

VCAM-1 Hs01003372_m1 RPLP0 Hs99999902_m1 

TNNT2 Hs00165960_m1 GAPDH Hs99999905_m1 

    

2.3.4 Transmission electron microscopy (TEM) 

Monolayers of differentiated CRISPRi-Ctrl and CRISPRi-CCBE1 KD cultures (day 

15 of differentiation) were fixed in 2% (v/v) paraformaldehyde and 2% (v/v) 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h and subsequently 

washed four times in 0.1 M phosphate buffer before fixation with osmium 

tetroxide (1% (v/v) in 0.1 M phosphate buffer) for 30 min on ice in the dark under 

agitation. After two washes with 0.1 M phosphate buffer and two washes with 

water, samples were incubated with tannic acid (1% (w/v) in water) for 20 min, on 

ice. After five washes with water, the samples were contrasted with aqueous 

uranyl acetate (0.5% (w/v), 1 h, on ice, in the dark), washed three times in distilled 

water and dehydrated in a graded series of ethanol (30%, 50%, 75%, 90%, 100% 

(v/v)). Finally, samples were embedded in epon resin. Ultrathin sections of cell 

monolayers were cut on a Leica UC6 ultramicrotome using a diamond knife. 

Sections were collected on formvar-coated slot grids, stained with lead citrate, 

and analyzed on a FEI Morgagni 268 at 80 kV. Images were taken with an Olympus 

MegaView III using the iTEM software. 
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2.4 Statistical Analysis 

Statistical parameters including the exact value of n, precision measures 

(mean ± SEM) and statistical significance are reported in the Figures and the 

Figure Legends. Statistical analysis was performed by unpaired Multiple t tests 

using 0.5 % False Discovery Rate (FDR) approach to compare CRISPRi-CCBE1 KD 

with CRISPRi-Ctrl at different time points of differentiation. For all graphs, data are 

represented as mean ± SEM. Results with p < 0.05 were considered statistically 

significant. GraphPad PRISM software was used for graphing and statistical 

analyses (www.graphpad.com/scientific-software/prism/). 

3. Results 

3.1 CCBE1 expression is transiently upregulated at early stages of 

cardiac differentiation 

To investigate the CCBE1 functional role in cardiovascular development, a 

modified and inducible hiPSC line, harboring the deactivated Cas9 (dCas9 fused 

with a repressor domain) under the control of an inducible promoter (TetO) 

recently developed by Mandegar and colleagues, was used (Mandegar et al., 

2016). Firstly, a phenotypic comparison between this modified hiPSC line (CRISPRi) 

with the wild type hiPSC line (WTC), holding the same genetic background, was 

performed to their their pluripotent phenotype and ability to differentiate into 

cardiomyocytes (CM). The hiPSC pluripotency was assessed at gene and protein 

expression levels.  High percentage of cells expressing stemness markers, such as 

TRA-1-60, TRA-1-81 and SSEA-4, and very low percentage of positive cells for 

SSEA-1 (early differentiation marker) were detected in both cell lines by flow 

cytometry (Figure 4.1B). Indeed, both cells expressed Oct-4 and Nanog 

pluripotency markers (Figure 4.1C). Nonetheless, the modified CRISPRi cell line 

expressed higher levels of Nanog compared with WTC line (Figure 4.1C). At the 

http://www.graphpad.com/scientific-software/prism/
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different stages of CM differentiation, both cells were able to express stage-

specific markers: Brachyury (T) at day 1, indicating the differentiation of 

mesendoderm cells; MESP1 at day 2 and 3, representing the differentiation of 

cardiac mesoderm cells; GATA4 from day 5 onwards, suggesting the cardiac 

progenitors specification; and TNNT2 from day 6 onwards, indicating the CM 

differentiation (Figure 4.1D).  

Figure 4.1. Pluripotency and cardiomyocyte differentiation of CRISPRi and WTC hiPSC 

lines – CCBE1 expression profile. A) Schematic representation of the differentiation 

protocol using growth factors and small molecules for Wnt signaling modulation as 

recently published (Correia et al., 2018). Legend: Mes - mesendoderm; Cardiac Mes - 

cardiac mesoderm. B) Flow cytometry analysis of stemness markers (TRA-1-60, TRA-1-80, 

SSEA-4) and SSEA-1 in both CRISPRi-hiPSC and WTC-hiPSC lines along the expansion 

process. C) Gene expression of stemness markers Oct-4 and Nanog relative to WTC line. 

Gene expression was quantified using the ΔΔCt method relatively to day 0 of 

differentiation of each cell line (housekeeping: RPLP0). D) Relative expression of Brachyury 

(T), MESP1, GATA4 and TNNT2 genes in WTC and CRISPRi lines along the differentiation 

into cardiomyocytes. E) Flow cytometry analysis of cardiac markers, SIRPα/β and cardiac 
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troponin T (cTnT) in both CRISPRi-hiPSC and WTC-hiPSC lines at the last day of 

differentiation. F) CCBE1 gene expression along cardiomyocyte differentiation in both WTC 

and CRISPRi lines. Gene expression was quantified using the ΔΔCt method relatively to day 

0 of differentiation of each cell line (housekeeping: RPLP0 and GAPDH). Data are 

presented as mean ± SEM of 3 independent experiments. * p< 0.05, Unpaired t-test with 

Welch's correction. 

Lower expression of GATA4 concomitantly with higher expression of TNNT2 

in CRISPRi line compared with WTC, was not translated into higher percentage of 

cardiac troponin T (cTnT)-positive cells at the end of the differentiation (Figure 

4.1D-E). Comparable percentage of differentiated cells expressing cardiac markers 

was observed in WTC and CRISPRi cell lines: 84.2 ± 0.5% and 88.2 ± 6.8% for cTnT 

and 61.3 ± 1.1% and 77.8 ± 7.7% for SIRPα/β (Figure 4.1E). Finally, CCBE1 

expression profile was also evaluated along this differentiation protocol in both 

cell lines: an initial downregulation from day 0 to day 2, followed by an increased 

expression from day 3 until day 9, and being downregulated at day 15 (Figure 

4.1F). Then, this modified CRISPRi cell line was used to pursue the CCBE1 loss-of-

function studies.  

3.2 Efficient CCBE1 knockdown in hiPSC cell line 

To determine the CCBE1 role in CM development, CCBE1 knockdown (KD) 

was performed in the modified CRISPRi cell line used in the previous section. For 

this, two cell lines were generated by nucleofection of CRISPRi cells: i) CRISPRi-

CCBE1 KD, using pgRNA-CKB vector harboring the CCBE1-targeting gRNA (g+37), 

and ii) CRISPRi-Ctrl, using empty pgRNA-CKB vector, as a control culture (Figure 

4.2A). Higher electroporation efficiencies (60 ± 4% using the pgRNA containing the 

gRNA4 and 52 ± 2% using the empty pgRNA) were attained using higher voltage 

(1400 V, Figure 4.2B). To select the electroporated cells, 15 days of blasticidin 

treatment was performed. At day 15, higher than 90 % of mKate2
+
 cells were 

observed for CRISPRi- Ctrl and CRISPRi-CCBE1 KD (Figure 4.2C). Subsequence 
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passages under blasticidin selection were performed to further increase the 

percentage of cells containing the pgRNA-CKB vector (data not shown). 

The regulation the CCBE1 expression relied on the addition of doxycycline 

(Dox) to induce the expression of dCas9-KRAB that will bind to CCBE1-targeting 

gRNA (at 37 bp after the transcription start site of this gene) blocking CCBE1 

expression (Figure 4.2A). The selected gRNA4 enabled CCBE1 expression 

interference, by knocking down CCBE1 expression in 80 % after 8 days of Dox 

addition (Figure 4.2D).  

 

Figure 4.2. CRISPRi technology for CCBE1 knockdown. A) Schematic representation of 

guideRNAs design (+/-150 nts from the transcription start site (TSS)) and selection (higher 

score); CRISPRi hiPSC electroporation with the selected gRNA; and CCBE1 loss-of-function 

(LOF) studies by doxycycline (Dox) induction. B) Electroporation efficiency of CRISPRi hiPSC 

line with CCBE1-targeting gRNA (CRISPRi-CCBE1 KD) and empty pgRNA plasmid as control 

condition (CRISPRi-Ctrl) assessed by mKate2 expression. n.e., not evaluated. C) Detection 

of mKate2 reporter on cell nuclei of efficiently electroporated cells after 15 days post-
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blasticidin selection. Scale bar, 100 µm. D) CCBE1 was knocked down by 80 % in polyclonal 

CRISPRi-CCBE1 KD after 8 days of doxycycline induction. E) Nanog expression in the 

presence or absence of doxycycline in CRISPRi-CCBE1 KD culture. F) Percentage of 

proliferative cells (EdU
+
 cells) after 8 days under doxycycline induction in both cultures. 

Data are presented as mean ± SEM of three independent experiments. * p< 0.05, ** p< 

0.01, Unpaired t-test with Welch's correction. 

CCBE1 KD did not affected the expression of stemness markers, namely 

Nanog (Figure 4.2E) neither the hiPSC proliferative capacity, showing similar 

percentage of EdU-positive cells after 8 days of Dox induction in both cultures 

(Figure 4.2F). 

3.3 CCBE1 knockdown impacts on cardiomyocyte differentiation 

To study the impact of CCBE1 knockdown (KD) during CM differentiation, 

both generated CRISPRi-Ctrl and CRISPRi-CCBE1 KD cell lines were differentiated 

under Dox induction. These cells were previously expanded for 7 days with Dox to 

guarantee that CCBE1 was efficiently knocked down (at least 80 %) at the 

beginning of the differentiation (Figure 4.3A-B). Both cell lines were differentiated 

into CM under Dox induction until day 3 of differentiation to prevent the 

fluctuation on CCBE1 expression from day 1 to day 3 (Figure 4.3B). CCBE1 KD did 

not result in phenotypic differences compared with CRISPRi-Ctrl, namely at the 

expression level of early and progenitor stage-specific genes like Brachyury (T), 

MESP1, GATA4 and Nkx2-5 (Figure 4.3B), and the proliferative capacity at day 6 of 

differentiation was maintained (Figure 4.3C). After CM differentiation (day 15), 

significant reduction on TNNT2 expression was detected in CRISPRi-CCBE1 KD than 

in CRISPRi-Ctrl cultures (Figure 4.3B). Despite this observation at gene expression 

level, the percentage of cardiac troponin T-positive cells at the end of the 

differentiation (day 15) was not affected, resulting in a CM population with higher 

than 95 % cTnT
+ 

cells (Figure 4.3D) in both conditions with similar beating rates 

(Figure 4.3E) and number of CM (data not shown). Corroborating these data, very 
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low percentage of proliferative cells (EdU
+ 

cells) were also detected at day 15 in 

both cell lines (Figure 4.3C).  

 

Figure 4.3. CCBE1 knockdown during cardiomyocyte differentiation. A) Schematic 

representation of doxycycline supplementation mode (2 µM from Day -7 until Day 3 of 

differentiation) along cardiomyocyte (CM) differentiation using both control (CRISPRi-Ctrl) 

and CRISPRi-CCBE1 KD lines. B) RT-PCR analyses of the following genes in control (CRISPRi-

Ctrl) and CRISPRi-CCBE1 KD cultures along CM differentiation: CCBE1, T, MESP1, Nkx2-5, 

GATA4 and TNNT2. Gene expression was quantified using the ΔΔCt method relatively to 

CRISPRi-Ctrl culture at day 0 (housekeeping: RPLP0 and GAPDH). C) Percentage of 

proliferative cells (EdU
+
 cells) in CRISPRi-Ctrl and CRISPRi-CCBE1 KD cultures at day 6 and 

15. D) Percentages of cTnT-positive cells at day 15 of differentiated cultures. E) Mean Beat 

Rate (beats per minute) in both cultures at day 15. Data presented as mean ± SEM of three 

independent experiments. * p< 0.05, *** p< 0.001 Multiple t-test (FDR 0.05). 
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To further investigate the effect of CCBE1 KD on CM differentiation, the 

expression of other cardiac genes in both CRISPRi-CCBE1 KD and CRISPRi-Ctrl was 

evaluated at days 6 and 15. The expression ratios of cardiac troponin I isoforms 

(TNNI1:TNNI3) and α- aŶd β-cardiac myosin heavy chain (MYH7:MYH6) were 

lower in CRISPRi-CCBE1 KD than in control condition at day 15 (Figure 4.4A). On 

the other hand, lower expression ratio of cardiac light chain genes (MYL2:MYL7) 

was detected in CCBE1 KD at day 6, though no impact of CCBE1 KD was observed 

at day 15 (Figure 4.4A). These data suggested a more immature cardiac phenotype 

in CRISPRi-CCBE1 KD cultures.  Moreover, cardiac troponin T immunostaining 

suggested randomly aligned fibers in CM derived from CRISPRi-CCBE1 KD hiPSC 

when compared to control culture (Figure 4.4C). These evidences were 

corroborated by TEM analyses, where the CRISPRi-CCBE1 KD cultures displayed a 

poorly organized contractile machinery, characterized by low myofibril density 

and orientation, variable Z-disc alignment and few mitochondria close to the 

myofibrils (Figure 4.4D-E). Whereas control cultures presented high density of 

aligned myofibrils composed by sarcomeres with organized Z-disks, A- and I-

bands, and mitochondria with prominent cristae close to the myofibrils (Figure 

4.4D-E). Indeed, significant lower sarcomere length (1.58 ± 0.13 versus 1.72 ± 

Ϭ.ϭϳͿ aŶd aligŶŵeŶt ;higheƌ staŶdaƌd deǀiatioŶ of the saƌĐoŵeƌes ’aŶgle, ϰ.Ϯ9 ± 

3.49 versus 2.68 ± 2.40) was observed in CCBE1 KD cultures compared with 

CRISPRi-Ctrl (Figure 4.4F-G). Similar results were obtained by Dox induction 

throughout the differentiation process (daily Dox addition from day -7 to day 15) 

(data not shown). 

3.4 CCBE1 knockdown has no impact on endothelial expression 

markers  

CCBE1 implication on vascular development was also evaluated by 

differentiating CRISPRi-Ctrl and CRISPRi-CCBE1 KD cell lines into endothelial cells.  
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Figure 4.4. Impact of CCBE1 knockdown on cardiomyocyte differentiation/maturation. A) 

Ratios of relative expression of TNNI3:TNNI1, MYH7:MYH6 and MYL2:MYL7 in both 

cultures at day 6 and 15. Gene expression was quantified using the ΔΔCt method relatively 

to CRISPRi-Ctrl culture at day 6 (housekeeping: RPLP0 and GAPDH). Data are presented as 
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mean ± SEM of three independent experiments. * p< 0.05, *** p< 0.001, Multiple t-test 

(FDR 0.05). B) Representative images of cTnT staining at day 15 in both cultures. Scale bar, 

50 µm and 10 µm in insight. C-D) Representative TEM images of CM from both cultures at 

day 15. Myofbrils (MF), Z-disks (Z), sarcomeric bands: A- and I-bands in panel D, 

intercalated disks (ID) and desmosomes (arrows) connecting adjacent CMs, and 

Mitochondria (M) in panel E are highlighted. Scale bars= 2μm (C), 500nm (D). E-F) 

Sarcomeres length (nm) and sarcomeres alignment (determined by the standard deviation 

of the sarcomere angle in each taken image) in both conditions was assessed from TEM 

images using Fiji Image J software. * p< 0.05, *** p< 0.001, UŶpaiƌed t test ǁith WelĐh’s 
correction. 

 

As mentioned in previous section, both cells were expanded for 7 days under 

Dox induction before endothelial differentiation for CCBE1 KD (Figure 4.5A). 

CRISPRi-CCBE1 KD and CRISPRi-Ctrl cultures were differentiated in the presence of 

Dox throughout the differentiation protocol, showing a monolayer of cells with 

endothelial-like cell morphology at the end of differentiation (day 10 in Figure 

4.5B). The normal CCBE1 expression profile along endothelial specification (Figure 

4.5C) is completely different in comparison to CM differentiation (Figure 4.1F), 

where an upregulation of CCBE1 expression was observed at day 4, achieving even 

higher expression until the last day of differentiation (day 10) (Figure 4.5C). 

Despite the effective CCBE1 KD throughout the endothelial differentiation 

process, no significant changes on endothelial-related genes expression, such as 

KDR, PCAM1, CDH5 (VE-cadherin) and VCAM-1, were detected in CRISPRi-CCBE1 

KD (Figure 4.5C). Indeed, no differences were observed on the percentage of VE-

cadherin-positive cells at the last day of differentiation in CRISPRi-CCBE1 KD 

compared with CRISPRi-Ctrl (23.5 ± 0.3% and 29.2 ± 2.8%) assessed by flow 

cytometry, and these values are comparable with the ones reported in the 

literature (Giacomelli et al. 2017).  
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Figure 4.5. Effect of CCBE1 knockdown on cardiac endothelial differentiation. A) 

Schematic representation of cardiac endothelial differentiation with doxycycline induction 

(from day -7 until day 10). B) Detection of mCherry
+
 cells (cytoplasmic staining) and 

mKate2
+
 cells (nuclear staining) in both CRISPRi cells at day 3, 6 and 10. Scale bar, 100 µm. 

C) RT-PCR analyses of CCBE1, KDR, PECAM1, CDH5 (VE-cadherin) and VCAM1, genes in 

CRISPRi-Ctrl and CRISPRi-CCBE1 KD cultures along cardiac endothelial differentiation. Gene 

expression was quantified using the ΔΔCt method relatively to CRISPRi-Ctrl culture at day 0 

(housekeeping: RPLP0 and GAPDH). Data are presented as mean ± SEM of two 

independent experiments. * p< 0.05, Multiple t-test (FDR 0.05). 

4. Discussion  

The implementation of protocols to obtain individual cell types of the heart 

has been hampered by the limited knowledge on regulatory mechanisms, 

signaling pathways or key molecules involved on cardiac specification. CCBE1 has 

been suggested as a therapeutic molecule on lymphatic and vascular 

development. Its expression was detected on specific cardiac embryonic tissues 
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using mouse and chicken models, indicating that CCBE1 may play a role during 

cardiac development (Facucho-Oliveira et al., 2011; Furtado et al., 2014).  

In this work, we performed for the first time the regulation of CCBE1 

expression on a human induced pluripotent stem cell (hiPSC) line, using CRISPR 

interference gene editing technology, to unveil the role of CCEBE1 along cardiac 

commitment.  

The combination of hiPSC culture and CRISPR-Ca9 technology has been 

widely employed on biomedical research (Hendriks et al., 2016; Hockemeyer & 

Jaenisch, 2016). CRISPR-Cas9 technology has also been explored for gene 

expression control, using a deactivated Cas9 fused with a repressor (KRAB) or 

activator (VP64) to inactivate or activate the target gene expression in a precise 

and efficient manner (Dominguez et al., 2016; Qi et al., 2013). Two different 

studies were conducted in human pluripotent stem cells providing gene editing 

platforms to control gene expression (Kearns et al., 2014; Mandegar et al., 2016). 

In particular, Mandegar and colleagues reported an inducible and versatile tool to 

repress the expression of cardiac genes at cardiac progenitors and CM stages  

(Mandegar et al., 2016), which was employed herein for CCBE1 knockdown (KD) 

along CM and endothelial cells differentiation.  

The transfection efficient of guideRNAs into hiPSC for gene repression in the 

CRISPR system is absolutely critical. Here, high electroporation efficiencies (up to 

60 %) were attained using an electroporator at high voltage (1400 V), comparing 

with reported literature. These efficiencies are hiPSC line- and electroporation 

condition (voltage and pulse number)-dependent, ranging from 17 % to 64 % (Li et 

al., 2016). 

CCBE1 knockdown (KD) was successfully achieved in hiPSC (CRISPRi cell line) 

by 80 %. Similar percentages of KD were reported for other cardiac-related 

disease-causing genes, such as MYBPC3 and HERG (90 % and 60 %, respectively), 

using the same gene editing tool (Mandegar et al., 2016). We showed that CCBE1 
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KD had no impact on hiPSC stemness, neither on cardiac progenitor specification 

or endothelial cell differentiation. Noteworthy, CCBE1 KD had implications on CM 

differentiation at transcriptional level, with a downregulation of TNNT2 and lower 

ratios on cardiac troponin I genes (TNNI3:TNNI1) and cardiac myosin heavy chain 

genes (MYH7:MYH6). In humans, TNNT2 mutations have been associated with 

cardiomyopathies, where the sarcomeres are severely affected (Luedde et al., 

2010). These changes at structural level, namely on the sarcomeres length and 

alignment, were also observed in the CM derived from CRISPRi-CCBE1 KD cell line, 

indicating a more immature state of CM. The assessment of electrophysiological 

characteristics, such as action potential and calcium signaling, in differentiated 

cultured would also be valuable readouts to further delineate the impact of CCBE1 

on CM functional maturation. Nonetheless, these evidences suggest a potential 

role of CCBE1 on CM maturation, acting as a modulator of CM phenotype through 

the regulation of other cardiac genes. Until now, there are thirteen putative 

CCBE1-interacting partners identified based on reported literature, five of them 

are cardiac-related transcription factors, namely MEF2C, GATA4, TBX5, HAND2 

and MYOCD (Ingenuity Pathway Analysis) (Nam et al., 2013). The validation of 

such interactions along CM differentiation in CRISPRi-CCBE1 KD cells by combining 

the gene editing tools employed herein and proteomic-based approaches, would 

provide novel hints on CCBE1 modulatory signaling pathways in cardiac setting.  

Lower percentages of Dox-responsive cells along differentiation processes 

might affect the feasibility of this system, namely in CM differentiation only 50-80 

% of CM are responsive to Dox induction. Nonetheless, these observations were 

not detected on CM differentiation, since no CCBE1 expression is observed on CM. 

Though, in endothelial differentiation no clear differences on gene KD were 

observed throughout the culture, which was maintained at low levels (65±10 % of 

CCBE1 KD). 
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Together, our data suggest a putative role of CCBE1 as a modulator of CM 

differentiation. This work opens new avenues for the identification of CCBE1-

modulated proteins/pathways in cardiac commitment, which may contribute for 

novel and more efficacious cardiac regenerative therapies. 
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Abstract 

Collagen and calcium-binding EGF domain-1 (CCBE1) is a secreted protein 

critical for lymphatic/cardiac vascular development and regeneration. However, 

the low efficient production of the recombinant full-length CCBE1 (rCCBE1) has 

been a setback for functional studies and therapeutic applications using this 

protein.  

The main goal of this work was to implement a robust bioprocess for efficient 

production of glycosylated rCCBE1. Different bioprocess strategies were combined 

with proteomic tools for process/product characterization, evaluating the impact 

of process parameters on cell performance, rCCBE1 production and quality. 

We have shown that rCCBE1 volumetric yield was positively correlated with 

higher cell density at transfection (HDT), and under these conditions the secreted 

protein presented a mature glycosylated profile (complex N-glycans). Mild 

hypothermia was also applied to HDT condition that resulted in enhanced cell 

viability; however an enrichment of immature rCCBE1 variants was 

detected.  Mass spectrometry-based tools allowed the identification of rCCBE1 

peptides confirming protein identity in the affinity chromatography purified 

product. rCCBE1 biological activity was validated by in vitro angiogenesis assay, 

where enhanced vessel formation was observed.  

Herein, we report a step forward in the production and characterization of 

human glycosylated rCCBE1, amenable for in vitro and in vivo studies to explore its 

regenerative therapeutic potential. 
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1.Introduction 

Collagen and calcium-binding EGF domain-1 (CCBE1) protein is involved in the 

formation of lymphatic vessels and venous sprouting (Hogan et al., 2009). CCBE1 

gene encodes a 44 kDa extracellular matrix (ECM) protein, containing a calcium-

binding epidermal growth factor (EGF)-like and a EGF domains at N-terminal and 

at C-terminal two collagen-like repeats (Jeltsch et al., 2014). CCBE1 protein also 

presents post-translational modifications: two glycosylated sites and chondroitin 

sulfate in the C-terminal domain (Bui et al., 2016).  Mutations in CCBE1 gene have 

been associated with Hennekam syndrome, characterized by an abnormal 

lymphatic system and congenital heart defects (Alders et al., 2009). Besides its 

role in lymphatic vessels formation (Jeltsch et al., 2014; Roukens et al., 2015), 

CCBE1 has also been reported as an important protein in heart development 

(precursor cells͛ ŵigƌatioŶ aŶd pƌolifeƌatioŶͿ(Furtado et al. 2014; Facucho-Oliveira 

et al. 2011), as a tumor suppressor gene in ovarian cells (Barton et al., 2010) and 

as a new predictor of poor prognosis in post-operative gastrointestinal stromal 

tumor patients (Tian et al., 2016). 

Most of the recently published work on VEGF-C activation regulated by 

CCBE1 reports low efficiency in the expression of the full-length recombinant 

CCBE1 in mammalian cell lines, namely HEK-293T (Bui et al., 2016; Jeltsch et al., 

2014) or HEK-293E6 (Roukens et al., 2015). Still, high productivities were obtained 

for the truncated protein CCBE1ΔCol (containing only the N-terminal domain)(Bui 

et al., 2016), but both domains are important for in vitro and in vivo VEGF-C 

processing (Jha et al., 2017). 

Mammalian cells are often preferred over prokaryotic systems for 

recombinant protein (rProtein) production, as they can introduce proper protein 

folding, post-translational modifications (e.g. glycosylation) and product assembly, 

which are essential for the synthesis of biologically active therapeutic proteins. 
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Additionally, faster approaches to produce rProteins are sometimes preferred to 

the stable transfection strategies, achieving high protein quantity in shorter 

periods (Baldi et al., 2007). However, the reported CCBE1 production yields were 

similar using transient or stable expression systems (Bui et al., 2016; Jeltsch et al., 

2014; Roukens et al., 2015). On the other hand, the CCBE1 purification has also 

been a critical issue. Most of the downstream strategies for protein purification 

applied to ͞easǇ-to-eǆpƌess͟ pƌoteiŶs has shown high efficacy, but further 

optiŵizatioŶs aƌe Ŷeeded foƌ the puƌifiĐatioŶ of ͞difficult-to-eǆpƌess͟ proteins 

(Hussain et al., 2017).  

In the present study, we demonstrate the importance of a controlled 

bioprocess (upstream and downstream) to achieve higher rCCBE1 yield, recovery 

and quality. The impact of bioprocess parameters on CCBE1 quality, namely the 

glycosylation profile, was also evaluated through advanced high sensitivity mass 

spectrometry (MS)-based tools. 

2. Material & Methods 

2.1 Cell culture 

HEK293-EBNA1-6E cell line (National Research Council, Biotechnological 

Research Institute, Montreal, Canada) was routinely passaged twice a week (0.3 × 

106 cell/mL at inoculum) and maintained in F17 medium, supplemented with 

4 mM L-GlutaMAXTM, 0.1% (v/v) pluronic F68 and 25 mg/L G418 (all from Thermo 

Fisher Scientific). Cells were cultivated in 125 mL to 2 L shake flasks (Corning Inc) 

under orbital shaking (stirring rate: 120 rpm) at 37°C in a humidified atmosphere 

of 5% CO2 in the air. Cell concentration and viability were determined with a 

Fuchs-Rosenthal counting chamber (Marienfeld) using the Trypan Blue (Thermo 

Fisher Scientific) exclusion method. 
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2.2 Expression vector 

Human CCBE1 cDNA (gene ID 147372) synthetically synthesized with a C-

terminal 6xHis tag was amplified and cloned into pTT5 vector (Zhang et al., 2009) 

using In-Fusion PCR cloning (Takara) at HindIII restriction site. The expression 

plasmid was purified using Genopure Plasmid Maxi Kit (Roche Applied Science) 

aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s pƌotoĐol. 

2.3 Recombinant CCBE1 protein production 

2.3.1 Standard Transfection protocol (STD)   

Cells were transfected at 1.5 × 106 cell/mL with pTT5-hCCBE1 plasmid using 

polyethyleneimine (PEI, Polysciences) cationic polymer at a ratio of 1:2 prepared 

in 10% (v/v) of the total volume. Briefly, the PEI was slowly added in a dropwise 

manner to the DNA plasmid-medium mix, incubated 8 min at room temperature 

(RT) and the mix was added to the culture. Lipofectamine 2000 (Thermo Fisher 

Scientific) was also selected as an alternative transfection reagent and used 

aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s pƌotocol. Seven hours post-transfection, all 

transfected cultures were supplemented with 1% (v/v) of Ultra Low IgG Fetal 

Bovine Serum (Thermo Fisher Scientific). Shake flasks or stirred-tank bioreactors 

(STB) were used. In both systems, cells were inoculated at 1 × 106 cell/mL 24 

hours prior to transfection. In STB, cells were inoculated on Biostat Qplus 

bioreactor system equipped with six-blade Rushton impeller (Sartorius Stedim 

Biotech) under defined culture conditions. Partial pressure of oxygen (pO2) was 

set to 40% air saturation and controlled by sequentially varying the stirring rate 

(90-280 rpm) and oxygen percentage in gas inlet; pH was set to 7.4 and controlled 

by CO2 and base addition (NaHCO3); and temperature at 37°C. Data acquisition 

and process control were performed using MFCS/Win (Sartorius Stedim Biotech). 

Samples were collected daily for analysis as described in the protein 
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characterization sections. Cells and supernatant were harvested, centrifuged at 

300 x g and stored at - 80°C until further analysis.   

2.3.2 High-Cell Density Transfection protocol (HDT) 

Cells were inoculated in shake flasks at 1 × 106 cell/mL 24 hours prior to 

transfection. Cells were concentrated by centrifugation to 20 × 106 cell/mL and 

transfected with pTT5-hCCBE1 plasmid using PEI as described elsewhere without 

the addition of valproic acid 3 h after transfection (Backliwal et al., 2008). Samples 

were collected and stored as described above. Glucose supplementation (24 mM) 

was performed at 2 dpt (days post transfection) (hereafter referred to as 

37°C|GLC).   

2.3.3 Mild Hypothermia condition 

Culture condition was based on a biphasic temperature culture protocol as 

described elsewhere (Lin et al., 2015). Briefly, cells were transfected accordingly 

to both transfection protocols described above and maintained at 37°C. Twenty-

four hours after transfection, cells were transferred to a different incubator with 

lower temperature (33°C) until the last day of culture. Samples were collected and 

stored as described above. Glucose supplementation (24 mM) was performed at 2 

dpt (hereafter referred to as 33°C|GLC).   

2.3.4 Metabolic Profiling 

In all conditions, the cell metabolic profile was evaluated daily. Glucose and 

lactate concentrations were measured using the YSI 7100 MBS system (YSI Life 

Sciences). 

2.4 Recombinant CCBE1 protein purification 

Purification of secreted rCCBE1 was carried out on ÄKTA explorer 100 system 

(GE Healthcare) using two different chromatography strategies: affinity and anion 

exchange. Cell supernatant was harvested at 3 dpt, clarified by centrifugation at 
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2.000 × g for 10 min at room temperature (RT) and filtered through 0.22 µm 

membrane filters (polyethersulfone) before further purification. 

In chromatographic approach I (AEX+IMAC), anion exchange column 

(Resource Q, GE Healthcare) followed by HisTrap Fast Flow column were used for 

rCCBE1 purification from STD 37°C condition at 5 dpt. The Resource Q was 

equilibrated with 20 mM sodium phosphate buffer, pH 7.4, containing 50 mM 

NaCl, and eluted using 20 column volumes (120 mL) in a linear gradient with 20 

mM sodium phosphate buffer, 1 M NaCl, pH 7.4. The protein sample was 3x 

diluted, 7x concentrated and 8x diafiltrated using Pellicon cassette 50 cm2 10 kDa 

(Merck Millipore) into the phosphate buffer. The concentrated sample was further 

purified using HisTrap column as previous described.  

In chromatographic approach II (IMAC), the secreted rCCBE1 from HDT 37°C 

condition at 3 dpt was purified using HisTrap Fast Flow column (GE Healthcare).  

The sample was loaded onto the pre-equilibrated HisTrap column with phosphate 

buffer (20 mM sodium phosphate buffer, 20 mM imidazole pH 7.4), and then 

washed using the same buffer. The elution was performed using 3-step elution 

method with 100, 300 and 500 mM of imidazole. 

Final purified sample was 6x diluted, 7x concentrated and 8x diafiltrated with 

the storage buffer (25 mMTris/0.15 M NaCl/2 mM CaCl2, pH 7.4), using the 

previous cassette device. Glycerol (10% (v/v)) was added to the final sample, 

aliquoted and stored at -80°C. Purified protein samples were characterized by 

SDS-PAGE, Western blot and nanoLC-mass spectrometry. 

2.5 Recombinant CCBE1 protein characterization 

2.5.1 Immunocytochemistry 

The intracellular detection of rCCBE1 in HEK-293E6 was performed at 

different time points of the culture (1, 3 and 5 dpt). One million of cells were 

harvested and inoculated in a poly-D-lysine-coated coverslip (P1524; Sigma-
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Aldrich). Twenty four hours after seeding, cells were fixed in 4 % (w/v) 

paraformaldehyde in DPBS for 10 min, and then the blocking and permeabilization 

was performed for 30 min in 0.2% (v/v) fish skin gelatin (Sigma-Aldrich) and 0.1% 

(w/v) TX-100 (Sigma-Aldrich) in DPBS. After the incubation with primary antibody 

at RT for 2 hours and three washing steps with PBS, cells were incubated with 

secondary antibodies at RT for 1 hour in the dark and finally cell nuclei were 

counterstained with 4,6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific). 

Primary antibodies used were: anti-CCBE1 (ab101967; Abcam), anti-CANX 

(SICGEN; AB0037-200) and anti-GM-130 (610822; BD Transduction 

Laďoƌatoƌies™). Secondary antibodies used were: donkey anti-goat IgG-

AlexaFluor647, goat anti-mouse IgG-AlexaFluor488 and goat anti-rabbit IgG-

AlexaFluor549 (all from Thermo Fisher Scientific). Samples were visualized using 

point scan confocal (SP5, Leica) microscopy and processed using FIJI software 

(Schindelin et al., 2012). 

2.5.2 SDS-PAGE & Western Blot 

For cellular protein extraction, 1-2 million of cells were lysed in 0.2 mL lysis 

buffer containing 50 mM Tris, 5 mM EDTA, 150 mM NaCl, 1% (w/v) Triton X-100 

and protease inhibitor cocktail (Roche Applied Science). The obtained extracts 

were clarified by centrifugation at 15.000 x g for 15 min at 4°C. Total protein 

concentration was determined using BCA Protein Assay Kit (Pierce), according to 

the ŵaŶufaĐtuƌeƌ͛s iŶstƌuĐtioŶs. PƌoteiŶs fƌoŵ Đell eǆtƌaĐts aŶd pƌeĐipitated 

supernatants (200 µL precipitated in 80% (v/v) of ethanol) were resolved on a 1 

mm NuPAGE® Novex BisTris gel (Invitrogen) under reducing conditions and 

tƌaŶsfeƌƌed ǁith iBlot sǇsteŵ ;IŶǀitƌogeŶͿ, aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s 

instructions. Membranes were blocked by incubation for 1 hour with blocking 

solution (0.1% (v/v) Tween 20 and 5% (w/v) dry milk in PBS), and incubated 
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overnight with primary antibody at 4°C (1:1000 of rabbit anti-CCBE1 (Abcam; 

ab101967), 1:2000 of mouse anti-polyHistidine (Sigma-Aldrich; H1029) or 1:1000 

of mouse anti-alfa tubulin (clone DM1A, Sigma-Aldrich)). After the washing steps 

with 0.1% (v/v) Tween 20 in PBS, membranes were incubated with secondary 

antibody at RT for 2 hours according to the manufacturer´s instructions (anti-

rabbit HRP or anti-mouse HRP, Ge Healthcare Europe GmbH). Chemiluminescence 

detection was performed with ECL reagent (GE Healthcare). rCCBE1 protein 

concentration was determined by densitometry analysis of the Western blot for 

CCBE1 antibody using FIJI software (Schindelin et al., 2012). 

2.5.3 Glycosylation pattern 

Two hundred µL of culture supernatant of each condition was collected and 

clarified by centrifugation (1.000 x g for 8 min) to be further digested with 

peptide-N-glycosidase F (PNGase F) and Endoglycosidase H (Endo H). For PNGase F 

and Endo H digestion, samples were precipitated overnight at -20°C in 80% (v/v) 

Ethanol. The deglycosylation with PNGase F (Glyko® N-glycanase, Prozyme) was 

peƌfoƌŵed aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s iŶstƌuĐtioŶs. IŶ EŶdo H digestioŶ, 

precipitated proteins were solubilized in denaturation buffer (0.5% SDS and 1% β-

mercaptoethanol) for 10 min at 100°C. After the samples cooling, 2.5 mU Endo H 

and the corresponding buffers were added. Incubations were performed in 50 μl 

reaction mixtures, at 37°C, for 18 hours and the reactions were stopped by 

precipitation with 80% ethanol at -20°C. Proteins were separated by SDS-PAGE 

and analyzed by Western blot with the anti-CCBE1 antibody, as described above.  

2.5.4 LC-MS/MS and Functional annotation 

Cell extracts: cultures of HDT 37°C (3 dpt) and STD 37°C (5 dpt) were 

collected for cellular protein extraction as described in SDS-PAGE & Western Blot 

section.  Two μg of each sample were used for information-dependent acquisition 

(IDA) analysis by NanoLC-MS using TripleTOF 6600 (ABSciex, Framingham, MA, 
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USA). External calibration was performed using beta-galactosidase digest 

(ABSciex).  The 40 most intense precursor ions from the MS spectra were selected 

for MS/MS analysis. Data were acquired with the Analyst software TF 1.7 

(ABSciex). The raw MS and MS/MS data were analyzed using Protein Pilot 

Software v. 5.0 (ABSciex) for protein identification.  The search was performed 

against the protein sequences provided by the sponsor and against Swissprot 

protein Homo sapiens database. Protein identification was considered with an 

unused score greater than 1.3 (95% confidence). Analysis of the proteome list of 

each sample was performed using Venny 2.1 

(http://bioinfogp.cnb.csic.es/tools/venny/). The identification of significantly 

enriched gene ontology biological processes (GO-BP) on each analyzed sample 

was performed using DAVID Bioinformatics Resource 6.8 (Huang, Sherman, & 

Lempicki, 2008), considering a p-value < 0.05 as statistically significant. Qualitative 

proteomic analysis was performed in two technical replicates. 

Purified sample: 2 μg of purified sample (using Chromatography A described 

before) from HDT method was analyzed as described above for cell extracts. 

Qualitative proteomic analysis was performed in two technical replicates. 

2.5.5 In vitro angiogenesis tube formation assay 

Human Umbilical Vein Endothelial Cells (HUVECs) were seeded onto Matrigel-

coated 96 well plates at 55000 cell/cm2. Cells were incubated with different 

culture media: EBM-2 (positive control), rCCBE1 storage buffer (negative control) 

and 20 µg/mL of purified rCCBE1 (HDT 37°C 3 dpt, approach II of DSP). Tube 

formation after incubating for 4h, 9h and 21h was monitored and the analysis was 

performed using Angiogenesis Analyzer FIJI Plugin. 
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3. Results 

3.1 Upstream bioprocess strategies for rCCBE1 expression 

3.1.1 The effect of DNA concentration and transfection reagent on 

rCCBE1 production 

The full-length human recombinant CCBE1 protein (rCCBE1) was expressed 

using two different transfection reagents (lipofectamine and PEI) in combination 

with different DNA concentrations aiming at increasing protein production (Figure 

5.1). Higher cell growth and viability were observed at low DNA concentration (1 

µg/mL) combined with both transfection reagents (Figure 5.1A-B). Secreted 

rCCBE1 was not detected along the culture when using 5 µg DNA/mL combined 

with lipofectamine, which might be due to low cell concentration at low viability 

(data not shown). Comparable rCCBE1 secretion profiles were observed at 1 µg 

DNA/mL using both transfection reagents, with the highest amount being 

detected at 5 dpt (Figure 5.1C). One µg DNA/mL and PEI were used for all the 

following experiments of rCCBE1 production (hereafter referred to as STD 

protocol). This selection was based on its impact on cell viability and transfection 

reagent cost effectiveness (PEI vs lipo) when transferring to large-scale 

bioprocesses.  

From the results obtained in the western blot regarding the 

intracellular/secreted amounts of rCCBE1, some retention was observed during 

the first days of culture (1-3 dpt). As it is known, polypeptide processing and 

secretion might be a limiting cellular bottleneck to pƌoduĐe ͞diffiĐult-to-eǆpƌess͟ 

protein (Le Fourn et al., 2014). Hence, we investigated rCCBE1 localization by 

looking into the endoplasmic reticulum (ER) and Golgi secretory pathways. Our 

data confirmed that rCCBE1 was retained at the ER level, as evidenced by co-
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localization of CCBE1 and ER marker CANX1, but not with the GM-130 Golgi 

marker (Figure 5.1D). 

 

Figure 5.1. The effect of DNA concentration and transfection reagent type on rCCBE1 

production. Cell growth (A) and viability (B) profiles for HEK-293E6 transfected with 1, 3 

and 5 µg DNA/mL in stirred cultures using lipofectamine (Lipo) or PEI. Data represent 

mean ± standard error of 3 independent experiments. Curves fit with third order 

polynomial (cubic). C) Detection of intracellular and secreted CCBE1 along culture time in 

all conditions. Asterisk (*) denotes the 49 kDa CCBE1 and plus sign (+) denotes the higher 

MW (70-100 kDa) CCBE1. D) Confocal immunofluorescence image of CANX1, GM-130 and 

recombinant CCBE1 of HEK-293E6 transfected with 1 DNA/mL at 1 dpt. Scale bar: 25 µm 

3.1.2 High-cell density transfection and mild hypothermia impact on 

rCCBE1 production and secretion 

Aiming to improve rCCBE1 production and secretion, two different 

bioprocess strategies were further exploited: high-cell density transfection (HDT; 

20 × 106 cell/mL) and mild hypothermia (33°C). The impact of such process 
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parameters (cell concentration and temperature) on rCCBE1 production and 

quality as well as on the proteome of producing cells was evaluated (Figure 5.2). 

Higher cell concentrations were obtained in HDT condition when compared to 

STD, while similar cell viability profiles were observed in both conditions until 3 

dpt (Figure 5.2A-B). Higher production yields of secreted rCCBE1, considering both 

70-100 kDa and 49 kDa forms, were detected in HDT condition at 37°C than in STD 

condition at the same temperature (14±5.6-fold improvement in volumetric yields 

compared to STD condition) (Figure 5.2C). The temperature shift to 33°C 

maintained higher cell viability but has no impact on rCCBE1 yield when compared 

to 37°C in both STD and HDT conditions (Figure 5.2A-C). These results showed that 

HDT protocol at 37°C allowed an improved rCCBE1 production and secretion 

compared with other tested conditions. 

In this condition, a significant enrichment of biological processes (GO-BP) 

related with cellular metabolism, cell cycle/DNA metabolism and RNA 

processing/gene expression was observed when compared to STD at 37°C by 

proteomic analysis (Figure 5.2D). Proteins involved in 2-oxoglutarate and 

isocitrate metabolic processes were identified in both conditions but a higher 

number of proteins (with statistical significance) related with these GO-terms 

were observed in HDT condition. Also, proteins related to fatty acid beta-oxidation 

using acyl-CoA dehydrogenase were only identified in HDT condition (Cellular 

Metabolism plot in Figure 5.2D). Higher number of nucleotide 

metabolic/biosynthesis processes-related GO-BP terms were also significantly 

enriched in HDT condition (e.g. purine nucleotide metabolic process and 

nucleoside triphosphate biosynthesis process) (Cellular Metabolism plot in Figure 

5.2D). The observed enrichment of GO-BP terms related to DNA repair and 

recombination as well as in mRNA polyadenylation and regulation of translation in 

such condition (Cell Cycle and RNA Metabolism/Gene Expression plots in Figure 

5.2D), which might be related to the higher cell proliferation observed. A detailed 
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comparative analysis of the proteomic data regarding the protein folding and 

transport GO-BP terms in both conditions was also carried out.  

 

Figure 5.2. The impact of high-cell density transfection and mild hypothermia on rCCBE1 

production and whole cell proteome. Cell growth (A) and viability (B) of HEK-293E6 in all 

conditions. Data represent mean ± standard error of 3 independent experiments. Curves 

fit with third order polynomial (cubic). C) Detection of intracellular and secreted rCCBE1 

along culture time. Asterisk (*) denotes the 49 kDa CCBE1 and plus sign (+) denotes the 

higher MW (70-100 kDa) CCBE1. Fold improvement (FI) on rCCBE1 production in HDT 

conditions at 3 dpt relative to STD at each temperature. D) Gene ontology (GO) 

enrichment analysis for cell extracts from HDT 37°C, STD 37°C and STD 33°C cultures. 

Differentially enriched GO biological process (GO-BP) terms are presented. Logarithmized 

p-values and protein counts are graphically represented by colors and spheres, 

respectively. Non-significant GO-BP terms are represented as gray colored spheres. 

Detailed composition and statistical parameters of these GO terms are reported in 

Supplementary Table S5.1, S5.2, S5.3 E) The coverage and overlap of protein folding and 

transport-related proteins in all samples are represented in the Venn diagrams. Legend: 

HDT 37°C - transfected cells at high-cell density cultured at 37°C (3 dpt); STD 37°C - 

transfected cells at 1.5×10
6 

cell/mL cultured at 37°C (5 dpt). 
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Heat shock protein family members acting as chaperones (e.g. Hsp40 

member B1) were identified at 37°C in both STD and HDT (Figure 5.2E and 

Supplementary Table S5.1). High number of proteins related to protein transport 

was identified in HDT (63 proteins), 23 proteins were exclusively present in this 

condition (Figure 5.2E and Supplementary Table S5.2). 

3.1.3 Impact of feeding strategy on rCCBE1 production 

Cells transfected in HDT condition at 37°C rapidly consumed the glucose 

present in culture media (depletion in 2-3 dpt) with lactate accumulation 

(supplementary Figure S5.1A-B). Therefore, a feeding strategy was implemented 

by adding a pulse of glucose (24 mM Glc) at 2 dpt (Figure S5.1B). This 

supplementation resulted in improved cell viability and rCCBE1 volumetric yield 

(secreted rCCBE1), which increased 4-fold at 37°C after 7 dpt (Figure 5.3B-C). In 

mild-hypothermic conditions, the effect of glucose supplementation was also 

evaluated, where a 3-fold increase was observed in secreted rCCBE1 yield, but 

with no effect on cell viability (Figure 5.3B-C).  

Besides the increased rCCBE1 yield in supplemented cultures at 7 dpt, a 

negative impact on glycosylation profile of the secreted protein was observed. In 

batch HDT culture at 37°C at 3 dpt, the secreted rCCBE1 was only digested by 

peptide-N-glycosidase F (PNGase F), indicating the presence of N-linked complex 

glycans (Figure 5.3D). However, at 4 dpt, this protein was also digested by 

Endoglycosidase H (Endo H), suggesting the secretion of both mature and 

immature glycosylated rCCBE1. Nonetheless, this effect was also observed for 

supplemented conditions at both temperatures. Interestingly, complex 

glycosylation profile of secreted rCCBE1 was mainly observed in cultures with high 

cell viabilities (> 90 %, at 3 dpt), whereas time points with lower cell viability 

presented high-mannose glycoprotein enrichment (4 dpt onwards). As described 

before, the higher molecular weight form of secreted rCCBE1 (70-100 kDa) 
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resulted from a post-translational modification (chondroitin sulfate proteoglycan, 

data not shown). Here, in supplemented conditions the inverse correlation 

between the amounts of each CCBE1 form during time might be related to the 

chondroitin sulfated rCCBE1 stability in culture (Figure 5.3E). Despite the similar 

volumetric yield at 7dpt in different temperature cultures, a higher specific yield 

of rCCBE1 of both forms of rCCBE1 was observed for HDT 37°C (Figure 3F). 

 

Figure 5.3. Feeding strategy effect on rCCBE1 production and quality. Cell growth (A) and 

viability (B) profiles along culture of HDT at both temperatures with glucose 

supplementation. Dashed line represents Glc supplementation time. Data represent mean 

± standard error of 3 independent experiments. Curves fit with third order polynomial 

(cubic). C) Secreted rCCBE1 concentration in supplemented and non-supplemented 

conditions along culture. Western blot for CCBE1 antibody analysis by densitometry using 

FIJI software. Absolute quantification was determined through an inactive commercially 

available purified recombinant CCBE1. Error bars denote mean ± standard error of at least 

2 independent experiments. * p < 0.05 when compared to HDT 37°C at 3 dpt using t-test 

analysis. D) The percentage of digested rCCBE1 (secreted) with PNGase F or Endo H in 

supplemented and non-supplemented conditions at both temperatures. E) Relative 

rCCBE1 volumetric yield along time (normalized to 2 dpt 37°C) at both temperatures after 

glucose supplementation. Black bars represent the 70-100 kDa detected CCBE1 and gray 

bars represent the 49 kDa detected CCBE1. Western blot for CCBE1 was analyzed by 

densitometry using the ImageJ software. Error bars denote mean ± standard error of 3 

independent experiments. Two-way ANOVA analysis of 49 kDa CCBE1 form, ** p < 0.01 

when compared to 2 dpt 37°C and + p < 0.05 when compared to 3 and 4 dpt 37°C. F) 

Relative rCCBE1 specific yield at 3 and 7 dpt (values presented in panel E) were normalized 
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to the number of cells at the indicated dpt) at both temperatures after glucose 

supplementation. Legend: 37°C and 37°C|Glc - non-supplemented culture at 37°C and 

glucose supplemented culture at 37°C, respectively; 33°C and 33°C|Glc - non-

supplemented culture at 33°C and glucose supplemented culture at 33°C, respectively. 

3.2 Downstream process (DSP) strategies for rCCBE1 

purification 

Two chromatographic approaches were evaluated to optimize rCCBE1 purification 

(Figure 5.4A) using the secreted rCCBE1 produced from both STD and HDT 

conditions. The purification of rCCBE1 from STD condition (5 dpt) was performed 

using two chromatographic columns; an anion exchanger (AEX) column was firstly 

exploited to eliminate most of the impurities, followed by a diafiltration step and 

HisTrap column (IMAC) (approach I in Figure 5.4A). Low percentage of 

contaminants were detected in the elution fractions at 100 mM and 300 mM 

imidazole concentrations; however, both forms of secreted rCCBE1 (70-100 kDa 

and the 49 kDa) were eluted at 100 mM and 300 mM imidazole steps (STD in 

Figure 5.4B-C). Only 40 % of rCCBE1 (both forms) was recovered after IMAC 

(considering the 300 mM imidazole fractions), which can be associated with the 

lower ratio of rCCBE1 and contaminants in the bulk, decreasing its affinity to the 

column. This was overcome with the enhanced upstream strategies showing 

higher rCCBE1 production yield, where a single column (approach II) was needed 

to purify this protein with higher recovery yields (>95% of full-length rCCBE1) 

(Figure 5.4C). Still, only 50% of the 70-100 kDa rCCBE1 form was recovered at 300 

mM imidazole, being also eluted in the flow-through, washing and in 100 mM 

imidazole fraction (HDT in Figure 5.4C). 

3.3 Characterization of rCCBE1 protein 

Characterization of the purified rCCBE1 (using the DSP approach II) through 

MS-based tools was performed. CCBE1 protein was identified in the final purified 

product after trypsin or trypsin and PNGase F digestion, but higher sequence 
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coverage was attained with double digestion, an evidence of rCCBE1 glycosylation 

(29.1 % versus 26.9 %).  

 

Figure 5.4. DSP strategies to purify rCCBE1. A) The chromatographic approaches (I and II) 

explored to purify the secreted rCCBE1 protein using clarified supernatant from STD or 

HDT protocols cultured at 37°C. Flow-through (FT) and eluted fractions (with 100 and 300 

mM of imidazole) from IMAC using STD supernatant post-AEX chromatography (approach 

I) and HDT supernatant (approach II) were analyzed by B) SDS-PAGE under reducing 

conditions and comassie staining, and C) Western blot using anti-CCBE1 antibody. Asterisk 

(*) denotes the 49 kDa CCBE1 and plus sign (+) denotes the higher MW (70-100 kDa) 

CCBE1. Legend: IMAC - Immobilized Metal Ion Affinity Chromatography; AEX - Anion 

Exchange Chromatography; PI – protease inhibitors; [1] Culture in shake flasks; [2] Culture 

in stirred-tank bioreactors; [3] rCCBE1 detection by western blot after all purification 

steps. 
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Also, several host-cell proteins were identified as impurities of the final 

product (515 proteins identified), in agreement with SDS-PAGE profile detected 

(300 mM imidazole fractions HDT panel in Figure 5.4B). The extracted ion 

chromatograms (XIC) of LC-MS/MS data were plotted using the list of identified 

CCBE1 peptides (Figure 5.5A). Some represented XIC have multiple peaks to the 

same m/z value, which can be due to individual analyte components with the 

same m/z (different sequences with modifications or different charge states), 

which were subjected to further peak validation. Particularly, the peptide 218-

IALLPNNAADLGK-231 was represented by 3 different peaks (68.058, 77.309 and 

87.570 min); however, only the peak at 68.058 min was matched to its specific 

m/z, doubly charged [M+2H]2+ ion at m/z 655.37 (Figure 5.5A-B). As shown in 

Figure 5.5C, b2, b3, y2, y4, y6-10 and y12 ions were observed within the fragment 

ion mass tolerance range and confirmed the peptide identity (>95 % confidence). 

All other peptides were also identified with a confidence greater than 95 %.  

 

Figure 5.5. Proteomic characterization of the purified CCBE1. A) Extracted Ion 

Chromatogram (XIC) of nano-LC-MS/MS data (TripleTOF) using the list of identified CCBE1 

peptides. B) MS spectrum of [M+2H]+2 ions of the peptide IALLPNNAADLGK (monoisotopic 

m/z 655.4). C) A peptide sequence (IALLPNNAADLGK) example of CCBE1 protein produced 
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by trypsin proteolysis. Cleavage at the peptide backbone in the MS/MS would result in the 

predicted fragment ion masses shown (b- and y-type ions). Fragmentation pattern (MS/MS 

spectrum) acquired for the peptide sequence (IALLPNNAADLGK).  

 

To further demonstrate the reported ability of CCBE1 to stimulate the 

formation of lymphatic vessels and coronary vasculature (Sharma et al., 2017), the 

in vitro tube formation assay (HUVECs) was performed using the purified rCCBE1 

(HDT 37°C at 3 dpt using the DSP approach II). The results indicated that the 

presence of rCCBE1 might have an impact on the tube formation capacity, 

showing an increase on the total length of formed branches in supplemented 

condition after 9h of treatment when compared to positive and negative controls 

(Figure 5.6). 

 

Figure 5.6. The angiogenesis potential of purified rCCBE1. (A) Representative images of 

tube-like structures using HUVECs and (B) fold change in total branches length in CCBE1 

supplemented when compared with EBM-2 condition (positive control) and rCCBE1 

storage buffer (negative control) at 4, 9 and 21 h was measured using an ImageJ plugin 

(Angiogenesis Analysis). ** p < 0.01, Two-way ANOVA. 
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4. Discussion 

Several studies using CCBE1 for in vitro experiments have reported low 

productivities of the full-length rCCBE1 (1-5 nM) (Bui et al., 2016; Jeltsch et al., 

2014; Roukens et al., 2015). In this work, we exploited different approaches to 

efficiently produce and purify the full-length rCCBE1 protein and further 

characterizing it by biochemical and functional assays and using MS-based tools. 

These analytical tools were also used for in-process control allowing a better 

understanding of the impact of key process parameters on the rCCBE1 

productivity and proteome of the producer cells. The bioprocess strategies 

devised herein allowed a 3-fold improvement in full-length rCCBE1 yield (HDT at 

37°C at 3 dpt) when compared to the literature (Bui et al., 2016).  

The detection of secreted rCCBE1 only at 5 days post transfection (dpt) 

suggests a tight regulation of the secretion cell machinery along the production, as 

the normal required time for the detection of transiently produced proteins is 2 or 

3 days. The saturation of the folding machinery might have contributed to the 

protein retention in the ER for further degradation (Schröder, 2008). Thus, we 

employed alternative bioprocessing strategies to maximize the rCCBE1 production 

and secretion yields: high-cell density transfection (HDT) and mild-hypothermia. 

Increased productivities attained in HDT condition at 37°C were also reported for 

other biopharmaceuticals in mammalian cell lines (Backliwal et al., 2008; Rajendra 

et al., 2015). This alteration in transfection procedure allowed the detection of 

secreted rCCBE1 at 2 dpt with higher volumetric and specific rCCBE1 yield in 

comparison to standard culture, which might be related to higher transfection 

efficiency. A culture temperature shift from 37°C (during proliferation stage) to 

28-33°C (during stationary phase) is a well-known bioprocess strategy to reduce 

cellular metabolism while increasing recombinant protein productivity (Sunley & 

Butler, 2010; Wulhfard et al., 2008). In our work, we observed higher cell viability 
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along culture when shifting the temperature to 33°C, as observed for suspension-

adapted CHO-K1 cells (Kumar et al., 2008), but with no effect on productivities.  

The investigation of the transcriptome, proteome and/or metabolome has 

provided novel insights on cellular phenotype so as to facilitate bioprocess 

optimization, ensuring product quality and potency (Kildegaard et al., 2013). Here, 

the characterization of the whole cell proteome allowed the identification of 

enriched biological processes (GO-BP) in each culture condition explored. In HDT 

condition, the increased productivity might also overload the secretion machinery 

to continuously produce higher amount of recombinant protein. This 

phenomenon would consequently induce an oxidative stress at the ER and Golgi in 

the producer cell. This mechanism has been extensively studied as well as its 

impact on protein folding and glycosylation (Chong et al., 2017; Hussain et al., 

2014), which also represents a critical bottleneck in the bioprocessing of 

recombinant proteins. The whole proteome analysis allowed the identification of 

stress-related proteins only in HDT condition, suggesting that the increased 

rCCBE1 production might induce an oxidative stress in the ER. 

rCCBE1 glycosylation pattern can be severely affected by the culture 

conditions. The glucose starvation has a negative impact on product glycosylation 

(monoclonal antibodies or glycosylated proteins), since there is a preferential use 

of the energy metabolism substrate to generate glycosylation precursors (Liu et 

al., 2014). This might explain the decreased formation of complex-type glycans at 

7 dpt (glucose and lactate starvation) in comparison to 3 dpt. A negative effect of 

mild hypothermia condition was also observed in our study, with the presence of 

under-processed glycan structures in secreted rCCBE1 produced at 33°C (Sou et 

al., 2015). In sum, here we show that the secreted rCCBE1 must be collected at 

high cell viabilities (> 90 %) to guarantee that the extracellular protein is correctly 

processed with proper glycosylation profile (complex-type glycans), since the 
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attached glycans may have an important role for structural and functional 

properties of secreted proteins ;Kƌištić & LauĐ, ϮϬϭϳͿ. 

CCBE1 DSP studies previously reported were based on affinity 

chromatography strategies (Strep-TactinTM) (Jeltsch et al., 2014; Tian et al., 2016), 

but with no available data on the purification yield and rCCBE1 purity.  Different 

chromatographic approaches explored in our study were adapted according to the 

complexity of the bulk product. In STD condition, the use of an extra column 

(anion exchange chromatography) was required to eliminate most of the 

impurities (FBS-derived) followed by the IMAC. The most efficient strategies for 

rCCBE1 production and purifications (HDT 37°C and chromatographic Approach II) 

allowed a 25-fold improvement in rCCBE1 production and recovery compared 

with STD 37°C and chromatographic Approach I. Despite the increased rCCBE1 

recovery using such strategy (> 95% vs 40%), a higher number of impurities were 

detected and identified by nano-LC-MS/MS (516 vs 127). The produced and 

purified protein (from chromatographic Approach II) also showed an enhanced 

capacity for tube formation in vitro. 

Overall, this work provides valuable bioprocess insights to produce and purify 

a ͞diffiĐult-to-eǆpƌess͟ pƌoteiŶ aŶd deŵoŶstƌates the iŵpoƌtaŶĐe of a tightlǇ 

controlled bioprocess to attain higher rCCBE1 yield, recovery and quality. High cell 

density at transfection had a positive impact on rCCBE1 yield, whereas the 

product secretion and quality were negatively affected by glucose starvation and 

culture temperature. Also, prolonged production processes contributed to a 

decreased in product quality (mixture of high-mannose and complex-type 

glycosylation profiles). MS-based tools explored herein, such as for in-process 

control and detailed final product characterization, are important to further 

understand CCBE1 structure and host cell metabolism/pathways. In conclusion, 

we demonstrated that the herein produced and purified secreted rCCBE1 is 

correctly processed with proper glycosylation profile (complex-type glycans) and 
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angiogenesis potential suitable for further validation of CCBE1 role, e.g. along 

cardiovascular development, in both in vitro and in vivo studies. 
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7. Supplementary files 

mentary files 

 
Figure S1. Metabolites concentration in non-supplemented and supplemented HDT 

cultures. A) Glucose and lactate concentration in non-supplemented culture along time. B) 

Glucose consumption rate in STD and HDT cultures at 37°C. C) Glucose concentration in 

glucose supplemented culture along time at 37°C and 33°C. Dashed line represents glucose 

supplementation (24 mM) time point. Error bars denote mean ± standard error of 3 

independent experiments. 
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Table S5.1. List of identified proteins involved in protein folding, in each condition (HDT 

37°C and STD 37°C) at the last days of culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein Folding 

HDT 37 ºC (#67) STD 37 ºC (#65) 

P30405 P27797 Q9Y230 P25685 

Q9Y230 P25685 Q96DA6 Q13451 

Q96DA6 Q13451 P30405 Q14165 

Q32P28 Q14165 O15212 Q99832 

O15212 Q99832 Q9NZL4 P13667 

Q9NZL4 P13667 P61604 P07900 

Q8WUA2 P07900 P11142 P62873 

P61604 P14625 Q9UHV9 P14625 

P11142 O95757 Q9H3N1 O95757 

Q9UHV9 Q8WVJ2 Q9Y266 Q8WVJ2 

Q9H3N1 P62879 Q9HAV0 O95817 

P50502 P48643 Q16543 P48643 

Q9Y266 P50990 Q8IVD9 P50990 

Q16543 P50991 Q9HAV7 P50991 

Q9HAV7 P26885 P49588 P26885 

P49588 Q9Y3C6 P78371 O75347 

P78371 O75347 P17987 P30101 

P17987 P08754 P49257 P27824 

Q8NBS9 P30101 Q8NBS9 Q9BTW9 

Q99471 P27824 Q99471 O60925 

O60884 Q9BTW9 O60884 P30040 

Q08752 O60925 Q08752 Q12931 

P38646 P30040 P38646 P49368 

P14314 Q12931 P14314 P62937 

P08238 P49368 P08238 Q15084 

P10599 P62937 P10599 Q99615 

Q9UBS4 Q15084 Q9UBS4 Q99614 

Q9NQP4 Q99615 Q9NQP4 Q14697 

Q9BS26 Q99614 Q9BS26 Q96HE7 

P19784 Q14697 P40227 O75190 

O00170 Q96HE7 Q02790 O43447 

P40227 P61758 P62942 
 

Q02790 O43447 P27797 
 

P62942 
 

Q14696 
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Table S5.2. List of identified proteins involved in protein transport, in each condition (HDT 

37°C and STD 37°C) at the last days of culture. 

Transport Proteins 

HDT 37 ºC (#63) STD 37 ºC (#49) 

Q8NC96 Q96A65 Q9NZZ3 P61619 

Q13765 Q15833 Q8NC96 P35579 

Q12907 O43823 Q13765 Q53FT3 

Q9BVK6 Q96FZ7 Q12907 P51148 

Q8WUD1 P61020 Q8WUD1 P20339 

Q3ZCQ8 O94979 Q96FZ7 O75396 

Q9Y4E1 Q86UP2 P61020 P50395 

P49321 O43264 Q86UP2 Q9P2E9 

P18085 P14625 P49321 P57737 

P61106 O14828 P18085 P61923 

O15498 O14579 P61106 P62330 

O15027 P62834 P50897 P48444 

Q9NV70 Q9NP79 O15027 O95721 

O95352 Q9UP83 P14625 P84085 

Q9H6Z4 Q8N1B4 Q99598 P0CG08 

Q7Z7H5 Q9NP72 Q5JRA6 
 

Q9Y3E0 Q9UMR2 O14828 endosomal transport 

O43707 O60826 O43707 tranfficking ER-Golgi 

P84077 P51149 P84077 vesicular trafficking to membrane 

P20290 Q9Y5L4 O14579 Rab proteins 

Q9UL25 P51148 P62834 
 

Q8WUM4 Q641Q2 O00161 
 

O75165 O75396 Q9NP79 
 

Q8TEX9 P50395 P20290 
 

Q9H0U4 P57737 P49257 
 

Q53FT3 Q8IYI6 Q8WUM4 
 

Q08752 P62330 Q8TEX9 
 

P35579 P48444 Q9NP72 
 

P61619 P0CG08 Q9UMR2 
 

P61923 
 

P51149 
 

P84085 
 

Q9Y5L4 
 

P31150 
 

P61019 
 

Q8NI22 
 

Q9H0U4 
 

Q9NZZ3 
 

Q08752 
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1. Discussion 

Most of the available therapies for heart failure treatment are non-curative and 

hold no regenerative potential, foĐusiŶg oŶ aŵelioratiŶg patieŶts’ sǇŵptoŵs. 

ProŵisiŶg alterŶatiǀes ďased oŶ steŵ Đells’ poteŶtial haǀe ďeeŶ eǆplored aŶd 

assessed in several ongoing clinical trials. Nonetheless, their efficacy to promote 

heart regeneration and repair injury remains elusive and controversial. The biological 

complexity of stem cells has limited the translation of implemented protocols at 

laboratory-scale towards reliable, standardized and cost-effective platforms of cell 

therapy products  (Chamuleau et al., 2018; Lipsitz et al., 2016).    

The work developed in this thesis aimed at the implementation of strategies 

with potential for cardiac regeneration, as the: (A) development of robust and 

scalable approaches for stem cell therapy products manufacturing and (B) 

interrogation of CCBE1 functional role on cardiac commitment, as potential 

therapeutic factor. The major achievements obtained for Chapters 2-5 are 

summarized in Figure 6.1.  

1.1 Stem cell manufacturing challenges for cardiac therapies  

Defining the optimal cell source for cell-based cardiac therapies is a critical step 

due to the wide range of features that each cell type presents. This selection relies on 

different aspects: cell availability, cell potency (differentiation into specific cardiac 

derivatives or secretion of therapeutic factors), associated clinical risks, stage of heart 

failure and type of therapy (autologous versus allogeneic). Moreover, the 

manufacturing of complex biological products, as stem cells, still faces several 

technical challenges. Manufacturers have to take into consideration critical factors, 

from acquisition of starting material until product shipping, for the production of 

therapeutic cells at high quality, quantity and low cost of goods (Lipsitz et al., 2016). 
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Figure 6.1 Scheŵatic represeŶtatioŶ of thesis’ aiŵs aŶd ŵajor achievements of each chapter (2-5) towards cardiovascular regeneration 

and repair therapies. 2D- two-dimensional culture; STB- stirred-tank bioreactors; PBS-3 Air- Vertical-Wheel
TM

 bioreactor (PBS Biotech®); 
hESC- human embryonic stem cells; hMSC- human mesenchymal stem cells; CVPC- cardiovascular progenitor cells; CM- cardiomyocytes; 
EC- endothelial cells; SMC- smooth muscle cells; USP- upstream bioprocess; DSP- downstream bioprocess. 
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For translating stem cell manufacturing protocols into industrial and clinical 

settings, it is essential to implement robust, scalable, GMP-compliant and cost-

effective processes. Thus, in Chapter 2 and Chapter 3, we implemented scalable and 

controllable manufacturing processes for hESC and hMSC expansion, respectively. 

Both cells present key features with potential for heart failure treatment (revised in 

Hashimoto et al., 2018; Quevedo et al., 2009). hMSC hold a direct clinical potential 

upon transplantation in injured tissue; however, hESC will need to be first 

differentiated into cardiac derivatives as final therapeutic products for replacement 

therapies. 

In bioprocess optimization, there are three main parameters to be considered, 

which directly influence the cell characteristics (quality attributes): (i) culture media 

and matrices, (ii) physicochemical parameters and (iii) bioreactor design. Firstly, in 

Chapter 2, we evaluated the impact of different culture and process parameters on 

hESC expansion yields and phenotype. Our strategy relied on the expansion of hESC 

on xeno-free microcarriers (Synthemax II) in stirred culture conditions. This work 

showed, for the first time, the effectiveness of these xeno-free microcarriers to 

sustain high expansion yields of hESC (2×106 cell/mL), while maintaining cell 

pluripotency. Since then, other studies have shown the expansion of hiPSC using this 

strategy with similar cell growth profiles (Badenes et al., 2016; Kropp et al., 2017). 

Alternatively, the expansion of hPSC as cell aggregates was also described to support 

high cell yields (2.85-4.7 × 106 cell/mL) (Abecasis et al., 2017; Kropp et al., 2016). Both 

strategies have contributed to major progresses in hPSC cultivation in stirred 

cultures. Even though, differences in nutrients and gas diffusion into the cell 

aggregate center may lead to phenotype heterogeneity. These differences would 

have implications on the product safety and efficacy, suggesting the microcarrier-

based cultures as more controllable expansion systems. Nonetheless, the selected 

culture strategy will depend on the final application of the cell product and their own 

characteristics/requirements. 
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Our group and others have reported the beneficial effect of low oxygen levels (5-

6 % of dissolved oxygen) in improving expansion yields of mouse ESC and hESC and 

reducing spontaneous chromosomal abnormalities (Forsyth et al., 2006; Serra et al., 

2010; Baptista et al., 2013). We demonstrated the influence of low oxygen levels on 

hESC by characterizing the hESC transcriptomic and metabolic profiles. These ͞oŵiĐs͟ 

tools provided relevant findings on the physiological and metabolic changes 

occurring during the expansion process under fully defined and controlled conditions. 

These conditions favored an anaerobic glycolysis over oxidative phosphorylation, a 

well-known stemness feature (Agathocleous & Harris, 2013) that was less evident in 

the 2D culture system, also showed by Varum et al. and Zhang et al. (Varum et al., 

2011; Zhang et al., 2011). Moussaieff et al. further highlighted the critical role of 

glycolysis to ensure chromatin acetylation in ESC, maintaining their pluripotent state 

(Moussaieff et al., 2015). Unexpectedly, recent studies on hiPSC expansion as cell 

aggregates showed a switch from glycolysis to oxidative phosphorylation without 

spontaneous differentiation (Abecasis et al., 2017; Kropp et al., 2016). We 

hypothesize that the different metabolic demands/profiles can be related to the cell 

origin, hESC versus hiPSC, since the methylome of hESC differs from hiPSC that 

retains aŶ ͞epigeŶetiĐ ŵeŵorǇ͟ froŵ the soŵatiĐ Đells (Doi et al., 2009).  

It is crucial to use complementary tools/assays for in-depth characterization of 

the final cell-based product as to facilitate bioprocess optimization for different 

culture conditions. Thus, a rational platform should integrate feasible bioprocess 

strategies and rapid biological assays to achieve more accurate, stringent and 

measurable criteria for cell products characterization. 

The proposed therapeutic potential of hMSC for improving cardiac function after 

MI (Quevedo et al., 2009) has prompted its translation into clinical setting. Thus, in 

collaboration with biotechnology industry, in Chapter 3 we implemented a scalable 

bioprocess approach using a single-use low shear-stress bioreactor (Vertical-WheelTM 

PBS-3 Air, PBS Biotech®) for hMSC expansion amenable for translation into clinical-
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grade production processes. Microcarrier-based cultures are the most reliable and 

explored culture approaches to expand hMSC (Jossen et al., 2018). The xeno-free 

synthetic microcarriers explored in Chapter 2 were also used to expand hMSC. Here, 

we evaluated the impact of the bioreactor design and hydrodynamics on hMSC 

expansion and quality. For the first time, we were able to efficiently transfer the 

hMSC expansion process established in stirred-tank bioreactors towards a 2 L-scale 

manufacturing platform using this disposable bioreactor bioreactor. The 

implemented protocol allowed a high expansion yields (3×106 cell/mL) with 

homogeneous and high microcarrier colonization (up to 90 %), while maintaining the 

stem cell characteristics. Homogenous cell distribution per microcarrier during the 

attachment phase is critical to avoid formation of large hMC-microcarrier aggregates 

impairing efficient hMSC growth and maintenance of stem cell phenotype (Ferrari et 

al., 2012). Recently, Lawson T et al. reported the expansion of hMSC at 50-L pilot 

scale in single-use Mobius® 50 L bioreactor with similar cell growth profile, however 

using undefined media formulation and collagen-coated microcarriers (Lawson et al., 

2017). Interestingly, we observed lower percentage of HLA-DR-positive cells in PBS-3 

Air when compared to stirred-tank bioreactor. In 50-L pilot scale study, higher 

percentage of HLA-DR+ hMSC was also detected (Lawson et al., 2017), suggesting that 

the bioreactor hydrodynamics may play a role on the expression of such 

immunomodulatory surface marker. Complementary characterization tools would 

provide important insights on the influence of such parameter on hMSC 

transcriptome, metabolome and secretome, for instance. Promising data on hMSC 

secretome and its potential for therapeutic applications are changing the 

manufacturing platforms and the way their potency is evaluated, by testing the 

impact of process parameters on bioactivity of secreted factors. 

In Chapter 2 and 3, we implemented scalable platforms using synthetic 

microcarriers that are considered non-cell particulates with higher impact on final 

cell product purity. The removal of these impurities, such as plastic fragments arising 
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from cell culture equipment (single-use bioreactors) and materials (microcarriers), is 

the major bottleneck of the downstream processing. Our group and others have been 

working in the implementation of efficient upstream and downstream strategies for 

hMSC expansion and purification, using size exclusion filtration for separation of cells 

from microcarriers and hollow fibers for cell concentration (Cunha et al., 2015, 2017; 

Jossen et al., 2018). Alternatively, the use of GMP-grade biodegradable microcarriers 

could reduce the contaminants and DSP steps associated to their removal. 

Nonetheless, the scalable protocols implemented within the scope of this thesis may 

potentially be translated into streamlined manufacturing platforms for the expansion 

of human stem cells at high quantity and quality. 

1.2 Cardiac therapeutic potential of CCBE1: modulatory effects on CM 

phenotype  

In Chapter 4, we investigated the CCBE1 role during in vitro human iPSC 

differentiation into cardiomyocytes (CM) and endothelial cells, using CRISPR 

interference technology.  

Despite the observations of CCBE1 expression during specific developmental 

stages of cardiac embryonic tissues in mouse and chicken models (Facucho-Oliveira 

et al., 2011; Furtado et al., 2014), its role in cardiac commitment was not yet fully 

disclosed. A recent CCBE1 loss-of-function study, using mouse ESC and embryoid 

body (EB) culture system, demonstrated that the loss of CCBE1 led to a 

downregulation of MESP1 and ISL1 expression, cardiac mesoderm and cardiac 

progenitor markers, respectively, at day 4 of EB differentiation (Bover et al., 2018). 

Despite these differences, the Nkx2-5+-cardiac progenitors at day 6 were established 

in a seemingly normal proportion in comparison to WT cultures. In an attempt to 

unveil its functional role along cardiac commitment in human PSC, we combined the 

hiPSC technology and CRISPRi tool. Efficient CCBE1 knockdown (KD) in a hiPSC line 

(containing the deactivated Cas9 to repress the expression of target gene) allowed its 
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study along hiPSC proliferation and differentiation on CM and endothelial cells. 

CCBE1 KD led to a significant downregulation of cardiac troponin T2 and other 

cardiac myosin genes, as well as ultrastructural changes on derived CM when 

compared with control condition. Hence, we suggest that CCBE1 can have a 

modulatory effect on CM differentiation/phenotype. Further validation assays to 

confirm the functional role of CCBE1 on cardiac commitment and CM maturation 

would provide relevant information. These would include, for instance, the 

evaluation of CM contractility function and calcium signaling readouts. 

Complementary analyses of the cellular transcriptomic and proteomic profile would 

contribute to identify key molecules/signaling pathways modulated by CCBE1, 

contributing to assert whether CCBE1 could be used as cardiac therapeutic molecule. 

Nonetheless, it would also be interesting to evaluate its implications on cardiac 

matrix remodeling upon a MI, given its described affinity and interaction with 

extracellular matrix components (Bos et al., 2011). Due to time constraints these 

approaches were not followed within the scope of the present thesis but will be the 

focus of future work. 

The supplementation of CRISPRi-CCBE1 KD cultures with recombinant CCBE1 in 

order to rescue the phenotype, would be imperative to validate the results reported 

herein. Noteworthy, the administration of growth factors to promote cardiac 

regeneration through increased angiogenesis and lymphangiogenesis has been in fact 

tested in preclinical and clinical studies. For example, targeted approaches for 

enhanced lymphatic regeneration in the heart have been suggested and tested in 

mouse models through the administration of VEGF-C (Henri et al., 2016). According 

to the reported literature and the work presented in Chapter 4, we hypothesize that 

CCBE1 might also be used as a therapeutic molecule for cardiac lymphatic 

regeneration, alone or in combination with VEGF-C. 

Most of CCBE1-related studies attempting to produce the recombinant protein 

have claimed low productivities, hampering the study of full-length CCBE1 for 
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therapeutic applications. Higher productivities could only be attained with a 

truncated version of CCBE1, containing only the N-terminal domain (Bui et al., 2016). 

Therefore, we implemented an improved bioprocess for the production of full-length 

CCBE1 recombinant protein. The bioprocess strategy devised in Chapter 5, using a 

high-cell density at transfection (HDT), allowed a 3-fold improvement in the full-

length CCBE1  when compared to the literature (Bui et al., 2016). As discussed above, 

for cell therapy products, the culture process parameters may also have a negative 

impact on product (recombinant protein) quality and potency. Here, we revealed for 

the first time the impact of main process parameters on CCBE1 productivity and 

quality. The transfection protocol and the time of harvest were shown to be critical 

to achieve high CCBE1 yields and guarantee CCBE1 quality (glycosylation profile). This 

transfection protocol was firstly employed for the production of other 

biopharmaceutical products (e.g. antibodies)(Backliwal et al., 2008). The lack of 

protein characterization assays in all the reported CCBE1-studies, has driven the 

application of proteomic-based tools in this thesis for CCBE1 characterization. Such 

tools allowed the identification of process contaminants after production and 

purification steps, namely host-cell proteins. Despite the presence of these 

contaminants in the final product, CCBE1 was able to potentiate the formation of 

endothelial-like vessels, showing its angiogenic potential. A recent study also 

demonstrated this quality attribute after CCBE1 production and enrichment step 

(using Strep-TactinTM Technology) (Tian et al., 2016).  

Moreover, it would be of interest to assess the therapeutic effect/potential of 

this protein in cardiac context, namely through its supplementation in the human 

CCBE1 KD in vitro culture system established in Chapter 4. More specifically, it would 

be relevant to address the impact of functional CCBE1 supplementation in the 

context of specific cardiac cell types or developmental stages, such as cardiac 

progenitor/stem cells, where increased CCBE1 expression was observed in wild-type 

hPSC CM differentiation.   



Discussion 

175 
 

2. Conclusions and Perspectives 

This thesis contributed to the fields of stem cell manufacturing and 

cardiovascular research by i) demonstrating the importance of considering cellular 

physiological and metabolic hallmarks during hPSC bioprocess design and media 

optimization for efficient clinical-grade manufacturing platforms, and ii) suggesting a 

putative role of CCBE1 as a modulator of cardiomyocytes phenotype, supporting its 

potential as target for cardiac therapeutic approaches.  

The current therapeutic approaches for cardiac regeneration and repair have 

been discussed but several questions remain unanswered. Should we further explore 

the cell-based products therapeutic potential, namely by exploring strategies for 

enhanced cell retention, or switch towards noncellular approaches, for example using 

the cell secretome, or the combination of both?  

Regarding cell transplantation into injured hearts (e.g. intramyocardial 

injection), we still face the high incidence of ventricular arrhythmias, which may be 

induced by the electrophysiological heterogeneity of the transplanted cells (Mount & 

Davis, 2016). Over the last years, numerous preclinical studies have demonstrated 

that hPSC differentiated cardiac cells (e.g. cardiac progenitor cells) hold significant 

promise in cardiac-based therapies (Menasché et al., 2015). Nevertheless, the impact 

of maturation level of the transplanted cardiac cells following MI is still debatable 

and should be fully addressed, i.e., use of cardiac progenitors that would represent a 

more plastic approach, where these cells could integrate and gradually remodel the 

existing damaged tissue, versus use of fully mature CM that would be a more 

immediate approach, where cells could rapidly contribute to recover tissue 

functionality.  

Therefore, this work may contribute for the implementation of knowledge-

driven approaches in stem cell manufacturing and unveils that CCBE1-modulated 

proteins/pathways may be targeted towards novel cardiac regenerative therapies. 
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The author wrote the chapter.  
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