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ABSTRACT 

Induced pluripotent stem cells (iPSCs) can differentiate into all types of cells in the human body, 

including all types of cardiac cells. However, therapies using iPSC derivatives is limited by the 

tumorigenic potential of iPSCs, which need to be depleted before clinical usage. This work aimed to 

produce highly pure cardiovascular progenitor cells (CVPCs) from human iPSCs via differentiation and 

subsequent purification. iPSCs were differentiated as a monolayer in chemically-defined conditions via 

temporal modulation of the canonical WNT signalling pathway. Human iPSC cardiac differentiation 

generated on average 50% of cTnT+ cardiomyocytes, with a yield averaging 3.1 cardiomyocytes/iPSC. 

Pluripotency markers gradually decreased over time, while cardiac markers gradually increased; 

mesendodermal marker T/Brachyury increased until peaking at day 3 and CVPC markers c-KIT and 

SSEA-1 at days 5 and 12, respectively, then decreasing. CVPCs at day 7 of differentiation were purified 

via magnetic-activated cell sorting (MACS) and the lactate method. Negative immunomagnetic selection 

using the TRA-1-60 marker yielded an efficiency of 68%, while positive selection using the SSEA-1 

marker yielded 11%. Purified cells did not reorganise in tissue-like colonies or aggregates like 

non-purified cells. The lactate method generated over 95% viable cTnT+ cells. MACS compromised cell 

viability, but with the due optimisation, it has the potential to generate clinical-grade CVPCs for 

biomedical applications. 

Keywords 

induced pluripotent stem cell; cardiovascular progenitor cell; cardiac differentiation; canonical WNT 

signalling pathway; magnetic-activated cell sorting 
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RESUMO 

As células estaminais pluripotentes induzidas (iPSCs) podem diferenciar-se em todos os tipos de 

células no corpo humano, incluindo todos os tipos de células cardíacas. Contudo, terapias envolvendo 

derivados de iPSCs estão limitadas pelo potencial tumorigénico destas, que precisam de ser removidas 

antes do uso clínico. Este trabalho pretendeu produzir células progenitoras cardiovasculares (CVPCs) 

altamente puras a partir de iPSCs humanas por diferenciação e subsequente purificação. As iPSCs 

foram diferenciadas como uma monocamada em condições quimicamente definidas por modelação 

temporal da via de sinalização WNT canónica. A diferenciação cardíaca de iPSCs humanas gerou em 

média 50% de cardiomiócitos cTnT+, com um rendimento médio de 3,1 cardiomiócitos/iPSC. Os 

marcadores de pluripotência diminuíram gradualmente com o tempo, enquanto que os marcadores 

cardíacos aumentaram gradualmente; o marcador de mesendoderme T/Brachyury aumentou até atingir 

um pico ao dia 3 e os marcadores de CVPCs c-KIT e SSEA-1 aos dias 5 e 12, respetivamente, 

diminuindo de seguida. CVPCs ao dia 7 de diferenciação foram purificadas recorrendo à separação 

celular ativada por magnetismo (MACS) e ao método do lactato. A seleção imunomagnética negativa 

utilizando o marcador TRA-1-60 resultou numa eficiência de 68%, e a seleção positiva usando o 

marcador SSEA-1 resultou em 11%. As células purificadas não se reorganizaram em colónias teciduais 

ou agregados como as células não purificadas. O método do lactato gerou acima de 95% de células 

cTnT+ viáveis. O protocolo de MACS comprometeu a viabilidade celular, mas com a devida otimização, 

tem o potencial de gerar CVPCs de qualidade clínica para aplicações biomédicas. 

Palavras-chave 

célula estaminal pluripotente induzida; célula progenitora cardiovascular; diferenciação cardíaca; via de 

sinalização WNT canónica; separação celular ativada por magnetismo 
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I. INTRODUCTION 

I.1. Stem cells 

Stem cells are able to self-renew, originating at least one daughter cell identical to themselves, for long 

periods of time. By the action of various types of stimuli, they can differentiate, often generating 

progenitor cells and then developing into mature, specialised cells (Figure I.1)1–5. 

 

Figure I.1 – Distinguishing features of stem and progenitor cells. Stem cells can self-renew, or they can 

differentiate into specific functional cells. This differentiation often generates progenitor cells at an intermediate 

stage. Figure adapted from reference 1 and created using Servier Medical Art. 

I.1.1. Classification of stem cells 

Stem cells may be classified according to their differentiation potential, in decreasing order, as totipotent, 

pluripotent, multipotent or unipotent1,3. 

The generation of a new life starts with the fertilisation of the egg. The fertilised egg, or zygote, is 

totipotent, since it can originate every differentiated cell of a developed organism, and also the 

extra-embryonic tissues, such as the placenta and the umbilical cord, which support embryonic 

development. Thus, a zygote is able to generate a mature individual1,3. 

After a few days of development, the zygote develops into a blastocyst. The blastocyst is composed by 

an outer layer, the trophoblast, and an inner cell mass (ICM). The trophoblast originates the placenta, 

whereas the ICM originates the three germ layers – endoderm, mesoderm and ectoderm – which in turn 

develop into all the somatic cell types (Figure I.2). Embryonic stem cells (ESCs), which derive from the 

ICM, are pluripotent as they can generate cells which derive from the three germ layers, but cannot 

originate a developed organism due to their inability to form extra-embryonic tissues1,3. 

Stem cell
(e.g. haematopoietic stem cell)

Stem cell

Specialised cell
(e.g. neuron)

Progenitor cell
(e.g. myeloid progenitor cell)

Specialised cell
(e.g. neutrophil)
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Figure I.2 – Development of the human somatic cells from a zygote1. 

A mature individual also contains stem cells, which allow for renewal of somatic cells as necessary, 

such as in case of damage. These cells maintain the stem cell hallmarks, as they are able to self-renew 

and differentiate, however, they are multipotent, being able to generate only a limited number of cell 

types. For instance, a haematopoietic stem cell can only give rise to blood cells. Multipotent stem cells 

are rare; only one bone marrow stem cell in 10,000 is estimated to be a haematopoietic stem cell. 

However, despite their scarcity, an adult human would not be able to renew dead cells and maintain 

homeostasis without these multipotent stem cells1,3,5,6.  

Unipotent stem cells are a group of adult tissue-specific stem cells which can self-renew, but can only 

differentiate along one lineage. Spermatogonial stem cells are unipotent as they can only give rise to 

sperm7,8. 
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I.1.1.1. Pluripotent stem cells 

Both ESCs and induced pluripotent stem cells (iPSCs) are categorised as pluripotent stem cells (PSCs), 

as they are able to generate all of the terminally differentiated cells arising from the three germ layers. 

Due to this, they are ideal for various biomedical applications, as discussed in section I.1.2 (page 6). 

Pluripotent stem cells are theoretically immortal due to their ability to regenerate the telomeres at the 

edge of the chromosomes after cell division, and thus protect the genetic information of the cell, but, in 

practice, the routine laboratory procedures such as passaging may cause karyotypic alterations which 

render these cells unusable for biomedical applications2,9. 

I.1.1.1.1. Embryonic stem cells 

As the name implies, ESCs are derived from the developing embryo, more precisely, from the ICM of 

the blastocyst (Figure I.3A, page 5). 

ESCs were first derived in 1981 by Evans and Kaufman10, and Gail Martin11, by culture of cells from the 

ICM of mouse blastocysts on a feeder layer of mouse embryonic fibroblasts (mEFs) and in either 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% foetal calf serum and 10% 

new-born calf serum, or conditioned medium generated from embryonic carcinoma cells. 

In 1998, Thomson and co-workers derived the first human ESCs, from the ICM of blastocysts produced 

by in vitro fertilisation, by culture on irradiated mEFs and in DMEM supplemented with 20% foetal calf 

serum, 1 mM glutamine, 0.1 mM β-mercaptoethanol and 1% non-essential amino acids12. 

Both mouse and human ESCs cells displayed pluripotency and, when injected in immunodeficient mice, 

were able to form teratomas (benign tumours resulting from in vivo embryo-like development and 

containing cells from the three germ layers, Figure I.2, page 2, and undifferentiated cells). Murine ESCs 

expressed stage-specific embryonic antigen (SSEA)-1, which is not present in differentiated mouse 

cells11. Human ESCs expressed pluripotency markers SSEA-3, SSEA-4, tumour rejection antigen 

(TRA)-1-60, TRA-1-81 and alkaline phosphatase, while being able to differentiate into SSEA-1+ cells12.  

These cells exhibit distinct properties from in vivo cells, thus, they are considered to be an in vitro 

artefact, occurring only when the cells from the ICM are cultured in different conditions from those 

observed in regular embryonic development1,3. 

The pluripotency of ESCs is, simultaneously, a blessing and a curse. The ability to generate cells arising 

from the three germ layers renders these cells ideal candidates for various clinical applications. 

However, when transplanted into a living host, these cells may generate teratomas. Thus, after 

differentiation protocols, remaining ESCs must be removed to avoid formation of teratomas in the host. 

These cells also carry the risk of being rejected by the host. Additionally, collection of ESCs requires the 

destruction of the embryo, which, due to ethical concerns, limits their clinical use1,3,13. 
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I.1.1.1.2. Induced pluripotent stem cells 

iPSCs are obtained when a somatic, differentiated cell is reprogrammed into a pluripotent state (Figure 

I.3B, page 5). 

iPSCs were first derived in 2006 by Takahashi and Yamanaka from mouse embryonic and adult 

fibroblasts, through retroviral delivery of octamer-binding transcription factor (OCT) 3/4, sex determining 

region Y-box (SOX) 2, Krüppel-like factor (KLF) 4 and c-MYC. Cells were cultured in mEFs and 

maintained in conditioned medium from cells transduced with a leukaemia inhibitory factor-encoding 

vector13. 

In 2007, Takahashi, Yamanaka and co-workers were able to generate iPSCs from adult human 

fibroblasts using retroviral delivery of the same four factors. Cells were cultured on Matrigel® and 

maintained in either mEF-conditioned or non-conditioned primate ESC medium, supplemented with 

4 ng/mL of basic fibroblast growth factor (FGF)14. In the same year, Thomson and co-workers were also 

able to obtain iPSCs from adult human fibroblasts, using a different set of factors, namely OCT3/4, 

SOX2, NANOG and LIN28. Cells were cultured on a feeder layer of mEFs in DMEM/F12 supplemented 

with 20% knockout (KO) serum replacement (SR), 0.1 mM non-essential amino acids, 1 mM 

L-glutamine, 0.1 mM β-mercaptoethanol and 100 ng/mL zebrafish basic FGF. Feeder-free cell culture 

was achieved on Matrigel® and in mEF-conditioned medium supplemented with zebrafish FGF or 

mTeSRTM1 medium15. 

iPSCs are able to form teratomas, such as ESCs, thus, they cannot be transplanted to a human host. 

They can be produced from the somatic cells of the host, thus avoiding the problem of rejection, and 

most ethical issues associated with ESCs3,13–15. iPSCs, although, still carry some ethical problems, 

namely the potential to form synthetic human embryos16,17. 

I.1.1.1.3. Embryonic stem cells versus induced pluripotent stem cells 

Despite the very distinct derivation methodologies (Figure I.3), iPSCs exhibit the same general 

characteristics as ESCs, such as morphology, surface marker expression, self-renewal capacity and 

pluripotency. Surface markers SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81, as well as transcription 

factors OCT4, SOX2 and NANOG, are commonly used for characterisation of both types of cells. OCT4, 

in particular, is regarded as the most reliable marker to assess cell pluripotency, and its expression 

rapidly decreases as cells start to differentiate7,14,15,18,19.  

On the other hand, iPSCs do not carry an ethical burden as great as ESCs, and can be patient-specific, 

avoiding rejection by the immune system of the host. Thus, upon their discovery, iPSCs were thought 

to be a perfect replacement for ESCs13–15,20–22. 

With time, iPSC lines were found to be heterogeneous in the potential to differentiate towards specific 

lineages. This may be attributed to the epigenetic memory of iPSCs – since demethylation of 

deoxyribonucleic acid (DNA) is slow, these cells maintain residual methylation from the cell of origin, 

which may influence their behaviour; depending on their origin, some iPSCs may be more prone to 

differentiate into cells of, for instance, the neural or cardiovascular lineages. Although these cells lose 
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the residual methylation after a long time in culture, they maintain a different gene expression pattern 

when compared to ESCs and among themselves. In general, iPSCs are less stable and less versatile 

than ESCs, and must be selected on a case-by-case scenario for the desired application20–25. 

Another issue regarding iPSCs is the monitoring of the reprogramming process. If the cells are not fully 

reprogrammed, they may feature impaired differentiation capacity, or may form teratomas following 

directed differentiation. Also, retroviruses and lentiviruses, which are used for delivery of the 

reprogramming factors, may integrate their genetic information in the DNA of the host cell, which can 

possibly lead to impaired differentiation and tumorigenesis, especially if the viruses carry oncogenic 

factors, such as c-MYC, KLF4 or LIN28. Teratoma formation in immunocompromised mice does not 

guarantee an iPSC is fully reprogrammed, thus, methodologies for stringent evaluation of the level of 

the reprogramming of the cells, such as a global transcriptome assay, must be developed to ensure the 

generated iPSCs are able to differentiate and are safe for clinical applications20,21,25,26. 

Despite their issues, iPSCs provide unique advantages over ESCs, and, if the aforementioned points 

are solved, they can be the future standard in stem cell engineering. 

 

Figure I.3 – Pluripotent stem cell derivation and characterisation. Comparison of methods for derivation of 

embryonic stem cells (ESCs; A) and induced pluripotent stem cells (iPSCs; B), and techniques used to assess their 

similarity. ChIP – chromatin immunoprecipitation; DNA – deoxyribonucleic acid; ICM – inner cell mass; 

Klf – Krüppel-like factor; mRNA – messenger ribonucleic acid; Oct – octamer-binding transcription factor; Sox – sex 

determining region Y-box21. 

A 

B 
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I.1.2. Applications of stem cells 

Stem cells are unique due to their self-renewal capacity and differentiation potential, thus, they have 

many different applications in various fields. Examples of applications for stem cells include cell therapy, 

tissue engineering, drug screening and disease modelling2,3,26–28. 

In cell therapy, stem cells are transplanted and, by delivery of various signals, they help restore the 

function of the desired tissue. For instance, mesenchymal stem cells can be injected into a damaged 

heart, and, through the secretion of growth factors, they stimulate cardiac muscle and blood vessel 

regeneration by the host cells2,3,26. 

Tissue engineering also uses stem cells to repair damaged tissues, however, unlike cell therapy, the 

cells differentiate into their progeny are incorporated into the tissue, thus being able to replace the host’s 

cells. This differentiation can occur in vivo, or can be induced in vitro, prior to transplantation. One 

example of a possible tissue engineering application is the transplantation of bone marrow stem cells 

with the intent to regenerate bone tissue and thus treat pathologies such as bone loss or tumours27. 

The pharmacological industry can also benefit from the use of stem cells for drug screening and disease 

modelling applications. iPSCs can be reprogrammed from cells collected from a patient suffering from 

a specific disease, and they can be differentiated into somatic cells. These somatic cells carry the 

disease, and thus, they can be characterised with the intent of discovering disease mechanisms or 

phenotypes, and thus develop diagnostic methodologies and targeted drugs. These drugs may then be 

tested for both efficacy and toxicology in different somatic cell types. Although these cells are not exactly 

alike in vivo human cells, and thus may respond differently to drugs, they provide a reasonable model 

for detection of ineffective or overly dangerous drugs at an initial phase, and refinement of the necessary 

dosage to achieve a meaningful effect on the patient. Thus, iPSCs may contribute to a greater success 

in clinical trials for novel drugs3,28. 

PSCs are already being tested in a number of clinical trials for Regenerative Medicine applications, as 

showcased in Table I.1. Most of these clinical trials use human ESCs, as they were derived earlier and 

are better characterised, but there is already one clinical trial using human iPSCs for autologous 

treatment of wet age-related macular degeneration.  
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Table I.1 – Human embryonic (hESC) and induced pluripotent stem cell (iPSC)-based products in clinical 

trials. The status of trial is indicated as of July 2016. AMD – age-related macular degeneration; MMD – myopic 

macular degeneration; RPE – retinal pigment epithelium29. 

Cell type 
(product name) 

Company or group 
Trial 
location 

Disease 
Stage of 
trial 

Cell delivery 
Status of 
trial 

hESC-derived RPE 
(MA09-hRPE) 

Astellas Institute for 
Regenerative Medicine 
(previously Ocata 
Therapeutics) 

United 
States 

Dry AMD Phase I/II Cell suspension 

Completed, 
long term 
follow-up 
ongoing 

hESC-derived RPE 
(MA09-hRPE) 

Astellas Institute for 
Regenerative Medicine 

United 
States 

Stargardt Phase I/II Cell suspension 

Completed, 
long term 
follow-up 
ongoing 

hESC-derived RPE 
(MA09-hRPE) 

Astellas Institute for 
Regenerative Medicine 

United 
Kingdom 

Stargardt Phase I/II Cell suspension Completed 

hESC-derived RPE 
(MA09-hRPE) 

CHABiotech (licensed 
from Astellas) 

Korea Dry AMD Phase I/II Cell suspension Recruiting 

hESC-derived RPE 
(MA09-hRPE) 

CHABiotech (licensed 
from Astellas) 

Korea Stargardt Phase I Cell suspension 
Active, not 
recruiting 

hESC-derived RPE 
(MA09-hRPE) 
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Figure I.4 showcases some of the applications for iPSCs in particular. 
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Figure I.4 – Examples of applications for induced pluripotent stem cells (iPSCs). Pluripotent stem cells can 

be reprogrammed from a patient’s somatic cells and differentiated into various specialised cell types. These cells 

may then be used for in vitro testing, such as drug screening or disease modelling, or for in vivo therapies. Figure 

adapted from reference 3 and created using Servier Medical Art. 

I.2. The heart 

The heart is the first organ to be formed in develop embryos, being completed by day 50 of gestation. 

The heart is composed of three types of cells – cardiomyocytes, smooth muscle cells and endothelial 

cells – which stem from the mesoderm germ layer30–33. 

Murine cardiac development has already been described, and is used as a model for human 

cardiogenesis, due to the ethical issues in using foetuses for tests. As expected, some differences exist 

between mouse and human cardiac development, but overall, cardiogenesis is so highly conserved 

even between highly distinct species, that heart behaviour of murine models can be extrapolated with 

reasonable accuracy to humans30,31,34,35. Murine cardiogenesis, with indication of the relevant signalling 

pathways, can be observed in Figure I.5. 

Patient

Patient cells iPSCs

Hepatocytes Pancreatic β-cells Cardiomyocytes Neurons
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8 mg

30
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Figure I.5 – Overview of murine cardiac development. On embryonic day (E) 6.5, bone morphogenic protein 

(BMP) 4 signalling from the extraembryonic ectoderm (ExE) up-regulates T/Brachyury expression via wingless-type 

mouse mammary tumour virus integration site (WNT) 3 signalling. NODAL signalling from the epiblast also 

up-regulates T/Brachyury expression via CRIPTO. Inhibitory Dickkopf-related protein (DKK) 1 and Cerberus 

(CER) 1/LEFTY1 from the anterior visceral endoderm (AVE) restrict WNT3 and NODAL, respectively, confining the 

primitive streak to the posterior embryo. On E7.5 (lateral view), a portion of the mid-streak mesoderm expressing 

T-induced mesoderm posterior transcription factor (MESP) 1 undergoes epithelial-to-mesenchymal transition and 

moves bilaterally around the embryo from the primitive streak to the anterior side of the embryo to form the first and 

secondary heart fields (FHF and SHF, respectively). On E7.75 (ventral view), the FHF forms the cardiac crescent 

which is ventral to the SHF progenitor to maintain a precursor state. As shown in the transverse view on E7.75, 

signalling from the ectoderm induces FHF differentiation and signalling from the neural plate/ectoderm to maintain 

SHF progenitors. On E8.0, the FHF forms the heart tube and begins to contract; the SHF is specific to the 

conotroncus (CT) and the left and right atria (LA and RA). On E8.5, heart looping begins, and the left ventricle (LV) 

and right ventricle (RV) are spatially localised. On E10.5, the LA and RA are localised, and the outflow tract (OFT) 

is formed. On E14.5, the four-chambered heart and valves are completed, and the pulmonary trunk (PT) and aorta 

(Ao) are formed. FGF – fibroblast growth factor; Shh – sonic hedgehog34. 

Figure I.5 demonstrates the importance of the wingless-type mouse mammary tumour virus integration 

site (WNT), bone morphogenic protein (BMP) and activin/NODAL signalling pathways in murine cardiac 

differentiation. These signalling pathways promote cardiogenesis in a temporally and spatially controlled 

manner. 

The heart starts being formed when BMP (via WNT3) and NODAL (via CRIPTO) up-regulate expression 

of T/Brachyury in the posterior embryo, committing cells to a mesendodermal fate and generating the 

primitive streak. Dickkopf-related protein (DKK) 1 and Cerberus 1/LEFTY1 inhibit WNT3 and NODAL, 
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respectively, outside this area. Some cells from the primitive streak are induced by T/Brachyury into 

expressing mesoderm posterior transcription factor (MESP) 1, and undergo epithelial-to-mesenchymal 

transition, thus losing their adhesion capacity and allowing them to migrate across the embryo, to its 

anterior site. In the anterior embryo, where the heart will be located, these cells generate two distinct 

cardiac progenitor populations, termed the first and secondary hearts fields (FHF and SHF, 

respectively). Around embryonic day 7.75 (roughly equivalent to week 2 in human foetal development), 

the FHF forms a crescent-shaped structure termed the cardiac crescent. At this point, FHF progenitors 

receive signals from the ectoderm to differentiate, whereas SHF cells are maintained at a progenitor 

state due to being close to WNT inhibitory signals from the midline, and differentiate only after being 

incorporated in the heart. By embryonic day 8.0 (week 3 in humans), the cardiac crescent has developed 

into a contractile primitive heart tube, containing an interior layer of endocardial cells, an exterior layer 

of myocardial cells, and an extracellular matrix (ECM) between both layers to allow signalling between 

them. The heart tube is thought to function as a scaffold for SHF cells to migrate and form the 

four-chambered structure of the mature heart. The FHF forms the left ventricle and part of the atria and 

conduction system, whereas the SHF generates the right ventricle, the atria, and the outflow tract, which 

comprise over two-thirds of the heart. By embryonic day 10.5 (week 4 in humans), the heart has already 

divided into the left and right atria and the left and right ventricle, and features an outflow tract which will 

develop into the aorta to distribute blood throughout the whole body. The heart is fully developed by 

embryonic day 14.5 in mice and day 50 in humans31,33,34,36–38. 

Despite having a common origin, the FHF and SHF progenitors have different differentiation potentials 

Whereas the FHF progenitors are bipotent, generating only cardiomyocytes and smooth muscle cells33, 

the SHF progenitors are also able to generate endothelial cells34,39. Due to their major importance in 

cardiac development, SHF progenitors will be the focus of this work, and will be henceforth generically 

termed cardiovascular progenitor cells (CVPCs). 

I.2.1. Cardiovascular diseases and traditional therapies 

Cardiovascular diseases (CVDs) represent a broad range of diseases, involving the heart and circulatory 

system, such as hypertension, cardiac arrest, pulmonary heart disease, or cerebrovascular disease 

(stroke). CVDs carry a great socioeconomic burden, as they claim more lives than any other disease in 

the world, being responsible for about 17.3 million deaths in 2013 (31% of all global deaths in that year), 

and have an annual cost of $863 billion, as of 2010. These numbers are estimated to rise to 23.6 million 

deaths and to a cost of $1044 billion by 2030, due to the prevalence of major risk factors, behavioural 

or genetic, such as tobacco and alcohol use, obesity, physical inactivity, poor nutrition, high blood 

pressure, or other diseases such as diabetes2,34,40,41. 

The most severe cases of CVD occur when oxygen is deficiently or not supplied to the heart or other 

organs, for instance, due to obstruction or rupture of blood vessels which serve these organs. Ischaemic 

heart failure, or myocardial infarction (MI), is the death of heart muscle cells, caused by oxygen 

deprivation of these cells. MI leads to the formation of a non-contractile scar, and as the heart tries to 

compensate for the lost cardiomyocytes, it begins to deteriorate, due to ventricular wall thinning, 
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haemodynamic overload and ventricular remodelling (stretching of viable cardiomyocytes to be able to 

maintain cardiac output). Eventually, the heart is unable to keep up with the necessary blood supply to 

the body, this leads to heart failure, and, consequently, death1,2,40,42–45. 

Although the heart features endogenous mechanisms for cardiomyocyte renewal, these are not 

sufficient to regenerate the lost tissue, and medical action is required to salvage the patient following 

MI1,2,34,40–42,44. If a person has suffered MI, or features a highly abnormal heart beat, defibrillators are 

used to deliver an electric shock to the heart and attempt to restore its beating. In some cases, following 

heart attack, the patient may receive an implantable cardioverter defibrillator, which functions as a 

pace-maker, delivering electric shocks to the heart whenever the heartbeat is irregular, and, in more 

extreme cases, as a defibrillator. In some cases, a patient may be given drugs, such as thrombolytic 

therapy, which prevents and dissolves blood clots, β-blockers, which slow the heart rate, improve 

ventricular filling and prevent arrhythmias, improving the life expectancy of patients, or statins which 

lower blood cholesterol, prevent blood vessel narrowing and maintain plaque stability, easing blood flow 

and preventing blood vessel blocking. If drugs are not enough, the patient may have to be submitted to 

surgical procedures, for instance, to place a stent and widen narrowed arteries, or to perform a coronary 

artery bypass, using an artery from another part of the body to bypass an obstructed artery near the 

heart42,43,46. In the most extreme cases, a full cardiac transplant is required. This approach replaces a 

damaged heart by a fully functional one, but the transplanted heart carries the risk of malfunctioning or 

being rejected by the host. Although rejection situations may be minimised by immuno-suppressive 

therapies, in most cases, surgery is not an option, due to the patient suffering other underlying 

pathologies. Additionally, since CVDs are very prevalent, waiting lists for cardiac transplant are long, 

thus, it is rarely a feasible alternative2,47–49. 

I.2.2. Cardiovascular progenitor cells 

As described in section I.2 (page 8), CVPCs are mesoderm-derived cells with a limited lifespan, and 

which can differentiate into the three types of cardiac cells – cardiomyocytes, smooth muscle cells and 

endothelial cells. These progenitor cells occur naturally in the human heart and only allow for very limited 

regeneration of cardiac cells upon injury, but hold an enormous potential for biomedical 

applications32,34,50,51. 

CVPCs are not well described in terms of unique markers, as most strategies used to characterise these 

cells rely on markers expressed by a myriad of other different types of cells. Figure I.6 identifies surface 

markers and transcription factors expressed by cardiac lineage cells. 
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Figure I.6 – Model of differentiation of human pluripotent stem cells to cardiomyocytes, and expression of 

transcription factors and surface markers by cardiomyocyte lineage cells. BMP – bone morphogenic protein; 

EpCAM – epithelial cell adhesion molecule; ESC – embryonic stem cell; FGF – fibroblast growth factor; 

iPSC – induced pluripotent stem cell; KDR – kinase insert domain receptor; Isl – LIM-homeobox transcription factor 

islet; Mesp – mesoderm posterior transcription factor; Mixl – mix paired-like homeobox; NCAM – neuronal cell 

adhesion molecule; Oct – octamer-binding transcription factor; PDGFR – platelet-derived growth factor receptor; 

SIRPA – signal regulatory protein α; Sox – sex determining region Y-box; SSEA – stage-specific embryonic 

antigen; Tra – tumour rejection antigen; VCAM – vascular cell adhesion molecule52. 

One surface marker which has been proposed and used for selection of cardiovascular progenitor cells 

is SSEA-1. SSEA-1 is a marker which identifies loss of pluripotency in human cells, thus, it can be used 

to characterise and purify CVPCs in a population which comprises these cells along with PSCs40,53–55. 

As mentioned later in this section, a clinical trial using CVPCs has used SSEA-1 for immunomagnetic 

purification of these cells, originating a population with high levels of purity and viability53,54. The 

generalised expression of this marker only renders it useable if the differentiation protocol generates 

little to no amounts of non-cardiac differentiated cells55. 

Signal regulatory protein α (SIRPA) was also proposed as a marker for cardiac progenitors. A study 

using NKX2-5GFP, a fusion protein between transcription factor NKX2-5 (described in this section) and 

green fluorescent protein (GFP) proved that, at day 6 of human ESC differentiation, NKX2-5+ and 

SIRPA+ expression was closely-matched, and that, at day 10 of differentiation, NKX2-5+SIRPA+ cells 

had given rise to a population of cells expressing vascular cell adhesion molecule (VCAM), 

NKX2-5+SIRPA+VCAM+. The majority (84.2%) of these cells were cardiac troponin T (cTnT)-expressing 
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cardiomyocytes56. One limitation of SIRPA in identifying CVPCs is its expression in mature 

cardiomyocytes, thus, these cells cannot be distinguished using only this surface marker. Additionally, 

SIRPA is also highly expressed in the brain and in the lungs, but these cells do not derive from the 

mesoderm, thus are not to be expected in significant amounts in cardiac differentiation protocols56–58. 

Vascular endothelial growth factor receptor (VEGFR) 2, encoded by the kinase domain receptor (KDR) 

gene in humans, and the foetal liver kinase (Flk) 1 gene in mice, has also been shown to mark a 

multipotent CVPC population. Expression of Flk1 in mice was tested by Cre recombinase-mediated 

marking59 and by usage of a Flk1-lacZ allele60. Both tests revealed the Flk1 gene to be able to generate 

muscle lineages, including cardiomyocytes. Embryoid body (EB) models revealed the presence of two 

T/Brachyury-expressing populations at day 3.25, one was Flk1+, while the other was Flk1–. The Flk1+ 

population generated haematopoietic and endothelial cells, whereas the Flk1– population started 

expressing Flk1 after 24 h, and had cardiomyogenic potential, being able to generate up to 80% cTnT+ 

cells. The main drawback of using this marker to characterise CVPCs is its generalised expression in 

mesoderm progenitors, and in undifferentiated human ESCs52,61–63. 

More recently, glial cell line-derived neurotrophic receptor α (GFRA) 2 has also been shown to be 

expressed in CVPCs. Gfra2 expression in mice was tested by whole-mount in situ hybridisation, and it 

was found to be co-expressed with CVPC marker LIM-homeobox transcription factor islet (Isl) 1, 

described later in this section, and to be expressed in the cardiac crescent from embryonic day 7.5 to 

8.5, being down-regulated in later stages of differentiation. Further characterisation through quantitative 

real-time polymerase chain reaction (qPCR) showed Gfra2 to peak right before spontaneous contraction 

of cardiomyocytes. Flow cytometry revealed the GFRA2 surface marker to appear along with 

platelet-derived growth factor receptor α (PDGFRA), and this GFRA2+/PDGFRA+ cell population was 

purified using fluorescence-activated cell sorting (FACS), generating cTnT+ cardiomyocytes but no other 

cell types. When embryonic day 4 GFRA2+/KDR+/PDGFRA+ cell populations were purified, they 

generated CVPCs with cardiomyogenic and vascular potential. Studies with human ESCs revealed 

similar conclusions, with GFRA2+/KDR+/PDGFRA+/c-KIT– cells at day 4 of EB differentiation generating 

CVPCs which differentiated into cardiomyocytes, smooth muscle cells and endothelial cells, whereas 

GFRA2+/KDR–/PDGFRA+/c-KIT– only generated cardiomyocytes. In mouse Gfra2 knock-out lines, Gfra1 

up-regulation resulted in an almost negligible reduction in cardiomyocyte differentiation, whereas double 

knock-out of Gfra1/2 resulted in a significant suppression of this differentiation, revealing Gfra1 and 

Gfra2 to have a redundant function in cardiomyogenesis64. Although GFRA2 is expressed in other cell 

types, such as cells from the central and peripheral nervous system, the liver, the kidneys, the intestine 

and the lung65, these derive from the ectoderm and the endoderm, thus, non-CVPC GFRA2+ cells are 

not expected to be present in significant amounts in cardiac differentiation protocols. 

Stem cell factor (SCF) receptor c-KIT is expressed in a myriad of cell types, including haematopoietic 

stem cells and vascular endothelial cells66. c-KIT has also been suggested to mark CVPCs and cardiac 

stem cells, but this claim is still subjected to controversy. The heart has been shown to feature 

self-renewing, clonogenic and multipotent cardiac stem cells, which the ability to regenerate dead 

myocardial tissue. These cardiac stem cells express c-KIT, and are able to generate c-KIT+ CVPCs, 
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which could differentiate into cardiomyocytes, smooth muscle cells and endothelial cells. These c-KIT+ 

cells are speculated to be of mesenchymal origin, which is coherent with the phenomena which occur 

during cardiac development (section I.2, page 8)66–70. Additionally, growth of CVPCs in stress conditions 

in the presence and absence of SCF showed that c-KIT promoted cell growth and proliferation, and in 

vitro studies showed c-KIT+ cells to be attracted to SCF66. However, lineage tracing studies in mice 

showed c-KIT+ cells to maintain their endothelial identity, generating insignificant numbers of 

cardiomyocytes71,72. It would seem the majority of c-KIT+ cells roaming the heart are endothelial, but a 

small amount of these are co-expressed with cardiac markers and have multi-cardiac lineage potential. 

Regarding transcription factors, MESP1 is the earliest marker and a key regulator of cardiovascular 

lineage specification in vertebrates. It is first expressed in primitive streak cells, signalling those which 

will generate the FHF and the SHF (Figure I.5)73,74. However, depending on the cellular environment, 

MESP1 may also direct cells towards other mesodermal lineages, namely haematopoietic and skeletal 

myogenic75. 

Other transcription factors which are expressed in CVPCs include ISL1 and NKX2-5. These transcription 

factors are expressed by SHF progenitors during regular cardiac development, and are also the first 

transcription factors known to appear in CVPCs during cardiac differentiation protocols. ISL1+/NKX2-5+ 

CVPCs are able to generate cardiomyocytes, smooth muscle cells and endothelial cells32,39,58,76,77, 

whereas ISL1– progenitors are bipotent, being equivalent to FHF progenitors33. CVPCs also express 

other transcription factors, such as GATA4, myocyte-specific enhancer factor (MEF) 2C, and 

TBX550,58,77. 

Unlike CVPCs, fully differentiated cardiomyocytes are easily identified by expression of cTnT. cTnT 

controls the calcium-mediated interaction between actin and myosin, which allows for cardiac muscle 

contraction. The gene encoding for cTnT, troponin T (TNNT) 2, is specific to cardiomyocytes, thus, these 

cells can be identified through expression of either TNNT2 or cTnT with high reliability78,79. 

I.2.2.1. Applications of cardiovascular progenitor cells 

Although a resident population of CVPCs occurs naturally in the heart and contributes to natural 

cardiomyocyte renewal, it is not able to compensate heart muscle death in the case of coronary diseases 

or large wounds2,34,40,44. In vitro PSC-derived CVPCs, upon transplant, do not engraft in the cardiac 

tissue, but are thought, by the action of paracrine signalling, to stimulate cardiac regeneration and blood 

vessel formation by resident cells34,53,80,81. Thus, CVPCs are suitable candidates for many applications, 

such as in vitro modelling of CVDs or for drug screening. Their main potential, however, is the 

development of CVPC-based therapies for CVDs, due to the impact of these diseases in society, and 

the lack of a suitable answer to them so far36. iPSC-derived CVPCs, in particular, are especially 

promising due to their unique advantages, namely the fact that they can be engineered as 

patient-specific, avoiding immune rejection by the host. In Figure I.7, the methods of derivation of 

CVPCs, as well as the mentioned applications, are presented. 
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Figure I.7 – Methods of derivation and potential applications for cardiovascular progenitor cells. 

ES – embryonic stem (cell); iPS – induced pluripotent stem (cell); PECAM – platelet endothelial cell adhesion 

molecule; SMA – smooth muscle actin36. 

The great potential of CVPCs has led to a clinical trial, by Menasché and co-workers, using ESC-derived 

CVPCs for heart repair following MI (NCT02057900). ESCs from the I6 cell line were expanded until 

passage (P) 38, constituting the master cell bank. Cells from this bank were thawed and expanded to 

P41 in NutristemTM. Two days after the last passage, the medium was changed to α-minimum essential 

medium (MEM) supplemented with insulin-free B-27®, BMP2 and FGF receptor-specific tyrosine kinase 

inhibitor SU-5402. This medium was changed daily during four days, after which a population of 64% 

SSEA-1+ cells was obtained, which was considered to represent a population of CVPCs. Purification of 

these CVPCs was achieved through magnetic-activated cell sorting (MACS), using magnetic beads 

coupled with anti-SSEA-1 antibodies for positive selection. The collected cells presented high purity 

(99% SSEA-1+ cells) and viability (96.1%), which allowed for their use in a clinical setting. Cells were 

incorporated in a fibrin patch, which was applied in the heart of a patient suffering from severe heart 

failure, with a left ventricular ejection fraction (a variable which measures the amount of blood being 
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pumped from the left ventricle) of 26%. The patient showed a 10% improvement in the left ventricular 

ejection fraction after 3 months, and did not present complications such as tumours and arrhythmias. 

However, no meaningful conclusions can be drawn from this study, as only one patient was tested, 

which is not statistically significant, and a coronary artery bypass was performed in the same surgery. 

Still, the patch was placed on a non-revascularised area, which then started to present contractibility 

again, thus indicating a positive influence of the CVPC treatment53,54. 

I.3. From pluripotent stem cells to cardiovascular progenitor cells 

As mentioned previously, PSCs can originate all cells arising from the three germ layers, thus, 

differentiation towards CVPCs requires stimulation of specific cellular mechanisms, such as those 

observed during embryonic cardiac development (section I.2, page 8). But, before, during and following 

differentiation, culture conditions should be able to maintain the cells alive and without abnormalities. 

I.3.1. Pluripotent stem cell culture 

Culture conditions for PSCs should be able to maintain their pluripotency along time, minimising the 

amount of spontaneous differentiation. Traditional two-dimensional culture systems for PSCs used a 

feeder layer of γ-irradiated mEFs as an adhesion substrate for cells, and media, typically DMEM/F12, 

supplemented with foetal bovine serum (FBS). With time, FBS was gradually replaced with KO-SR, 

which is serum-free and better defined. Still, this setup was not desirable, as KO-SR, although more 

defined than FBS, is still not completely defined, as it is a proprietary product, and mEFs are a source 

of animal contamination12,19,82. Additionally, while the factors normally secreted by mEFs maintain cell 

pluripotency, γ-irradiation, which is necessary to avoid mEFs to outgrow PSCs, causes their apoptosis 

and changes their secretome, possibly compromising their ability to maintain PSCs undifferentiated83. 

Thus, new culture strategies for PSCs surfaced over time, in order to minimise animal contamination 

and batch-to-batch variability, while avoiding undesired differentiation of PSCs. 

The adhesion substrate for cells should have a complexity similar to living tissues. Matrigel is a protein 

extract from the Engelbreth-Holm-Swarm mouse sarcoma, and is rich in ECM molecules. Matrigel 

contains about 60-85% laminin, 5-30% collagen IV, 1-10% nidogen, 1-10% heparin sulphate 

proteoglycan and 1-5% entacin, allowing it to mimic the ECM of living tissues, and promoting cell 

adhesion and growth. PSCs on Matrigel cultured in mEF-conditioned medium are able to maintain 

pluripotency and the expression of PSC markers, as well as a normal karyotype, for over 130 population 

doublings. Although Matrigel is not completely defined and is of animal origin, it is more defined than 

mEFs, and its usage is less technically challenging, allowing for large-scale operation of PSCs84–86. 

Since the advent of Matrigel, other feeder-free substrates, including the xeno-free Synthemax, have 

surfaced for the culture of PSCs87. 

Despite its advantages in PSC culture, Matrigel required the usage of mEF-conditioned medium to 

maintain cells undifferentiated. TeSR1 medium was developed as a xeno-free, chemically defined 

alternative to conditioned medium, allowing growth of PSCs in feeder-free conditions, while maintaining 
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their pluripotency, marker expression and karyotype. TeSR1 is composed of DMEM/F12 basal medium, 

supplemented with human serum albumin (HSA), vitamins, antioxidants, trace minerals, lipids and 

growth factors (complete formulation in Table VIII.1, page 81). TeSR1 is able to maintain PSC 

pluripotency due to the simultaneous presence of basic FGF, transforming growth factor (TGF) β, lithium 

chloride, γ-aminobutyric acid and pipecolic acid19,88–91. HSA, one of the components of TeSR1 medium, 

is expensive, thus, modified TeSR1 medium, or mTeSR1 medium, contains bovine serum albumin 

(BSA), which functions the same, but is more affordable. Since mTeSR1 contains one animal 

component, animal-free TeSR1 is still sold, but as TeSRTM219,92. Essential 8TM medium is a simplification 

of the TeSR formulae, containing only 8 components of animal-free origin, while still allowing for PSC 

maintenance in feeder-free conditions93. 

PSCs are generally passaged as colonies using ethylenediaminetetraacetic acid (EDTA) rather than as 

enzymatically, as single-cell passaging causes PSC anoikis, that is, apoptosis due to a lack of cell-cell 

contact94. The rho-associated coiled-coil protein kinase (ROCK) signalling pathway, which is responsible 

for a myriad of cell behaviours, from stress fibre formation and contraction, cellular adhesion and 

cytokinesis, is also central in PSC anoikis under single-cell conditions (Figure I.8)95–97. 

 

Figure I.8 – Molecular pathway of dissociation-induced human pluripotent stem cell apoptosis. This 

molecular pathway contains at least five regulatory steps in the cascade: (1) dessupression of epiblast state-linked 

regulator by dissociation; (2) Rho-guanidine nucleotide exchange factor (GEF)/Rac-guanidine triphosphatase 

activating protein (GAP) function of Abr; (3) generation of Rho-high/Rac-low state; (4) Rho associated coiled-coil 

protein kinase (ROCK)-dependent myosin hyperactivation and (5) actomyosin-dependent apoptosis induction via 

mitochondria. PI3K – phosphoinositide 3-kinase95. 
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As Figure I.8 demonstrates, after the loss of E-cadherin mediated cell adhesion, the ROCK signalling 

pathway is activated as a five-step cascade process, culminating in cell apoptosis. Small guanosine 

triphosphatases (GTPases) Rho and Rac are mutually antagonistic, and their equilibrium regulates cell 

fate. In the case of cell-cell contact, Rac is bound to GTP, and thus active, repressing Rho, which is 

bound to guanosine diphosphate (GDP). After cell dissociation, Rac is repressed by negative regulator 

GTPase activating protein (GAP), which facilitates the hydrolysis of bound GTP to GDP, whereas Rho 

is activated by positive regulator guanine nucleotide exchange factor (GEF), which phosphorylates 

bound GDP to GTP. Activated Rho causes hyperactivation of myosin, which in turn causes cell blebbing 

(excessive contraction of the actin network, increasing the intracellular pressure and causing the 

shedding of cytoplasmic material as vesicles), and the activation of caspases via mitochondria. After 

activation of caspases, cells start expressing Annexin V, and finally suffer apoptosis94,95,97,98. 

Although EDTA can be used for cellular dissociation in regular PSC culture, some protocols, such as 

FACS or MACS, require single-cell suspensions. In order to maintain singularised cell viability, inhibitors 

of the ROCK apoptosis pathway must be supplemented to the culture media. Two such inhibitors are 

ROCK inhibitor Y-27362 and myosin inhibitor blebbistatin, which have been applied to single-cell 

cultures of PSCs, and were able to markedly improve cell survival and colony reforming over non-treated 

controls95–97. 

In short, culture of PSCs is a challenging procedure, to the number of variables which must be controlled 

to maintain regular PSC characteristics, avoiding differentiation, karyotype alteration and excessive cell 

death. Current PSC cultures generally use Matrigel or Synthemax as an adhesion substrate, and 

maintain cells in mTeSR1 or Essential 8 medium. Choice of the adhesion substrate and the medium 

must ponder culture efficiency and future applications, as cells for clinical usage should avoid contact 

with animal-based products. ROCK inhibitors protect single cells by inhibition of the apoptosis pathways, 

maintaining them viable for culture after singularisation.  

I.3.2. Differentiation of pluripotent stem cells to cardiomyocytes 

Protocols for differentiation of PSCs to cardiomyocytes take advantage of media and growth factors to 

recapitulate essential cues from the human embryonic development and thus commit cells to a cardiac 

lineage. For this purpose, many different approaches have been successfully applied, with varying 

differentiation efficiencies, some of which will be described as representative examples in this section. 

Figure I.9 depicts some approaches for differentiation of PSCs to cardiomyocytes. 
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Figure I.9 – Current methods for cardiac differentiation of human pluripotent stem cells (hPSCs). The three 

major approaches for differentiation of human pluripotent stem cells to cardiomyocytes are summarised: Embryoid 

body (EB), monolayer culture, and inductive co-culture. Methods for forming EBs range from a simple enzymaric 

partial dissociation of hPSC colonies to various methods to more precisely control EB cell number and EB size by 

the use of microwells with forced aggregation (centrifugation), microwells to first expand hPSC colonies to a defined 

size, and micropatterned hPSC colonies of defined sizes. Alternatively, propagating hPSCs as monolayers on 

Matrigel with defined media can be used for cardiogenesis. For both EB and monolayer approaches, stage-specific 

application of key growth factors (GFs) in defined media are requires for optimal cardiogenesis, although some 

protocols use foetal bovine serum (FBS) or small molecules to induce cardiogenesis. Co-culture of mechanically 

passaged hPSCs with visceral endodermal-like END2 cells takes advantage of cell signalling from END2 cells to 

promote cardiogenesis. APEL – albumin, polyvinyl alcohol, essential lipids; KO – knockout; RPMI – Roswell Park 

Memorial Institute (medium)52. 

As Figure I.9 indicates, the major approaches for differentiation of PSCs, in particular cardiac 

differentiation, are EB, monolayer and inductive co-culture differentiation52,99. 

As PSCs are grown in low-adhesion conditions or in suspension (such as in spinner flasks of 

bioreactors), they experience an embryonic-like development, and form tri-dimensional aggregates, 

EBs, containing cells from the three germ layers (Figure I.2, page 2)100,101. EBs contain a variable 

amount of cells from each germ layer, but PSCs can be induced into generating EBs with a more 

substantial amount of a specific type of cell through the exposure of these cells to serum, growth factors 

and/or small molecules. PSCs are generally cultured on either a feeder layer of mEFs or Matrigel, and 
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after expansion, enzymatically detached using dispase or collagenase, and replated onto 

low-attachment plates or micropatterned structures. Once in aggregate-forming conditions, PSCs are 

subjected to cardiac differentiation, forming EBs with a high percentage of cardiomyocytes at the end of 

the protocol. These differentiation protocols generally use commercial media, such as DMEM/F12 

supplemented with FBS38,39,102; StemPro®-3457,103,104; albumin, polyvinyl alcohol, essential lipids 

(APEL)58 or BSA, polyvinyl alcohol, essential lipids (BPEL)76,105. Serum supplementation is important for 

specification of mesoderm, and also from early endoderm which provides important factors for cardiac 

differentiation106. However, xeno-free alternatives have more recently been developed to sustain EB 

differentiation of PSCs to cardiomyocytes. StemPro-34 is a serum-free medium, which was first used to 

support haematopoietic stem cell culture107. APEL is also serum-free, and chemically defined, and was 

specifically developed for differentiation of PSCs as spin EBs. BPEL is a lower-cost formulation of APEL, 

by replacement of human albumin with its bovine counterpart99. Unlike serum-supplemented media, 

which are enough for EB cardiac differentiation, serum-free media require growth factors to provide the 

necessary cues for cardiac lineage commitment. During early differentiation, medium is supplemented 

with growth factors to stimulate the signalling pathways involved in mesendodermal specification 

(section I.2, page 8), namely activin A, basic FGF, BMP4, and sometimes a combination of SCF, 

vascular endothelial growth factor (VEGF), WNT3A, and the small molecule CHIR9902157,58,76,103–105,108. 

Around day 4 of differentiation, the growth factors are changed to VEGF, basic FGF (sometimes added 

around day 8 and maintained with VEGF) and WNT inhibitor DKK1, to promote cardiac specification. 

These differentiation protocols allow for approximately 50% of cTnT+ cells at day 12-14 of 

differentiation57,103,104. 

Monolayer differentiation applies the same principles of EB differentiation, regarding exposure to 

cardiogenic growth factors and small molecules. PSCs are usually cultured on Matrigel and expanded 

in either mEF-conditioned or mTeSR1 medium, until reaching a confluence deemed optimal for 

differentiation. Cardiac differentiation protocols use commercial media, such as DMEM/F1240, the most 

common being Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with B-27 

(RPMI/B27)109–113. RPMI 1640 is a serum-free medium originally developed for culture of human 

leukocytes114, but it has also been found to support in vitro cardiogenesis108. This medium contains high 

concentrations of vitamins, but lacks proteins, lipids or growth factors, thus requiring supplementation 

to allow for cell growth. It was later discovered that the full B-27 supplement was not necessary for 

cardiac differentiation, and a medium containing only RPMI 1640 basal medium, ascorbic acid and 

recombinant albumin could just as well induce cardiogenesis115. More recently, cardiac differentiation 

was achieved using Essential 8 medium supplemented with heparin, which results in a less expensive 

protocol with less batch-to-batch variations116. Mesendodermal induction is carried using growth factors 

such as activin A, basic FGF, BMP4, and VEGF, and the small molecule CHIR9902140,53,54,109,111–

113,117,118. Activin A addition at day 0, followed by BMP4 addition 24 hours later are enough for 

mesendodermal commitment of PSCs110,111. At this early stage, RPMI 1640 is usually supplemented 

with insulin-free B-27 (RPMI/B27-insulin), as insulin directs cells to a neuroectodermal lineage112,119. 

Cardiac lineage commitment is generally induced by culture in RPMI/B27-insulin without growth 

factors110,111, or containing WNT inhibitor DKK1113 or inhibitor of WNT response (IWR) 1 with BMP440, 
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resulting in the appearance of CVPCs. The final stage of differentiation does not require growth factors, 

and the medium can be changed to RPMI/B27 containing insulin. Adding insulin at this stage is 

beneficial, as it protects cells from apoptosis and stimulates cellular proliferation119. These differentiation 

protocols are very dependent on the PSC cell line, and only generate at most 30%-50% cardiomyocytes 

after 15 days of differentiation110,112,113. For this reason, a protocol which was allegedly not cell 

line-dependent and consistently generated high percentages of cardiomyocytes was developed. This 

protocol only requires temporal modulation of the WNT signalling pathway, and is reviewed in detail in 

section I.3.2.1 (page 22). Other alternative to improve cardiac differentiation consists of a Matrigel 

sandwich layout, containing the cells between two Matrigel layers. RPMI/B27-insulin containing activin 

A and Matrigel is added at day 0, being replaced with medium containing BMP4 and basic FGF after 

24 h. Starting from day 5, the medium is changed to RPMI/B27. This setup promotes 

epithelial-to-mesenchymal transition, similarly to what occurs in vivo (section I.2, page 8), and generates 

more cardiomyocytes than a single-layer approach, ranging from 40% to 98%, depending on the cell 

line120. 

Inductive co-culture approaches for cardiac differentiation take advantage of endodermal signals to 

promote PSCs to commit to a cardiac lineage. For these approaches, PSCs are cultured on a feeder 

layer of the visceral endodermal-like END-2 cell line, previously treated with mitomycin C, in DMEM 

supplemented with serum or KO-SR. These protocols do not require a medium with serum or growth 

factor supplementation, but they are technically challenging, and generate low percentages of 

cardiomyocytes compared to the other methods (up to 20% by day 12 of differentiation)119,121–123. 

It is important to note that these differentiation protocols generate still immature cardiomyocytes. Lian 

and co-workers111 analysed the expression over time of myosin light chain (MLC) isoforms v and a, 

which label mature ventricular, and atrial/immature ventricular cardiomyocytes, respectively. After 

20 days of differentiation, MLC2v expression was almost undetectable, whereas virtually all 

cardiomyocytes expressed MLC2a, indicating the cardiomyocytes were still largely immature. By 

day 60, more than 50% of cTnT+ cells expressed MLC2v, but more than 80% of these cells still 

expressed MLC2a, thus, while some cardiomyocyte maturation was observed, these cells probably still 

required some more time in culture to be more similar to adult cardiomyocytes. For this reason, different 

strategies have been successfully applied to induce cardiomyocyte maturation obtained after in vitro 

differentiation, such as medium-induced maturation124, culture on stiff substrates125, or electrical 

stimulation of cells104. Cardiomyocytes subjected to maturation protocols were more similar to adult 

cardiac cells than those which were not, namely in terms of sarcomeric organisation, contraction stress, 

and electrophysiological properties. Mature cardiomyocytes also expressed higher intracellular levels of 

calcium, which is required for contraction. Applying a maturation procedure following a cardiac 

differentiation protocol helps reducing cell culture time and improve the quality of the final cell product, 

turning it more compatible with clinical procedures. 

The various differentiation protocols which were described generate CVPCs at an intermediate stage of 

differentiation. By terminating cardiomyocyte differentiation prematurely, these CVPCs can be collected, 

maintained and differentiated into other cardiac cell lineages40. Since the heart is a complex organ, 
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composed of three different types of differentiated cells, transplantation of CVPCs, which can 

differentiate into all of these cell types, is more promising than therapies using only cardiomyocytes40,54. 

Long-term maintenance of CVPCs can be induced by inhibiting signalling pathways which play an 

important role in differentiation, namely the glycogen synthase kinase (GSK) 3, BMP and activin/NODAL 

pathways. Cao and co-workers40 achieved CVPC maintenance for over 15 passages by culture of cells 

on Matrigel and in DMEM/F12 supplemented with B-27 and N-2, and containing GSK3 inhibitor 

CHIR99021, BMP inhibitor dorsomorphin and activin/NODAL inhibitor A83-01. Cells were passaged 

after achieving 80%-90% confluence, and treated with ROCK inhibitor Y-27362 during the first 

5 passages to improve cell survival. The ability to maintain CVPCs is of great importance for clinical 

applications, as these cells are ready to use and do not need to be generated de novo every time. 

Differentiation of CVPCs into the three cardiac cell types can be induced through stimulation of specific 

pathways; cardiomyocyte specification requires exposure to medium, such as DMEM/F12+B-27 

containing FBS32 or WNT inhibitor DKK1103 or IWR1 (+BMP4)40; smooth muscle specification can be 

achieved by simple exposure to medium, such as DMEM/F12+B-27, without stimulation of specific 

pathways32,103, or by supplementation with platelet derived growth factor (PDGF)-BB and TGF-β140; 

endothelial specification is possible through exposure to medium, such as DMEM/F12+B-27, containing 

VEGF and either FBS32, or basic FGF40,103. In vivo, CVPCs are able to differentiate, and thus are able 

to help restore the function of a damaged heart53,54,109. 

I.3.2.1. Differentiation by temporal modulation of the canonical WNT signalling pathway 

Despite the variety of methods for differentiation of human PSCs to cardiomyocytes, these rarely result 

in high percentages (>90%) of cTnT+ cells without resorting to a purification method downstream of the 

differentiation protocol. In order to overcome the low efficiency of existing cardiomyocyte differentiation 

methods, a protocol regulating only elements the canonical WNT signalling pathway was recently 

developed111,112. 

The WNT signalling pathway is highly conserved between species and controls a myriad of cellular 

processes, such as embryonic induction, cell fate specification and cell polarity. This signalling pathway 

is schematically presented in Figure I.10. 
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Figure I.10 – The canonical wingless-type mouse mammary tumour virus integration site (WNT) signalling 

pathway. (Left) When WNT receptor complexes are not bound by ligand, casein kinase (CK) 1 and glycogen 

synthase kinase (GSK) 3α/β phosphorylate β-catenin (βcat). Phosphorylated β-catenin is recognised by the 

β-transducin repeat containing E3 ubiquitin protein ligase (β-TrCP). Following ubiquitination, β-catenin is targeted 

for rapid destruction by the proteasome. In the nucleus, the binding of Groucho to T-cell factor (TCF) inhibits the 

transcription of WNT target genes. (Right) Once bound by WNT, the Frizzled (Fz)/lipoprotein receptor-related 

protein (LRP) co-receptor complex activates the canonical signalling pathway. Fz interacts with Dishevelled (Dsh), 

a cytoplasmic protein which functions upstream of β-catenin and the kinase GSK3β. WNT signalling controls 

phosphorylation of Dsh. WNTs are thought to induce the phosphorylation of LRP by GSK3β and CK1γ, thus 

regulating the docking of axin. The recruitment of axin away from the destruction complex leads to the stabilisation 

of β-catenin. In the nucleus, β-catenin displaces Groucho from lymphoid enhancer factor (LEF)/TCF to promote the 

transcription of WNT target genes. P - phosphate126. 

The canonical WNT signalling pathway controls gene expression through β-catenin. In the absence of 

WNT proteins, β-catenin is phosphorylated by casein kinase (CK) 1 and GSK3β, which targets it for 

ubiquitination by β-transducin repeat containing E3 ubiquitin protein ligase (β-TrCP), and subsequent 

degradation. WNT proteins in the cell bind to the Frizzled/lipoprotein receptor-related protein (LRP) 

complex, resulting in the activation of Dishevelled which induces axin-mediated phosphorylation of LRP 

by CK1 and GSK3β, thus reducing phosphorylation of β-catenin. Once β-catenin is allowed to 

accumulate in the cytoplasm, it translocates to the nucleus and interacts with T-cell factor 

(TCF)/lymphoid enhancer factor (LEF), displacing gene repressors such as Groucho and promoting the 

transcription of WNT target genes. β-catenin also mediates cell-cell adhesion when bound to 

E-cadherin. Besides the canonical pathway, non-canonical, β-catenin-independent WNT signalling 

pathways also occur in the cell111,126–130. 

WNT signalling plays an important role in many cell processes, most notably, it is especially active in 

tumorigenic cells131. In human PSCs, WNT signalling acts in different mechanisms, based on the other 

cues which are conveyed to cells. WNT signalling appears to be maintained in human PSCs at a basal 

level, and, in pluripotency conditions, results in self-renewal of these cells when conjugated to other 
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proliferation factors. If cells are not in the presence of anti-differentiation factors, however, up-regulation 

WNT signalling promotes human PSC proliferation and differentiation111,132. 

One of the downstream targets of the WNT signalling pathway is mesendodermal marker 

T/Brachyury128. Although WNT-less mesodermal differentiation of human ESCs is possible through 

over-expression of MESP1133, during in vivo cardiac development, canonical WNT signals induce the 

formation of the primitive streak, whereas inhibition of this pathway naturally results in the inability to 

form the primitive streak, and consequently mesoderm and mesodermal lineages111,128,134. However, 

WNT signalling alone is not enough to induce mesendodermal lineage commitment; the WNT signalling 

pathway synergises with both the BMP and activin/NODAL pathways to induce mesendodermal 

differentiation of human PSCs, similarly to what happens in normal cardiac development (section I.2, 

page 8)111,134. Despite its positive role in mesendoderm induction, canonical WNT signalling prevents 

cardiomyogenesis in mesoderm-committed cells, and is thus inhibited through the action of mesoderm 

and CVPC markers, such as MESP1 and NKX2-5. In fact, cells undergoing cardiac specification start 

expressing non-canonical WNT genes, such as WNT5a77,103,111,133,135,136, while canonical WNT 

activation, along with BMP and activin/NODAL inhibition, can be used to maintain CVPCs at a progenitor 

state40. 

Taking advantage of the regulatory effects of canonical WNT signalling in cardiogenesis, Lian and 

co-workers111,112 developed a high-efficiency, defined and growth factor-free differentiation protocol, 

which only requires the temporal modulation of this signalling pathway to obtain functional 

cardiomyocytes by day 15 of differentiation. A timeline of the events occurring during this differentiation 

protocol is schematically presented in Figure I.11. 

 

Figure I.11 – Timeline of events, cellular stages and cell marker phenotype during differentiation of human 

induced pluripotent stem cells (iPSCs) via temporal modulation of the canonical wingless-type mouse 

mammary tumour virus integration site (WNT) signalling pathway. The timeline is based on the original 

protocol111,112 optimised for the 6-9-9 cell line137. cTnT – cardiac troponin T; CVPC – cardiovascular progenitor cell; 

d – differentiation day; ISL – LIM-homeobox transcription factor islet; MIXL – mix paired-like homeobox; 

MLC – myosin light chain. Figure created using Servier Medical Art. 

Initially, PSCs are seeded on Matrigel- or Synthemax-coated 3.8 cm2 tissue culture plates, at a density 

of 100,000-200,000 cells/cm2, and left to expand in mTeSR1 medium for 4/5 days until achieving 

confluence. Once confluent (day 0), the medium is changed to RPMI/B27-insulin, containing 

CHIR99021. This small molecule inhibits GSK3, activating the canonical WNT signalling pathway, by 
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allowing for accumulation of β-catenin, and thus inducing mesendodermal specification of cells. 

CHIR99021 is removed at the medium change at day 1. At day 3, inhibitor of WNT production (IWP) 2 

or 4 is added to the medium to inhibit canonical WNT signalling and allow for cardiac specification of 

cells. The canonical WNT inhibitor is removed at the medium change at day 5. CVPCs peak at around 

day 7, and at this day, the medium is changed to RPMI/B27. Cells can be maintained in RPMI/B27 with 

medium changes every 3 days for over 6 months. By day 12, cells express generalised spontaneous 

contraction. Starting from day 15, over 70% of cells should express cTnT111,112,137. This protocol has 

been successfully implemented for various human PSC cell lines, namely human ESC line H9, and 

human iPSC lines 6-9-9, 19-9-11 and IMR90C4111,137. This protocol is technically simple, fully defined, 

reproducible over various cell lines and inexpensive (comparative-wise) due to the usage of small 

molecules over growth factors, and, depending on the intended use for the cells, the lack of necessity 

for purification. The advantages of this method render it a strong choice over the other protocols 

presented in section I.3.2 (page 18) in order to produce CVPCs and cardiomyocytes for applications 

which demand high numbers of cells and/or high purity, such as drug screening or clinical therapies111. 

This method was later worked on in order to reduce variability and the exposure to animal components, 

using RPMI 1640 basal medium, ascorbic acid and recombinant albumin (and lactate for purification via 

the lactate method, section I.3.3.3, page 31)115 or Essential 8 medium supplemented with heparin116, 

resulting in cells more suitable for usage in humans. 

I.3.3. Downstream processing of human pluripotent stem cell-derived cardiac 

cells 

Purification processes play a crucial role in a product intended for clinical applications. Ideally, 

differentiating PSCs into only the desired type of cells would be possible. In truth, differentiation 

protocols result in a heterogeneous mixture of cells, and, at best, the desired type of cell comprises the 

majority of this mixture. For drug screening or disease modelling purposes, contaminant cells may 

provoke unexpected reactions, which would not occur in vivo, whereas clinical applications require the 

depletion of dangerous cells, such as undifferentiated PSCs which cause teratomas when transplanted 

onto a host14,15,19,40,54,117,138. Purification protocols are also a means of standardising the populations 

generated from different cell lines, which may have widely different propensities for differentiation.  

Purification protocols may be used for positive or negative selection, depending on whether they target 

and recover the desired cell type, or target and deplete specific impurities from the cell mixture. Negative 

selection requires a knowledge of the expected impurities in order to devise optimal strategies to remove 

each of them from culture. Positive selection is technically simpler as it targets the desired cells directly, 

and is preferable if there are many different contaminants in culture, but results in labelling of these 

cells, which may result in unforeseen negative consequences in culture and in vitro applications, and 

requires a specific marker for these cells, which is not always known139,140. 

For cardiac-related applications, including cardiac regeneration, drug screening or disease modelling, it 

is important to obtain a cell population which can mimic the heart as much as possible. For these 

purposes, the most promising use of purification protocols is the enrichment of CVPCs, which can 
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differentiate into the three types of heart cells, and can potentially provide a heart-like environment for 

the aforementioned applications40,54. Due to a lack of CVPC-specific markers, however, most purification 

protocols are used as a means of obtaining highly pure populations of cTnT+ cardiomyocytes, whose 

potential may be more limited than that of CVPCs, but which have nonetheless been proven to aid 

cardiac regeneration110,141,142. 

There is a great variety of stem cell purification methodologies, most of which can be grouped by their 

principle of separation as physicochemical-based, affinity-based or biophysical-based3,140. An overview 

of the cell properties which can be taken advantage of for these different types of separation is presented 

in Figure I.12. 

 

Figure I.12 – Properties of cells exploited during separation processes. Figure adapted from reference 143 and 

created using Servier Medical Art. 

Physicochemical-based methods take advantage of the intrinsic properties of cells, such as their size, 

density or adhesion capacity. These methods are usually inexpensive, do not require cell labelling, and 

may sometimes be used to separate various populations of cells from a mixture in one single step. 

However, physicochemical-based methods are usually not specific to their targets, rendering sorting of 

cells with similar characteristics difficult. These methods are often preparatory, to remove more 

substantial impurities, and lighten the burden on more specific and expensive methods. Traditional 

examples of physicochemical-based separation methodologies include centrifugation, separation based 

on adhesion to plastic and membrane filtration3,140,143. 

Affinity-based methods use molecules, typically monoclonal antibodies but also other ligands such as 

lectins or aptamers, which recognise and bind to markers at the surface of cells. These are highly 

specific to their targets, and often result in highly pure populations, but are also more costly than 

physicochemical-based methods. Affinity-based methods typically place last in separation 
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methodologies, when the amount of impurities is lower and the goal is to obtain the product in its final 

formulation. Affinity-based methods include FACS, MACS, affinity chromatography, solid-surface 

panning and separation through aqueous two-phase systems3,140,143. 

Biophysical-based methods rely on physical, such as dielectric, properties of cells. The main 

biophysical-based method for stem cell separation is dielectrophoresis. Biophysical-based methods can 

separate cells at a low concentration, do not require labelling, do not convey much shear stress to the 

cells and can sort various cell populations in a single process. However, they require complex devices 

and can induce differentiation due to the physical cues conveyed to the cells3,140,143. 

Some methods cannot accurately be grouped under any of these three categories. For instance, the 

lactate method, described in section I.3.3.3, page 31 would be more accurately described as a 

metabolic-based method, as it takes advantage of the different metabolic signatures of cardiomyocytes 

when compared to other cells. 

Various different purification mechanisms may be employed for purification of cardiac lineage cells, at 

distinct stages of differentiation according to the targets and mechanism of selection.. Figure I.13 depicts 

two different strategies that can be employed for affinity-based purification of CVPCs in cultures 

undergoing differentiation, whereas Table I.2 indicates methods which have been successfully applied 

for CVPC and/or cardiomyocyte purification and which are reviewed in more detail along the following 

sections. 

 

Figure I.13 – Strategies for purification of cardiovascular progenitor cells (CVPCs) from differentiating 

cultures. CVPCs can be purified by either negative selection, removing specific impurities from culture, namely 

induced pluripotent stem cells (iPSCs) with tumorigenic potential, or by positive selection, enriching the culture in 

CVPCs, but resulting in labelling of these cells. SSEA – stage-specific embryonic antigen; TRA – tumour rejection 

antigen. Figure created using Servier Medical Art. 
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Table I.2 – Methods for purification of pluripotent stem cell-derived cardiac cells. Criteria for cell separation, 

the cell types the methods can purify (cardiovascular progenitor cells (CVPCs), cardiomyocytes or both), their 

advantages and limitations, and references containing examples of their application are indicated. 

FACS – fluorescence-activated cell sorting; FDA – Food and Drug Administration; MACS – magnetic-activated cell 

sorting; miRNA – micro ribonucleic acid140,143. 

Technique 
Separation 
criteria 

Cell types Advantages Limitations References 

FACS 
Surface 
affinity, 
fluorescence 

CVPCs, 
cardiomyocytes 

High separation 
efficiency, 
multiparametric 

Low scalability and 
throughput, expensive, 
technically 
challenging, requires 
cell singularisation and 
labelling, conveys high 
shear stress to the 
cells 

57,64,144,145 

MACS 
Surface 
affinity 

CVPCs, 
cardiomyocytes 

Simpler, faster, less 
costly and less 
aggressive than 
MACS, high 
separation 
efficiency, 
scalability, approved 
by the FDA 

High cell loss, requires 
labelling with 
antibodies and 
magnetic particles and 
singularisation, 
conveys high shear 
stress to the cells, 
non-multiparametric 

53,54,57,113,146 

Lactate method Metabolism Cardiomyocytes 

High separation 
efficiency, avoids 
cell labelling and 
detachment from 
culture, technically 
simple, inexpensive, 
scalable 

Can cause death of 
cells which support 
cardiomyocytes or 
may be important for 
therapeutic 
applications, 
time-consuming 

115,147,148 

Density gradient 
centrifugation 
using Percoll 

Size, density Cardiomyocytes 
Technically simple, 
fast, avoids cell 
labelling 

Unspecific, low 
separation efficiency, 
requires cell 
detachment from 
culture 

110,149 

Antibiotic-based 
selection 

Antibiotic 
resistance 

CVPCs, 
cardiomyocytes 

High separation 
efficiency 

Requires genetic 
manipulation of cells 
and their detachment 
from culture 

150,151 

miRNA switches 
miRNA 
expression 

CVPCs, 
cardiomyocytes 

High separation 
efficency 

Requires genetic 
manipulation of cells 
and their detachment 
from culture 

152 

I.3.3.1. Fluorescence-activated cell sorting 

FACS is an affinity-based method which applies the principles of flow cytometry for cell sorting, and 

which can be used for both positive and negative selection of cells. Initially, cells are singularised and 

incubated with fluorescently-labelled antibodies, which will bind to the surface marker to be used for cell 

separation. Afterwards, the cell suspension is loaded onto a device for separation, and is mixed with 

sheath fluid. The mixture is expelled through a tight nozzle, flowing in a laminar regime. Cells pass 

through a laser one-by-one, and labelled cells start fluorescing. The sheath fluid is then split into drops, 

each of these drops ideally containing one cell. As the drops pass through an electric field, fluorescent 

cells become negatively charged, whereas non-fluorescent cells are attributed a positive charge. 

Afterwards, cells pass through electromagnetic plates and are deflected towards different collection 

points based on their charge, thus separating labelled and unlabelled cells. FACS can sort over 

40,000 cells/second and often results in high separation efficiencies (over 95% purity). It can also 

separate cells based on the amount of expression of a surface marker, depending on the defined 

threshold, or even by expression of an intracellular marker, provided it is fused with a fluorescing agent, 
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such as GFP. However, the full process, including the sample preparation, can take up to 10 hours, 

resulting in low throughput. Additionally, it requires expensive reagents and equipment, is technically 

challenging, requires cell singularisation and conveys them high shear stress, which can compromise 

their viability or induce undesired differentiation. These drawbacks limit FACS to a research environment 

which requires highly pure cells. Other purposes, such as clinical-scale cell production, require more 

gentle and faster purification processes139,140,153–155. 

FACS has been successfully applied for purification of both CVPCs and cardiomyocytes. Dubois and 

co-workers57 used FACS based on SIRPA expression to purify both CVPCs and cardiomyocytes derived 

from human PSCs via activin A/BMP4/basic FGF differentiation as EBs. After sorting, the SIRPA+ 

population formed contractile cTnT+ cardiomyocytes, whereas the SIRPA– population did not originate 

contracting cells. The separation efficiency varied with the cell line, but up to 98% of cTnT+ cells were 

obtained after differentiation. The same authors also performed negative selection experiments using 

thymus cell antigen (THY) 1, platelet endothelial cell adhesion molecule (PECAM) 1 and platelet-derived 

growth factor receptor β (PDGFRB) to deplete differentiating cells from fibroblasts, endothelial cells and 

smooth muscle cells, respectively. The THY1–/PECAM1–/PDGFRB– was enriched in cardiac-specific 

genes, whereas the THY1+/PECAM1+/PDGFRB+ mainly expressed non-cardiomyocyte genes. More 

recently, Ishida and co-workers64 were able to purify CVPCs from cultures differentiated from human 

PSCs via BMP4/basic FGF induction as EBs, through expression of both GFRA2 and PDGFRA. The 

GFRA2+/PDGFRA+ population purified at differentiation day 8 contained progenitors of both the FHF 

and SHF, which were able to generate about 96.5% cTnT+ cardiomyocytes. 

An alternative FACS protocol taking advantage of the high number of mitochondria in cardiomyocytes 

has been applied by Hattori and co-workers144. Cells being differentiated from human PSCs via FBS 

induction as EBs between day 50 and 90 of the protocol were stained with mitochondrial stain 

tetramethylrhodamine methyl ester perchlorate (TMRM). Cardiomyocytes featured much higher 

fluorescence intensity than non-myocytes, and were purified using FACS. Sorted cells were cultured for 

5 days, after which they featured about 99% of cardiomyocytes, whereas the undesired fractions 

contained less than 3% of these cells. Sorting of CVPCs and cardiomyocytes through expression of 

NKX2-5 fused with GFP has also been achieved, but since it requires substantial manipulation of cells, 

this type of sorting cannot be translated to therapeutic purposes, and is more suitable for research58. 

Another approach, by Ban and co-workers145 used a molecular beacon approach to target 

cardiomyocyte-specific messenger ribonucleic acid (mRNA) in monolayer cultures differentiated from 

human PSCs by activin A/BMP4/basic FGF induction. Molecular beacons are probes containing a 

fluorophore at one end and a quencher at the other. When in the absence of a target, these beacons 

form a hairpin structure, and the fluorophore is silenced by the quencher, but when the beacons 

hybridise with a target, the fluorophore is sufficiently separated from the quencher and is able to 

fluoresce. Cells were delivered the myosin heavy chain (MHC) 1 molecular beacons at day 13, and were 

sorted by FACS, enriching the cardiac troponin I (cTnI) cardiomyocyte population from about 40% to 

over 97% of cTnI+ cells. These cells were enriched in cardiomyocyte-specific genes and depleted of 

smooth muscle, fibroblast, skeletal myocyte and endothelial genes; additionally, they were functional 

and maintained normal cardiomyocyte characteristics. 
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I.3.3.2. Magnetic-activated cell sorting 

MACS is an affinity-based method, trademarked by Miltenyi Biotec, which relies on antibodies labelled 

with small (~50 nm) magnetic particles for cell separation, and which can be used for both positive and 

negative selection of cells. For MACS, cells are singularised and incubated with antibodies against the 

surface marker of interest coupled with magnetic beads. The cells are then passed through a column 

under the effect of a magnetic field; upon washing, unlabelled cells leave the column, while labelled cells 

are retained. After washing, the column is removed from the influence of the magnetic field, and labelled 

cells, being no longer retained, can be freely eluted as a single-cell suspension. MACS was created to 

answer some of the drawbacks of FACS, and thus it can achieve similar efficiencies in a two-step serial 

setup while being technically simpler, faster, regarding both sample preparation and the sorting itself, 

less costly, and less aggressive to cells, due to conveying less shear stress, and due to the 

aforementioned lower processing time. However, MACS is still very expensive compared to other, 

namely physicochemical-based, selection methods, has trouble isolating cells at concentrations under 

1%, a large number of cells may be lost throughout the process, and it requires cell singularisation. 

Additionally, the antibodies and the magnetic particles can induce adverse effects on the cells and, if 

these are to be transplanted, on the host, but this can be overcome by using MACS for negative 

selection, thus labelling undesired cells, or, for the magnetic beads only, by enzymatically removing 

them following purification. These beads, however, are naturally internalised by the cells following 

purification. Finally, unlike FACS, MACS can only separate cells based on the presence or absence of 

a given surface phenotype, and not on the intensity of the expression. Despite its drawbacks, MACS is 

a powerful tool for cell separation, and it has been approved by the Food and Drug Administration (FDA) 

for clinical usage3,138–140,154. The difficulty of separating rare populations can be overcome by using a 

two-step MACS-FACS setup. In this scenario, MACS would be used for preparative separation, 

enriching the initial population in the desired cells and reducing the burden of the subsequent FACS 

process, thus greatly reducing the time required for the latter, and achieving an efficient purification with 

minimal impact on cell viability. Despite seeming advantageous, this setup is expensive and likely not 

translatable to the clinic140,154. 

MACS has also been used to purify both CVPCs and cardiomyocytes from differentiating cultures. 

Dubois and co-workers57 used MACS based on SIRPA expression for purification of CVPCs and 

cardiomyocytes from cultures of human PSCs differentiating via activin A/BMP4/basic FGF induction as 

EBs, and obtained similar results to those of FACS separation (section I.3.3.1, page 28), although with 

substantial cell loss. Uosaki and co-workers113 used MACS based on VCAM1 expression to purify 

cardiomyocytes from human PSCs at day 11 of monolayer differentiation via activin A/BMP4/basic FGF 

induction. Although the propensity of PSCs for cardiac differentiation greatly varied amongst cell lines 

(4.1%-70% cTnT+ cells at day 11), VCAM1 immunomagnetic purification consistently resulted in 

populations containing over 95% of cTnT+ cells, and which featured normal cardiomyocyte features, 

namely in regards to sarcomeric organisation, spontaneous contraction and action potential. The same 

protocol was used by Wang and co-workers146, to obtain preparations of about 80% of human 

iPSC-derived cardiomyocytes. More recently, Menasché and co-workers53,54 performed 

immunomagnetic purification of SSEA-1+ CVPCs at day 4 of monolayer-based differentiation via BMP4 
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induction and basic FGF inhibiton for clinical use (described in more detail in section I.2.2.1, page 14). 

After a two-step serial MACS protocol, the cell population increased from 64% to 99% of SSEA-1+ cells, 

presenting 96.1% viability. Purified CVPCs presented decreased expression of pluripotency genes 

SOX2 and NANOG, along with up-regulation of the CVPC gene ISL1. These cells were incorporated in 

a fibrin patch and successfully used for heart mending of a human patient, without causing any 

impurity-related complications, such as teratomas. 

I.3.3.3. Lactate method 

Lactate metabolic selection, henceforth termed the “lactate method”, is a separation method which takes 

advantage of the distinct metabolism of cardiomyocytes and other types of cells. Most cells, including 

human PSCs, use glucose as the main source of carbon and energy. However, in the presence of a low 

(non-acidifying) concentration of lactate and in the absence of glucose, many cells are unable to 

maintain their adenosine triphosphate (ATP) requirements via glycolysis and oxidative phosphorylation, 

and die within a few hours. On the other hand, cardiomyocytes contain large numbers of mitochondria 

and efficiently metabolise lactate via the Krebs cycle, allowing them to maintain ATP homeostasis and 

survive for over 6 days in medium with lactate and without glucose. This phenomenon can be applied 

for purification of cardiomyocytes from differentiating cultures, by changing the differentiation medium 

to medium depleted of glucose and containing a low concentration of lactate. This method is very 

effective, generating very pure and viable cardiomyocyte cultures without requiring their singularisation 

or dissociation, technically simple, inexpensive and scalable to clinically relevant numbers. The major 

drawback of the lactate method is the death of non-myocyte heart cells, which can support 

cardiomyocytes and whose presence is potentially advantageous for therapeutic purposes. 

Nevertheless, the lactate method is so far the most powerful tool for PSC-derived cardiomyocyte 

purification137,147,148. 

Tohyama and co-workers147 used the lactate method to purify PSC-derived cardiomyocytes obtained 

via FBS induction from EB cultures growing in Petri dishes between day 20 and 30 of differentiation. 

Differentiation medium was changed to DMEM without glucose containing 4 mM lactate, and it was 

changed every 2 or 3 days during 6 days. Lactate selection was able to purify cultures containing about 

10% α-actinin+ cardiomyocytes to up to 99% of these cells, with an estimated cardiomyocyte recovery 

of 74.4%. After purification, cells remained viable, mitotic and presented a normal phenotype. The same 

setup was used by Hemmi and co-workers148 to purify PSC-derived cardiomyocytes via activin A/BMP4 

induction and WNT inhibition growing as EBs in spinner flasks at day 18-20 of differentiation. After 

7 days of exposure to lactate, α-actinin+ cardiomyocytes increased from 25% to over 99%. Purified cells 

were non-tumorigenic, and only ten 100 mL spinner flasks would be necessary to obtain a 

clinically-relevant dose of cardiomyocytes (approximately 108 cardiomyocytes). Burridge and 

co-workers115 applied the lactate method to PSCs differentiating as monolayers via temporal modulation 

of the WNT signalling pathway, using a defined medium with only 4 ingredients – RPMI 1640, ascorbic 

acid, recombinant albumin and lactate. Cells were exposed to lactate between differentiation days 10 

and 20, enriching the cTnT+ cardiomyocyte population from 85% to over 95% of these cells. 
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I.3.3.4. Alternative strategies for purification 

Besides FACS, MACS and the lactate method, other alternatives for purification of CVPCs and 

cardiomyocytes also exist. 

Xu and co-workers149 applied Percoll enrichment to cell populations derived from human ESCs 

undergoing FBS-based EB cardiac differentiation at various different days, based on their different 

densities. Cells were loaded onto a discontinuous gradient with two layers containing 40.5% and 58.5% 

Percoll, and centrifuged at 1500×g for 30 min, after which different cell layers were observed, from top 

to bottom, above the gradient (fraction I), in the 40.5% Percoll layer (fraction II), between the Percoll 

layers (fraction III) or in the 58.5% Percoll layer (fraction IV). Fractions III and IV were the most enriched 

in sarcomeric myosin heavy chain (sMHC)+ cardiomyocytes, increasing from about 17% (at day 21) to 

an average of 36% or 70%, respectively. Similar results were obtained at different days for various cell 

lines. Percoll-enriched populations remained mitotic and were free of undifferentiated ESCs. Laflamme 

and co-workers110 applied the same protocol to human ESCs differentiating as EBs via activin A/BMP4 

induction. MHC-β+ cells increased from about 30% to an average of 83% following Percoll enrichment. 

Purified cells were injected onto infarcted rats, and were able to partially remuscularise the afflicted 

area, thus improving heart function. Percoll enrichment is a simple method for cardiomyocyte 

purification, but is highly unspecific and generates less pure populations compared to affinity-based 

strategies or the lactate method. 

Chow and co-workers150 applied an antibiotic-based selection for ventricular cardiomyocytes derived 

from human ESCs through activin A/BMP4/VEGF induction, as EBs. Differentiated cells at day 17 were 

dissociated, replated and transduced through lentiviral delivery with a plasmid with an MLC2v promoter 

for a gene grating ZeocinTM resistance. Between days 22 and 27, cells were exposed to Zeocin to ensure 

survival of only MLC2v+ ventricular cardiomyocytes. Antibiotic-selected ventricular cardiomyocytes were 

normal in regard to surface marker expression and action potential. This method of selection can also 

be used with other markers, such as NKX2-5 to obtain CVPCs151, resulting in high cell purity, but requires 

genetic manipulation of cells, which in undesirable for clinical applications, due to the possibility of 

unexpected reactions within the host. 

Miki and co-workers152 used micro ribonucleic acid (miRNA) switches to enrich cultures of differentiating 

human PSCs as EBs via activin A/BMP4/basic FGF induction in cardiomyocytes. miRNAs are small, 

non-coding ribonucleic acids (RNAs) which can control gene expression, either by acting in gene 

translation, or by cleaving mRNA. Thus, miRNA-responsive synthetic modified mRNA switches, 

henceforth termed miRNA switches, were engineering to control gene expression and allow purification 

of differentiating cultures. These miRNA switches were able to induce apoptosis in non-cardiomyocytes, 

thus allowing for purification of cardiomyocytes without the need to remove them from culture. EBs 

undergoing differentiation at day 18 and were transfected with either miR-1- or miR-208a-BIM-switches, 

along with a puromycin-resistance mRNA. Exposure to puromycin eliminated non-transfected cells, 

while the BIM-switches induced expression of the BIM protein in cells not expressing miRNAs miR-1 

and miR-208a, that is, non-cardiomyocytes, leading to apoptosis of these cells. This method of selection 

resulted in populations containing about 90% cTnT+ cardiomyocytes. These switches were tested at 
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various days of differentiation, but only the miR-208a was able to efficiently purify cardiomyocytes at 

day 8. Transfected miRNA switches were degraded 48 h after transfection and did not significantly alter 

the gene expression profile of purified cells. Purified cardiomyocytes were able to engraft and survive in 

the hearts of immunodeficient mice, and did not form tumours. Thus, miRNA switches can purify cells 

efficiently and without significantly affecting cell properties, but requires transfection of cells which can 

raise genomic alteration concerns. The lactate method is a simpler protocol which also does not require 

cell detachment from culture, while also not requiring cell transfection and providing greater 

cardiomyocyte purity, thus, it is a more suitable alternative for these cells, but does not carry the flexibility 

of miRNA switches, which can be used for other types of cells, including those at earlier stages of cardiac 

differentiation. 
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II. AIM OF STUDIES 

CVDs, such as cardiac arrest and stroke, are currently the leading cause of death in world, having 

represented 31% of all global deaths occurring in 201341. Due to the prevalence of risk factors, namely 

physical inactivity, obesity and smoking habits, CVDs remain a burden in society. As of 2010, the annual 

cost associated with these diseases is estimated in $863 billion2,34,40,41. 

Cardiomyocytes, the cells which compose the cardiac muscle, have a limited potential for regeneration, 

which declines with age. Many CVDs cause the loss of cardiomyocytes, and their natural regeneration 

rate is insufficient to completely restore the original function of the heart. In these cases, medical action 

is required to salvage the patient from heart failure1,2,34,40,41,44. Depending on the disease, different 

procedures may be applied, such as catheterisation, coronal artery bypass, or heart transplant. Most of 

these procedures are used to improve the blood flow to and from the heart, ensuring oxygenation and 

thus preventing cardiomyocyte damage. A cardiac transplant is only required when the patient’s heart 

is irreversibly damaged and needs to be replaced. However, transplantation of a foreign heart carries 

the risk of malfunction or rejection by the host. Additionally, due to the prevalence of CVDs, the waiting 

lists for cardiac transplant are long2,41. 

One promising alternative to heart transplant is the usage of stem cell-based therapies for cardiac 

reconstitution. PSCs can be differentiated into cardiomyocytes, which have been proven to improve 

cardiac function in animals such as rats, pigs or primates, although with a low engraftment 

efficiency2,34,110,111. CVPCs can also be derived from PSCs, and can originate the three major types of 

cardiac cells – cardiomyocytes, smooth muscle cells, and endothelial cells. The multipotency of CVPCs 

renders them more efficient than cardiomyocytes in recovery of the infarcted heart upon transplant40,54. 

Additionally, since CVPCs are already committed to a cardiac lineage, they do not form teratomas in 

vivo40, and, since they can preserve their characteristics for many successive population doublings76 

and can be subjected to cryopreservation (as is the case with iCell® CVPCs from Cellular Dynamics156), 

they can be stored to be readily used for transplant instead of being generated from PSCs each time 

they are required. 

Following differentiation, CVPCs must be purified in order to remove other contaminant cell types which 

can hinder their function, most notably non-differentiated iPSCs which form benign tumours (teratomas) 

in vivo14,15,19,40,54,117,138. The lactate method is an already established methodology which can be applied 

for highly efficient purification of PSC-derived cardiomyocytes without requiring their detachment from 

culture, by taking advantage of the unique metabolic signature of these cells137,147,148. However, it cannot 

be used for purification of CVPCs, and takes at least a couple of days. MACS has already been 

successfully applied to purify ESC-derived CVPCs, which were then transplanted onto a patient and did 

not form teratomas53,54. MACS is more versatile in the types of cells it can purify, most notably CVPCs, 

and is less time intensive than the lactate method, requiring only a few hours from start to finish. 

This project aimed to obtain purified CVPCs derived from human induced pluripotent stem cells (iPSCs). 

The first main objective was to establish an optimised culture system, under adherent monolayer and 

chemically-defined conditions, to derive CVPCs from iPSCs. The second main objective was to develop 
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a methodology for purification of CVPCs, thus removing iPSCs with teratoma-forming ability and other 

contaminant cell types, using MACS for both positive and negative selection, and comparing it to the 

already widely-established lactate method in the potential to generate cTnT+ cardiomyocytes. 
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III. MATERIALS AND METHODS 

III.1. Expansion of human induced pluripotent stem cells 

III.1.1. Cell line 

For all experiments, the DF6-9-9T.B human iPSC line, purchased from WiCell® Bank, was used. This 

cell line is vector-free and was reprogrammed from foreskin fibroblasts with a karyotype 46, XY, 

collected from healthy donors. Reprogramming was performed using defined factors in the laboratory 

of Dr James Thomson, at the University of Wisconsin. 

III.1.2. Adhesion substrate 

III.1.2.1. Matrigel 

Matrigel (Corning®) was used as the adhesion substrate for cells. Matrigel was thawed in ice and stored 

as aliquots at –20 °C. When necessary, these aliquots, containing 60 mL/plate, were thawed in ice, and 

diluted 10× in cold DMEM/F12 medium (Gibco®). Multiwell tissue culture plates (Falcon®) were then 

coated with diluted Matrigel and left at room temperature for a minimum of 2 h prior to use, or stored at 

4 °C for later use, for a maximum of 2 weeks. 

III.1.3. Culture media 

III.1.3.1. mTeSR1 

mTeSR1 (STEMCELL TechnologiesTM) was used for maintenance of human iPSCs on Matrigel. The 

complete formulation of this medium is presented in Table VIII.1 (page 81). 

mTeSR1 5× supplement was thawed overnight at 4 °C and mixed with mTeSR1 basal medium, to 

generate complete medium. mTeSR1 complete medium was stored as aliquots at –20 °C. When 

necessary, mTeSR1 aliquots were thawed overnight and stored at 4 °C, and supplemented with 0.5% 

penicillin/streptomycin (Gibco) before use. Prior to medium change, mTeSR1 was pre-warmed at room 

temperature. 

III.1.3.2. Washing medium 

Washing medium was used to maintain cells whenever they were processed in suspension, and to 

terminate enzymatic digestion. The basal formulation of washing medium is DMEM/F12 containing 

L-glutamine (Gibco), buffered with 2.44 g/L of sodium bicarbonate (Sigma-Aldrich), and supplemented 

with KO-SR (Gibco), MEM non-essential amino acids (Gibco) and penicillin/streptomycin, in the 
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quantities detailed in Table III.1. Washing medium was stored at 4 °C and protected from light, and 

pre-warmed at room temperature before use. 

Table III.1 – Washing medium quantitative composition. DMEM – Dulbecco’s modified Eagle’s medium; 

KO – knockout; MEM – minimum essential medium; SR – serum replacement. 

Component 
Volumetric percentage 

(%) 

KO-DMEM – 

KO-SR 10 

MEM non-essential amino acids 1.0 

Penicillin/Streptomycin 1.0 

III.1.4. Cell thawing 

Cryovials (Thermo Fisher ScientificTM) were removed from liquid nitrogen, and partially thawed for 30 s 

at 37 °C in a water bath. Afterwards, 1 mL of washing medium was slowly dispensed inside each cryovial 

and mixed with the cells, until they were fully thawed. The cell suspension was added to a Falcon tube 

containing 3 mL of washing medium, and the tube was placed in a centrifuge (Hermle Labortechnik 

GmbH, model Z 400 K) and centrifuged for 3 min at 1,500×g. The supernatant was discarded; cells were 

resuspended in 1 mL of mTeSR1 medium and seeded onto a Matrigel-coated 9.6 cm2 tissue culture 

plate containing 0.5 mL of this medium. Cells were kept at 37 °C, 5% CO2 and 20% O2 inside a CO2 

incubator (Memmert), and mTeSR1 medium was changed daily. 

III.1.5. Cell counting 

A volume of 10-20 μL of sample was collected, and mixed with 10 μL of accutase (Sigma-Aldrich®), if 

the cells were not subjected to enzymatic digestion beforehand, and trypan blue (Gibco) in the 

necessary volume to achieve the desired dilution. After thorough mixing by pipetting up and down, 10 μL 

of the resulting mixture were collected, loaded into a haemocytometer, and observed through an inverted 

optical microscope. 

III.1.6. Cell passaging 

Cells were washed twice with 1 mL/well of EDTA dissociation solution (0.5 mM EDTA (InvitrogenTM) and 

1.8 g/L sodium chloride (Sigma-Aldrich) in phosphate-buffered saline (PBS) solution (Gibco)), and then 

left for 5 min also in 1 mL/well of EDTA. After removal of EDTA, cells were flushed twice with 1 mL/well 

of culture medium and collected in a Falcon tube. Culture medium was added to the Falcon tube so that 

the final volume would result, after the passaging, in 1 mL/well. In the new plate, 0.5 mL/well of culture 

medium, and, afterwards, 1 mL/well of cell suspension were added. Plated cells were kept in a CO2 

incubator. 
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III.1.7. Cell cryopreservation 

Cells were washed twice with 1 mL/well of EDTA and then left for 5 min also in 1 mL/well of EDTA. After 

removal of EDTA, cells were flushed twice with 1 mL/well of washing medium, collected in a Falcon 

tube, and centrifuged for 3 min at 1,500×g. The supernatant was discarded, and the cells were 

resuspended in 250 μL/2 wells of KO-SR containing 10% dimethylsulfoxide (DMSO; Gibco). Each 

cryovial was loaded with 250 μL of cell suspension, containing the cells of 2 wells, and kept at –80 °C 

for a maximum of 24 h, before being moved to liquid nitrogen (–196 °C). 

III.2. Differentiation of human induced pluripotent stem cells to 

cardiomyocytes 

III.2.1. Culture medium 

III.2.1.1. RPMI/B27 

RPMI 1640 medium (Gibco) was used as a basal medium for differentiation of human iPSCs to CVPCs. 

Both B-27 minus insulin (Gibco) and B-27 (Gibco) were used as supplements for RPMI. The complete 

formulation of this medium is presented in Table VIII.2 (page 82). 

B-27 minus insulin and B-27 were thawed at room temperature in the dark and added at 2% to 

RPMI 1640 medium along with 0.5% penicillin/streptomycin to obtain RPMI/B27-insulin or RPMI/B27, 

respectively. Complete media were stored at 4 °C protected from light for a maximum of 30 days. Prior 

to medium change, media were pre-warmed at room temperature. 

III.2.2. Differentiation to cardiomyocytes via temporal modulation of the 

canonical WNT signalling pathway 

The protocol for differentiation of cells towards cardiomyocytes was adapted from the work by Lian and 

co-workers111, and previously optimised in the laboratory for the 6-9-9 cell line137, and is schematically 

presented in Figure III.1. 

Cells were plated at a density of 100,000 cells/cm2 in Matrigel-coated 3.8 cm2 tissue culture plates. 

mTeSR1 medium was changed daily, being added at 1 mL/well, during 4 days, after which cells 

achieved 90%-95% confluence and were ready for differentiation. 

On day 0 of differentiation, 1.5 mL/well of RPMI/B27-insulin medium supplemented with 6 μM of 

CHIR99021 (Stemgent®) was added to each well. After 24 h, the medium was changed to 

RPMI/B27-insulin. At day 3, 750 μL/well of medium were removed, and replaced with medium containing 

IWP4 (Stemgent), to obtain a final concentration of 5 μM in each well. IWP4 was removed in the medium 

change at day 5. At day 7, the medium was changed to RPMI/B27 and changed every 3 days until the 
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end of the experiment. Cells were sacrificed for functional analyses at diverse time points throughout 

the experiment. 

 

Figure III.1 – Schematics of the protocol for monolayer chemically-defined growth factor-free differentiation 

of pluripotent stem cells (PSCs) to cardiomyocytes via temporal modulation of the wingless-type mouse 

mammary tumour virus integration site (WNT) signalling pathway. PSCs were seeded at a density of 

100,000 cells/cm2 in Matrigel-coated 3.8 cm2 tissue culture plates. mTeSR1 medium was changed daily, until cells 

achieved 95% confluence (about 4 days). Afterwards, cells were exposed to different media and small molecules, 

as indicated in the timeline. d – differentiation day; IWP – inhibitor of wingless-type mouse mammary tumour virus 

integration site (WNT) production; RPMI – Roswell Park Memorial Institute (medium). 

The performance of the differentiation experiments was assessed by the exhibition of spontaneous 

contraction (first day of contraction and beating rate measured in at least three different zones of each 

well, including centre and periphery), the expression of cTnT, evaluated by flow cytometry, and the 

cardiomyocyte yield, which is calculated as follows137: 

 

Cardiomyocyte yield = 
Cardiomyocyte output

iPSC input
 = 

= 
ሺNo. of cells at the end of differentiationሻ × ൫% of cTnT+ cells൯

ሺNo. of cells seeded for differentiationሻ
 

(III.1) 

III.2.3. Single-cell replating of cardiovascular progenitor cells 

Cells at day 7 of differentiation were washed with PBS and singularised by incubation in either 

500 μL/well of 0.25% of trypsin-EDTA (Gibco) for 5 min at room temperature or 1 mL/well of accutase 

for 5 min at 37 °C. Enzymatic digestion was terminated by addition of washing medium. Cells were 

collected in a Falcon tube and centrifuged for 3 min at 1,500×g. The supernatant was discarded, and 

cells were resuspended in RPMI/B27 medium. Cells were counted as described in section III.1.4 and 

plated at the desired density. Plated cells were kept in a CO2 incubator. Replated cells were subjected 

to the remainder of the differentiation protocol as normal. 

For replating of cells to conditions favourable for iPSC growth, cells at day 7 of differentiation were 

incubated during 1 h at 37 °C in medium supplemented with 10 μM of ROCK inhibitor Y-27632 

(STEMCELL Technologies). Cells were washed with PBS and singularised by incubation in either 

500 μL/well of 0.25% of trypsin-EDTA for 5 min at room temperature or 1 mL/well of accutase for 5 min 

at 37 °C. Enzymatic digestion was terminated by addition of washing medium. Cells were collected in a 

Falcon tube and centrifuged for 3 min at 1,500×g. The supernatant was discarded, and cells were 

Cell seeding
on Matrigel

Medium +
6 μM 
CHIR99021

d-4 d0 d1 d3 d5 d7 d10 d13 d15

Medium

Medium +
5 μM IWP4

Medium
Functional
analysis

mTeSR1 (daily change) RPMI/B27-insulin RPMI/B27MEDIA
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resuspended in mTeSR1 medium supplemented with ROCK inhibitor. Cells were counted as described 

in section III.1.4 and plated at the desired density. Plated cells were kept in a CO2 incubator. During 

expansion, medium not supplemented with ROCK inhibitor was changed daily. 

III.3. Downstream processing of human induced pluripotent stem 

cell-derived cardiac cells 

III.3.1. Magnetic-activated cell sorting 

An overview of the immunomagnetic selection of CVPCs is schematically presented in Figure III.2. 

 

Figure III.2 – Experimental workflow of the immunomagnetic selection of cardiovascular progenitor cells 

(CVPCs). Induced pluripotent stem cells (iPSCs) were seeded at a density of 100,000 cells/cm2 and subjected to 

differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) 

signalling pathway. Cells at differentiation day (d) 7 were purified using magnetic-activated cell sorting (MACS). The 

negative selection experiment for depletion of iPSCs included culture of the non-purified and purified fractions in 

mTeSR1 to assay the change in these cells. The positive selection experiment for enrichment of CVPCs included 

subjection of the unwanted fraction to the remainder of the cardiac differentiation protocol to assay differences in 

cardiomyocyte formation. In both cases, the desired fraction was subjected to the remainder of the differentiation 

protocol. Controls included cells undergoing the differentiation protocol with and without replating at d7. Cells 

undergoing differentiation were collected at the end of the protocol for cardiac troponin T (cTnT) flow cytometry. 

RPMI – Roswell Park Memorial Institute (medium). Figure created using Servier Medical Art. 

The preliminary and negative selection experiments were performed using anti-TRA-1-60 antibodies, 

whereas the positive selection experiment was performed using anti-SSEA-1 antibodies. 
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The performance of the immunomagnetic selection experiments was assessed by calculating the 

efficiency, efficacy and percentage of lost cells, by the following equations, for negative selection138: 

 Efficiency = ቆ1 – 
% of unlabelled cells in the flow-through

% of unlabelled cells in the non-purified fraction
ቇ  × 100% (III.2) 

 Efficacy = 
No. of labelled cells in the flow-through

No. of labelled cells in the non-purified fraction
 × 100% (III.3) 

 % of lost cells = ቆ1 – 
No. of cells in the eluate + No. of cells in the flow-through

No. of cells in the non-purified fraction
ቇ  × 100% (III.4) 

while for positive selection, the efficiency and efficacy are computed as138: 

 Efficiency = ቆ1 – 
% of labelled cells in the eluate

% of labelled cells in the non-purified fraction
ቇ  × 100% (III.5) 

 Efficacy = 
No. of unlabelled cells in the eluate

No. of unlabelled cells in the non-purified fraction
 × 100% (III.6) 

III.3.1.1. Tumour rejection antigen-1-60 selection 

Initially, cells were incubated during 1 h at 37 °C in medium supplemented with 10 μM of ROCK inhibitor. 

Afterwards, cells were washed twice with PBS and singularised by incubation in 500 μL/well of 0.25% 

of trypsin-EDTA for 5 min at room temperature. Enzymatic digestion was terminated by addition of 

washing medium. Cells were collected in a Falcon tube and counted as described in section III.1.4. 

According to the desired number of cells, a fraction of the cell suspension volume was collected in 

another tube. The remaining volume was used as a negative control for flow cytometry. The cells to be 

separated were centrifuged for 3 min at 1,500×g. The supernatant was discarded, and the pellet was 

resuspended in 100 μL/2×106 cells of MACS buffer (0.5% HSA (Octapharma®) and 2 mM EDTA (Gibco) 

in PBS), containing 10 μL/2×106 cells of phycoerythrin (PE)-conjugated anti-TRA-1-60 antibody 

(Miltenyi Biotec) and left to incubate for 10 min at 4 °C and in the dark. Cells were washed with 

1 mL/2×106 cells of MACS buffer. The pellet was then resuspended in 100 μL/2×106 cells of MACS 

buffer containing 20 μL/2×106 cells of anti-PE microbeads (Miltenyi Biotec) and left to incubate for 

20 min at 4 °C and in the dark. Cells were washed with 1 mL/2×106 cells of MACS buffer, and a fraction 

was collected for flow cytometry. The pellet was then resuspended in 500 μL of MACS buffer. An LS 

column (Miltenyi Biotec) was placed in a MidiMACS separator (Miltenyi Biotec) and rinsed with 3 mL of 

MACS buffer. The cell suspension was applied onto a pre-separation filter (30 μm mesh; Miltenyi 

Biotec), on top of the column, and the flow-through was collected. The column was washed three times 

with MACS buffer, unlabelled cells were collected, and a fraction was used for flow cytometry. The 

column was removed from the separator and placed on a Falcon tube. A volume of 5 mL of buffer was 

pipetted onto the column, and labelled cells were flushed by pressurising the column with a plunger. In 

the preliminary iPSC purification experiment, the purified cell population was cultured on Matrigel in 

mTeSR1 medium containing ROCK inhibitor during the first 24 h, afterwards, mTeSR1 medium without 

ROCK inhibitor was changed daily. In the negative selection experiment, both the non-purified and the 
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purified (unlabelled) fractions were split and cultured both on Matrigel-coated 3.8 cm2 tissue culture 

plates and subjected to the remainder of the differentiation protocol, and on Matrigel-coated 9.6 cm2 

tissue culture plates and in mTeSR1 medium containing ROCK inhibitor during the first 24 h, afterwards, 

mTeSR1 medium without ROCK inhibitor was changed daily. 

III.3.1.2. Stage-specific embryonic antigen-1 selection 

Initially, cells were washed twice with PBS and singularised by incubation in 1 mL/well of accutase for 

5 min at 37 °C. Enzymatic digestion was terminated by addition of washing medium. Cells were collected 

in a Falcon tube and counted as described in section III.1.4. According to the desired number of cells, a 

fraction of the cell suspension volume was collected in another tube. The remaining volume was used 

as a negative control for flow cytometry. The cells to be separated were centrifuged for 3 min at 1,500×g. 

The supernatant was discarded, and the pellet was resuspended in 100 μL/107 cells of MACS buffer, 

containing 10 μL/107 cells of PE-conjugated anti-SSEA-1 antibody (Miltenyi Biotec) and left to incubate 

for 10 min at 4 °C and in the dark. Cells were washed with 1 mL/107 cells of MACS buffer. The pellet 

was then resuspended in 100 μL/107 cells of MACS buffer containing 20 μL/107 cells of anti-PE 

microbeads and left to incubate for 20 min at 4 °C and in the dark. Cells were washed with 1 mL/107 cells 

of MACS buffer, and a fraction was collected for flow cytometry. The pellet was then resuspended in 

500 μL of MACS buffer. An LS column was placed in a MidiMACS separator and rinsed with 3 mL of 

MACS buffer. The cell suspension was applied onto a pre-separation filter, on top of the column, and 

the flow-through was collected. The column was washed three times with MACS buffer, unlabelled cells 

were collected, and a fraction was used for flow cytometry. The column was removed from the separator 

and placed on a Falcon tube. A volume of 5 mL of buffer was pipetted onto the column, and labelled 

cells were flushed by pressurising the column with a plunger. A fraction of these cells was collected for 

flow cytometry. The non-purified, non-purified left in MACS buffer during separation, purified (labelled) 

and undesired (unlabelled) fractions cultured on Matrigel-coated 3.8 cm2 tissue culture plates and 

subjected to the remainder of the differentiation protocol. 

III.3.2. Lactate method 

At day 13 of cardiac differentiation, RPMI/B27 medium was changed to RPMI medium without glucose 

(Gibco) containing 4 mM of sodium L-lactate (Sigma-Aldrich). At day 15, medium was changed either 

to RPMI without glucose and with lactate, or RPMI/B27, and at day 17, medium was again changed, to 

RPMI/B27. Cultures left for 2 or 4 days in lactate were sacrificed for flow cytometry analysis at day 18. 
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III.4. Characterisation of human induced pluripotent stem cells and 

cardiovascular progenitor cells 

III.4.1. Flow cytometry 

III.4.1.1. Sample collection 

Cells in culture were washed with 1 mL/well of PBS and singularised by incubation for 5 min in 

0.5 mL/well of 0.25% trypsin-EDTA. Trypsin-EDTA was inactivated by addition of washing medium. 

Cells were collected in a Falcon tube and centrifuged for 3 min at 1,500×g. The supernatant was 

discarded, and the cells were fixed by resuspension of the pellet in 1 mL of 2% paraformaldehyde (PFA; 

Sigma-Aldrich) in PBS. Cells were kept in PFA at 4 °C for a maximum of 2 weeks. 

III.4.1.2. Flow cytometry after extracellular staining 

Cells in PFA were centrifuged for 3 min at 1,500×g. The supernatant was discarded, and the pellet was 

washed with 2 mL of FACS buffer (4% FBS (Sigma-Aldrich) in PBS). At this point, half of the cells were 

taken from representative samples to function as negative controls, and were resuspended in 100 μL of 

FACS buffer containing the relevant isotype, indicated in Table III.2 (page 46). The remaining cells were 

resuspended in 100 μL of FACS buffer containing primary antibody, at the dilution indicated in Table 

III.2 (page 46). Both the samples and the negative controls were left to incubate for 10 min at 4 °C, and, 

if the antibody was conjugated, in the dark. Following incubation, cells were washed twice with 2 mL of 

FACS buffer. If the primary antibody was not conjugated, cells were resuspended in 100 μL of FACS 

buffer containing the secondary antibody at the dilution indicated in Table III.2 (page 46), left to incubate 

for 15 min in the dark and at 4 °C, and washed twice with 2 mL of FACS buffer following incubation. 

Cells were then resuspended in 300 μL of FACS buffer and transferred to FACS tubes (Falcon) prior to 

analysis in a FACSCaliburTM flow cytometer (BD Biosciences®). Results were treated with Flowing 

Software 2.0 (Turku Centre for Biotechnology). 

III.4.1.3. Flow cytometry after intracellular staining 

III.4.1.3.1. Cardiac troponin T 

Cells in PFA were centrifuged for 3 min at 1,500×g. The supernatant was discarded, and the pellet was 

resuspended in 1 mL of 90% cold methanol and left to incubate during 15 min at 4 °C. Following 

incubation, the suspension was centrifuged for 3 min at 1,500×g, the supernatant was discarded and 

the cells were washed three times with 2 mL of flow cytometry buffer (FCB) 1 (0.5% BSA (Sigma-Aldrich) 

in PBS). During the last washing step, half of the cells were taken from representative samples to 

function as negative controls, and were resuspended in 100 μL of FCB2 (0.5% BSA and 0.1% Triton 

X-100 (Sigma-Aldrich) in PBS). The remaining cells were resuspended in 100 μL of FCB2 containing 

0.4 μL of mouse immunoglobulin (Ig) G anti-cTnT antibody (Thermo Fisher Scientific). Both the samples 
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and the negative controls were left to incubate for 1 h at room temperature. Following incubation, cells 

were washed twice with 2 mL of FCB2. Cells were then resuspended in 100 μL of the same buffer 

containing 0.1 μL of Alexa Fluor® 488-conjugated goat anti-mouse IgG secondary antibody (Invitrogen), 

and left to incubate for 30 min in the dark and at room temperature. Cells were then washed three times 

with 2 mL of FCB2, resuspended in 300 μL of FCB1 and transferred to FACS tubes prior to analysis in 

a FACSCalibur flow cytometer. Results were treated with Flowing Software 2.0. 

III.4.1.3.2. Octamer-binding transcription factor 4 

Cells in PFA were centrifuged for 3 min at 1,500×g. The supernatant was discarded, and the cells were 

washed twice with 1 mL of 1% normal goat serum (NGS; Sigma-Aldrich) in PBS. Cells were 

resuspended in 500 μL of 3% NGS in PBS and distributed by Eppendorf tubes, previously coated with 

1% BSA in PBS during 15 min. At this point, half of the cells were taken from representative samples to 

function as negative controls. Cells were then incubated in 150 μL of 3% NGS and 150 μL of 1% saponin 

(Sigma-Aldrich) during 15 min at room temperature. The Eppendorf tubes were placed in a centrifuge 

(Hermle Labortechnik GmbH, model Z 300 K) and centrifuged for 3 min at 1,250×g. Afterwards, cells 

were resuspended in 300 μL of 3% NGS and left to incubate for 15 min at room temperature. Following 

centrifugation for 3 min at 1,250×g, the pellet was resuspended in 300 μL of 3% NGS containing 1 μL 

of mouse IgG1 anti-OCT4 antibody (Merck Millipore), and left to incubate for 90 min at room 

temperature. Cells were washed twice with 500 μL of 1% NGS, resuspended in 300 μL of the same 

solution containing 1 μL of goat Alexa Fluor® 488-conjugated goat anti-mouse IgG secondary antibody 

and left to incubate for 45 min at room temperature and in the dark. Cells were washed twice with 

1% NGS, resuspended in 300 μL of PBS and transferred to FACS tubes prior to analysis in a 

FACSCalibur flow cytometer. Results were treated with Flowing Software 2.0. 

III.4.2. Quantitative real-time polymerase chain reaction 

Total RNA was extracted from cells using the PureLinkTM RNA Mini Link (Ambion®). RNA amount for 

each sample was quantified using a NanoVueTM Plus spectrophotometer (GE Healthcare®). 

Complementary deoxyribonucleic acid (cDNA) was synthesised from 2 μg of RNA using the 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems®). cDNA samples were placed in 

48-well plates, along with TaqMan® Gene Expression Master Mix (Applied Biosystems) and the TaqMan 

probes for each gene (Applied Biosystems; assay IDs for each probe are present in Table VIII.3, 

page 82). The samples were processed in a StepOneTM Real Time PCR System (Applied Biosystems), 

the annealing temperature was set to 60 °C and the glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) housekeeping gene was used as an endogenous control. Results were analysed with 

StepOne Software (Applied Biosystems). Threshold cycles (CT) for each sample were compared to the 

endogenous control, resulting in ΔCT, and ΔCT values were normalised against the CT values for day 0, 

resulting in ΔΔCT. Final results for gene expression were presented as 2–ΔΔCT. 
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III.4.3. Immunocytochemistry after intracellular staining 

Cells were washed with 1 mL/well of PBS and fixed by incubation in 500 μL/well of 4% PFA in PBS for 

20 min at room temperature. Cells were then left in 1 mL/well of PBS for a maximum of 2 weeks at 4 °C. 

Cells were washed twice with 1 mL/well of PBS blocked by incubation in 400 μL/well of blocking solution 

(10% NGS and 0.1% Triton X-100 in PBS) during 60 min at room temperature. Cells were then left to 

incubate for 120 min at room temperature in staining solution (5% NGS and 0.1% Triton X-100 in PBS) 

containing primary antibody at the dilution indicated in Table III.2. Following incubation, cells were 

washed twice with 1 mL/well of PBS and incubated for 60 min at room temperature and in the dark in 

staining solution containing the corresponding secondary antibody at the dilution indicated in Table III.2. 

After being washed 3 times with 1 mL/well of PBS, cells were incubated in 400 μL/well of 

4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), diluted 1:100,000 in sodium bicarbonate, for 5 min 

at room temperature and in the dark. Finally, cells were washed 3 times in 1 mL/well of PBS and 

observed through a fluorescence microscope (Leica Microsystems CMS GmbH, model DMI3000 B). 

Still frame images were captured using a digital camera (Nikon, model DXM1200F) and treated with 

Photoshop Elements 8 (Adobe). 

Table III.2 lists the all antibodies used in flow cytometry and immunocytochemistry experiments. 

Table III.2 – List of antibodies used for flow cytometry and immunocytochemistry. Markers containing an 

asterisk (*) are phycoerythrin (PE)-conjugated, and thus do not require a secondary antibody; for these an isotype 

control is listed instead of the secondary antibody. BL – BioLegend; cTnT – cardiac troponin T; FC – flow cytometry; 

I – Invitrogen; Ig – immunoglobulin; Im – Immunocytochemistry; MB – Miltenyi Biotec; MM – Merck Millipore; 

OCT – octamer-binding transcription factor; REA – recombinant engineered antibody; SCB – Santa Cruz 

Biotechnology; Sg – Stemgent; SSEA – stage-specific embryonic antigen; TFS – Thermo Fisher Scientific; 

TRA – tumour rejection antigen. 

 Primary antibody 
Secondary antibody 

Isotype control 
Type of 
marker 

Marker Brand Isotype 
Working 
dilution 

Brand Antibody 
Working 
dilution 

Intracellular 

cTnT TFS 
Mouse 

IgG 
1:250 (FC) 
1:200 (Im) 

I 
Goat anti-
mouse IgG 

1:1000 (FC) 
1:400 (Im) 

OCT4 MM 
Mouse 
IgG1 

1:300 (FC) 
1:150 (Im) 

I 
Goat anti-
mouse IgG 

1:300 (FC) 
1:500 (Im) 

Surface 

NKX2-5 SCB 
Rabbit 

IgG 
1:100 I 

Goat anti-
rabbit IgG 

1:400 

TRA-1-60 Sg 
Mouse 

IgM 
1:100 I 

Goat anti-
mouse IgM 

1:500 

TRA-1-60* MB 
Human 
IgG1 
(PE) 

1:10 MB 
REA 

control (S) 
1:10 

SSEA-1* MB 
Human 
IgG1 
(PE) 

1:10 MB 
REA 

control (S) 
1:10 

c-KIT* BL 
Mouse 
IgG1 
(PE) 

1:5 BL 
Mouse 

IgG1 (PE) 
1:20 
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IV. RESULTS AND DISCUSSION 

The main goals of this work were to differentiate human iPSCs into cardiomyocytes and to purify 

differentiating cells at a progenitor state. To fulfil these objectives, human iPSCs were differentiated to 

cardiomyocytes via temporal modulation of the canonical WNT signalling pathway, and were 

characterised at various time points throughout differentiation. Afterwards, the replating of CVPCs was 

optimised, in order to maximise cell viability after immunomagnetic separation. In the last part of the 

work, MACS was used as a means of increasing the purity of cardiomyocytes at the end of 

differentiation, and compared to the lactate method. 

IV.1. Differentiation of human induced pluripotent stem cells to 

cardiomyocytes 

Human 6-9-9 iPSCs were differentiated during at least 15 days through temporal modulation of the WNT 

signalling pathway, following the protocol optimised in the laboratory for the cell line in question111,112,137. 

Cells were characterised based on the expression of various surface and intracellular markers 

throughout differentiation, both qualitatively, through immunocytochemistry, and quantitatively, through 

flow cytometry and qPCR. 

The results obtained for the four independent cardiac differentiation experiments conducted are 

summarised in Table IV.1. 

Table IV.1 – Summary of the results obtained for four independent cardiac differentiation experiments. 

Induced pluripotent stem cells (iPSCs) were seeded at a density of 100,000 cells/cm2, except in experiment 3, 

where the seeding density was 75,000 cells/cm2, and subjected to differentiation by temporal modulation of the 

wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. The day of sample 

collection, the first day of spontaneous contraction, the beating rate of cells throughout the wells (measured in at 

least three different points, including centre and periphery) the percentage of cardiac troponin T (cTnT)+ cells as 

evaluated through flow cytometry and the cardiomyocyte (CM) yield, calculated by Equation III.1 (page 40), are 

indicated. bpm – beatings per minute. 

Experiment 
Sample 

collection 
day 

First day of 
spontaneous 
contraction 

Beating rate 

(bpm) 

cTnT+ cells 

(%) 

Cardiomyocyte 
yield 

(CM/iPSC) 

1 15 12 20-30 62 3.1 

2 15 – – 0.1 0.0 

3 24 10 15-35 33 3.0 

4 15 11 10-25 54 3.1 

As it can be observed, experiment 2 did not result in cardiomyocytes, and experiment 3 resulted in a 

lower percentage of cTnT+ cells compared to experiments 1 and 4, even after more days of 

differentiation. The lower performance of these experiments can be attributed to some spontaneous 
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differentiation of the iPSCs during their routine expansion, which biased them towards a specific lineage, 

and thus compromised their ability to differentiate into cardiac cells. This spontaneous differentiation 

generally occurred when cells were organised as large colonies, for instance, due to non-uniform 

seeding, or growth to over 50% confluence. However, cells occasionally differentiated spontaneously 

even without this mechanical cue. It is also important to note that cells in experiment 3 had to be seeded 

at 25% less density than in all other experiments in order to have enough conditions to test the replating 

process. 

In experiments which generated cTnT+ cells, the cardiomyocyte yield observed varied less than 4%, 

indicating some reproducibility of this protocol. Spontaneous contraction was first observed between 

day 10 and 12 of differentiation. The beating rate of differentiated cells was variable, ranging from 10 to 

35 beatings per minute (bpm) in all the experiments. Adult cardiomyocytes generally feature a beating 

rate between 60 and 90 bpm157, thus, after 15 days, this protocol generated immature cardiomyocytes, 

which would require more time in culture or an external stimulus to achieve values similar to adult cells. 

Another sign of immaturity was the erratic beating of cTnT+ cells, as they sometimes ceased contracting 

for small periods of time (up to 10 s), before beating again. Despite their immaturity, cardiomyocytes 

were able to organise into tissues and beat synchronously. 

In experiments 1 and 4, spontaneous differentiation during routine expansion was not observed, 

however, the percentage of cTnT+ cells and the cardiomyocyte yield obtained at day 15 was lower than 

the average obtained in other experiments with the same cell line and experimental setup in the 

laboratory (73% and 3.7 cardiomyocytes/iPSC, respectively). The efficiency of the protocol has been 

shown to depend greatly on factors such the seeding of iPSCs and on the cell confluence when it is 

started137. iPSC seeding sometimes resulted in localised confluence, which in turn would cause 

spontaneous differentiation of iPSCs, thus, in these cases, the protocol would have to be started before 

90% confluence. These two factors may then have caused the differentiation efficiencies to be below 

average, or it may have delayed the cellular differentiation, since, as indicated in section IV.1.1.2 (page 

51), at day 18, experiment 4 had resulted in 72% of cTnT+ cells and a cardiomyocyte yield of 

4.1 cardiomyocytes/iPSC. The original protocol by Lian and co-workers111 claims that values of 87% of 

cTnT+ cells by differentiation day 30 may be achieved, thus, prolonging this differentiation protocol could 

potentially increase the amount of cardiomyocytes in culture. 

Figure IV.1 depicts bright field microscopy and immunostaining images of cardiomyocytes following 15 

days of differentiation. 
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Figure IV.1 – Representative images of cells following cardiac differentiation. Induced pluripotent stem cells 

were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of the 

wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. (A) Bright field image of 

cardiomyocytes at day 15 of differentiation (Scale bar – 100 μm). (B and C) Cells were maintained in culture until 

at least day 15, when they were replated, left to grow for 2 days in Roswell Park Memorial Institute (RPMI) 1640 

medium supplemented with B-27, fixed, and stained for expression of cardiac troponin T (cTnT) (B, left) and NKX2-5 

(C, left). Total cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) (centre), and the images obtained with 

immuno- and DAPI staining were merged together (right) (Scale bars – 50 μm). 

Bright field still frames (Figure IV.1A) reveal the tissue-like organisation of differentiated cardiomyocytes, 

which can contract synchronously. cTnT staining (Figure IV.1B) reveals the expression of this marker 

by cells across the wells, and shows the sarcomeric organisation of cardiomyocytes, although it is 

disorganised as these cells are still immature. In fact, cTnT controls the calcium-mediated interaction 

between actin and myosin and is responsible for the contractile phenotype presented by 

cardiomyocytes78,79,158. Immunostaining also revealed expression of late cardiac marker NKX2-5 (Figure 

IV.1C) by cardiomyocytes. The function of this marker is not clearly defined, but it is expressed 

throughout the life of these cells, and it seems to be important for cardiomyocyte growth and 

proliferation, by activation of structural genes which lead to the organisation observed with cTnT 

immunostaining52,58,135. 

cTnT DAPI cTnT/DAPI 

NKX2-5 DAPI NKX2-5/DAPI 

B 

C 

A 
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IV.1.1. Characterisation of cells undergoing cardiac differentiation 

Throughout differentiation, samples were collected at key time points, and analysed through qPCR and 

flow cytometry in regards to various markers of cardiac differentiation, in order to verify their temporal 

fluctuation. 

IV.1.1.1. Quantitative real-time polymerase chain reaction characterisation 

Expression of pluripotency genes OCT4 and NANOG, mesendodermal gene T/Brachyury, CVPC gene 

ISL1, late cardiac gene NKX2-5 and cardiomyocyte gene TNNT2 were assayed through qPCR at 

days 0, 3, 5, 6, 7, 9 and 12 of differentiation, and normalised against expression at day 0 and expression 

of housekeeping gene GAPDH. Figure IV.2 depicts the relative expression profiles of these genes during 

cardiac differentiation. 

 

Figure IV.2 – Relative expression profiles of pluripotency, mesendodermal and cardiac markers during 

cardiac differentiation of induced pluripotent stem cells. Induced pluripotent stem cells were seeded at a 

density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of the wingless-type mouse 

mammary tumour virus integration site (WNT) signalling pathway. Samples were collected at days 0, 3, 5, 6, 7, 9 

and 12 of differentiation for quantitative real-time polymerase chain reaction. Values of gene expression were 

normalised against expression at day 0 and expression of housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase. ISL – LIM-homeobox transcription factor islet; OCT – octamer-binding transcription factor; 

TNNT – troponin T. 

Along the differentiation protocol, expression of pluripotency genes OCT4 and NANOG gradually 

decreased, which is coherent with the loss of naïveté and the commitment to a specific (in this case, 

cardiac) lineage. 

Expression of mesendodermal gene T/Brachyury increased until peaking at day 3 of the protocol, when 

IWP4 was added to the medium, and then gradually decreased until the end of the differentiation 

protocol. IWP4 was added to the medium when the cells were in an early mesodermal state, thus, at 

the peak of T/Brachyury expression, to inhibit the canonical WNT signalling pathway and direct cells 
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towards a cardiac lineage. At this point, T/Brachyury expression started diminishing and did so until the 

end of the differentiation protocol. 

Expression of CVPC gene ISL1 and late cardiac gene NKX2-5 gradually increased over time until 

day 6-7, reaching a plateau. At differentiation day 7, medium was changed to insulin-containing medium, 

as insulin inhibits cardiac differentiation at early stages of the protocol112,119. In fact, CVPCs appeared 

to reach their peak around this day, meaning most cells were already biased towards a cardiac lineage, 

and insulin could be safely added to the medium to take advantage of its benefits. 

Cardiomyocyte gene TNNT2 showed gradually increased expression over time, starting from day 3. As 

already mentioned, this was the day when IWP4 was added to the medium, and cells start to become 

committed to a cardiac lineage. From this day until day 12, the increase in the expression of this gene 

appears to follow an exponential trend. 

IV.1.1.2. Flow cytometry characterisation 

Expression of pluripotency transcription factor and surface marker OCT4 and SSEA-4, surface marker 

c-KIT, differentiated cell surface marker SSEA-1 and intracellular cardiac marker cTnT were assayed 

through flow cytometry at various days of differentiation, depending on their expected behaviour. OCT4 

and SSEA-4 were analysed at days 0, 1, 3, 5, 10 and 15; c-KIT and SSEA-1 at days 0, 3, 5, 6, 7, 9, 12 

and 15; and cTnT at days 0, 6, 7, 9, 10, 12, 15 and 18. Figure IV.3 depicts the absolute expression 

profiles of various markers during cardiac differentiation, as assayed through flow cytometry. 

 

Figure IV.3 – Absolute expression profiles of pluripotency and cardiac markers during cardiac 

differentiation of induced pluripotent stem cells. Induced pluripotent stem cells were seeded at a density of 

100,000 cells/cm2 and subjected to differentiation by temporal modulation of the wingless-type mouse mammary 

tumour virus integration site (WNT) signalling pathway. Samples were collected at days 0, 1, 3, 5, 6, 7, 9, 10, 12, 

15 and 18 of differentiation for flow cytometry analysis. cTnT – cardiac troponin T; OCT – octamer-binding 

transcription factor; SSEA – stage-specific embryonic antigen. 
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Corroborating the results obtained by qPCR, the expression of pluripotency transcription factor OCT4 

reduced over time, starting by labelling 97% of cells at day 0, decreasing rapidly over the first 5 days of 

differentiation and being almost completely depleted starting from day 10 of the protocol. 

SSEA-4 is also a pluripotency marker, such as OCT4. At the start of the protocol, 100% of cells 

expressed this surface marker, and its expression gradually decreased. Unlike OCT4, however, SSEA-4 

still occurred in 46% of fully differentiated cells, as it also labels early human progenitor cells, such as 

CVPCs67,68. 

Haematopoietic and CVPC marker c-KIT expression increased from 0% at the start of differentiation to 

a maximum of 24% by day 5, gradually decreasing until 0.8% at day 15. c-KIT was, thus, transient, 

peaking at the appearance of CVPCs and then decreasing as these progenitors develop into 

cardiomyocytes33,68. 

SSEA-1, which is a marker for general cellular differentiation, featured a gradual increase in expression 

from 2.7% at day 0, until a maximum of 25% at day 12, decreasing to 16% at day 15. SSEA-1 has 

already been suggested as a marker for CVPCs40,53–55, but in this case, its peak does not correlate with 

the expected appearance of these progenitors (around day 5, as indicated by qPCR results of ISL1 and 

NKX2-5). SSEA-1 expression peaking so late into cardiac development would suggest it to be a transient 

marker, expressed somewhere between the CVPC and the cardiomyocyte state. 

Cardiomyocyte marker cTnT expression increased over time during the differentiation, starting at 0.4% 

at day 0 of expression, and peaking at 72% at day 18. Expression of cTnT seems to correlate reasonably 

well with expression of its gene TNNT2, apparently increasing exponentially between days 6 and 10. 

Afterwards, and until day 18, the increase appears to be linear and more subdued. 

IV.2. Purification of human induced pluripotent stem cell-derived 

cardiovascular progenitor cells 

Two different purification methodologies, MACS and the lactate method, were applied to differentiating 

cells, in order to increase the amount of cTnT+ cells at the end of cardiac differentiation. 

IV.2.1. Immunomagnetic selection 

MACS was used for purification of differentiating cells at a progenitor state, both as a negative selection 

technique, to deplete iPSCs, and as a positive selection technique, to retrieve CVPCs from culture. 

IV.2.1.1. Optimisation of the replating process of cardiovascular progenitor cells 

Purification of cells using MACS requires their enzymatic dissociation into single cells, their collection 

from culture and, following the separation procedure, their replating onto new culture plates. It is 

important to optimise the replating process beforehand, in order to guarantee the ideal conditions to 

avoid cell death as much as possible and to allow for reorganisation of cells into tissues after the 

separation protocol. 
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Cells were dissociated into single cell suspensions using trypsin or accutase, and replated onto new 

Matrigel-coated 3.8 cm2 tissue culture plates, at a density of 500,000, 750,000 or 1,000,000 cells/cm2. 

Since cells had to be dissociated into single cells, they required some time before reorganising into 

tissue-like structures which were able to contract spontaneously. As such, cells were allowed to 

differentiate for 24 days before analysis. 

Figure IV.4 depicts representative images of the control (non-replated cells), as well as cells replated in 

the aforementioned conditions after 24 days of cardiac differentiation. 
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Figure IV.4 – Representative bright field microscopy images of replated and non-replated cells at day 24 of 

differentiation. Induced pluripotent stem cells were seeded at a density of 75,000 cells/cm2 and subjected to 

differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) 

signalling pathway. Cells at day 7 of differentiation were dissociated with trypsin or accutase, and replated at 

densities of 500,000, 750,000 or 1,000,000 cells/cm2. Control represents non-replated cells at the same day of 

differentiation (Scale bars – 100 μm, control; 50 μm, replated cells). 

As it can be observed in Figure IV.4, replated cells did not form the complex tissue-like structures of 

non-replated cells, even after 24 days of differentiation. Instead, replated cells mostly formed 

tri-dimensional aggregates, similar to what would be expected of cells cultured in low-attachment plates. 

These aggregates featured spontaneous contraction, however, they were not evenly spread across the 

wells, but mostly gathered throughout their periphery. The size of the aggregates increased with the 
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increase in replating density. Cells generally contracted at 20-30 bpm, except for accutase-dissociated 

cells plated at 750,000 cells/cm2, which contracted at a rate as high as 50 bpm. The centre of the wells 

contained singularised cells, which were stretched and appeared to be more attached to Matrigel, and 

rarely contracted. 

Due to a lack of cells in all conditions, the cells replated at a density of 500,000 cells/cm2, which 

presented smaller beating aggregates and overall more spread out cells, were incubated only with the 

secondary antibody and used as a negative control for flow cytometry, to define which events were 

positive or negative. Figure IV.5 contains the results for flow cytometry analysis of cTnT+ cells in all 

replating conditions and in the non-replated control. 

 

Figure IV.5 – Effect of enzyme used for dissociation and replating density on expression of cardiac troponin 

T (cTnT) by differentiated cells. Induced pluripotent stem cells were seeded at a density of 75,000 cells/cm2 and 

subjected to differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration 

site (WNT) signalling pathway. Cells at day 7 of differentiation were dissociated with trypsin or accutase, and 

replated at densities of 750,000 or 1,000,000 cells/cm2. Cells were collected at day 24 for flow cytometry analysis. 

Control represents non-replated cells at the same day of differentiation. 

Figure IV.5 reveals that, in order to generate the maximum amount of cTnT+ cells, trypsin should be 

used, and cells should be replated at a density of 750,000 cells/cm2. However, given that the difference 

in cTnT+ cells between dissociation with trypsin and accutase is less than 2%, accutase was deemed 

better for causing less stress on the cells, and for not being of animal origin, which is important for clinical 

applications. Thus, for the MACS positive selection experiment, cells were dissociated using accutase 

and replated at a density of 750,000 cells/cm2. 

Overall, the replating process had a negative effect on cTnT+ cells, generating at most half of these cells 

when compared to the control. Given the low number of cells in all conditions when compared to the 

control, CVPCs probably died upon replating, and likely due to the stress conveyed by enzymatic 

dissociation and the lack of pro-survival cues when seeded onto new wells. Dot plots of the various cell 

populations (Figure VIII.1, page 83) reveal a large number of cells with lower forward scatter and higher 

side scatter than the assayed population (thus, smaller and more complex), which are probably dead 

cells. This population is markedly higher in replated cells, which corroborates the hypothesis of CVPC 

death upon replating. As a means of avoiding death of CVPCs, VEGF, which promotes proliferation of 

these cells, could have been added to the culture medium137. 

Figure IV.6 depicts immunocytochemistry images of cTnT staining of replated cells. 
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Figure IV.6 – Representative immunostaining images of replated cells at day 24 of differentiation. Induced 

pluripotent stem cells were seeded at a density of 75,000 cells/cm2 and subjected to differentiation by temporal 

modulation of the wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. Cells at 

day 7 of differentiation were dissociated with trypsin or accutase, and replated at densities of 500,000, 750,000 or 

1,000,000 cells/cm2. Cells were maintained in culture until day 24, when they were fixed and stained for expression 

of cardiac troponin T (cTnT) (left). Total cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) (centre), and 

the images obtained with immuno- and DAPI staining were merged together (right) (Scale bars – 50 μm). 
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Comparison of cTnT+ colonies in Figure IV.6 with those of Figure IV.1 reveals the replated cells to have 

formed less rounded and more deformed colonies, indicating a greater lack of organisation compared 

to non-replated cells. Despite this lack of organisation, sarcomeric structures are still observable in 

colonies arisen from replated CVPCs. 

Although these conclusions were used as a mould to plan the MACS protocol, it is important to note that 

the starting population (experiment 3 in Table IV.1, page 47) had a low amount of cTnT+ cells compared 

to what is expected from this protocol. In fact, when replated cells were used as a control for MACS 

(section IV.2.1.4, page 61) in the optimised conditions, both the replated and non-replated population 

contained 72% cTnT+ cells. Thus, the low efficiency of the differentiation protocol may have caused the 

CVPCs to be less robust or to be present in smaller quantities, and thus unable to withstand the stress 

of replating. 

IV.2.1.2. Preliminary immunomagnetic separation experiment for purification of human 

induced pluripotent stem cells 

Prior to performing immunomagnetic separation to purify CVPCs, a preliminary MACS experiment was 

used to acquaint the operator to the process and to test the reagents. In this experiment, an iPSC 

population featuring some spontaneously differentiated cells was purified based on the expression of 

the TRA-1-60 surface marker. 

Figure IV.7 showcases the results of positive immunomagnetic selection of iPSCs in expansion. 

 

Figure IV.7 – Results of immunomagnetic selection of tumour rejection antigen (TRA)-1-60+ cells. Induced 

pluripotent stem cells growing in 9.6 cm2 tissue culture plates were dissociated with trypsin and enriched by 

immunomagnetic selection based on the expression of the TRA-1-60 surface marker. These cells were collected in 

the eluate and seeded at a density of 10,000 cells/cm2. 

TRA-1-60 expression before and after immunomagnetic reveals that the iPSC percentage increased in 

10%. The amount of TRA-1-60+ cells before separation was already high (albeit not as high as would 

be expected of iPSCs in expansion), thus, a great increase in these cells in the eluted fraction (the 

fraction which was retained in the column) was probably not to be expected. Still, depletion of cells from 

the flow-through (the fraction not retained in the column and removed in the washing steps) was not 

significant, as the percentage of TRA-1-60+ cells did not decrease when compared to the control. A 

decrease of at least 30% was to be expected based on previous work in the laboratory with this 

antibody138, but, as it can be observed in those results, there is a great variability in the performance of 
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the immunomagnetic separation obtained for similar cell compositions. It should also be noted that this 

MACS setup is likely primed towards the recovery of iPSCs from cultures undergoing reprogramming 

which generally contain under 2% of these cells159, and thus a low performance is expected in the 

purification of iPSC-rich cultures. 

As a means of evaluating this experiment quantitatively, and comparing it to others, its efficiency 

(measure of the removal of impurities, in this case, TRA-1-60– cells) and efficacy (measure of the 

recovery of desired cells, in this case, TRA-1-60+ cells) and the percentage of lost cells were determined, 

by Equations III.5, III.6 and III.4 (page 42), respectively. The efficiency and efficacy of this 

immunomagnetic separation were placed at 26% and 67%, respectively. The percentage of lost cells 

cannot be determined exactly, as the cells in the flow-through were not accounted for. Using the number 

of cells in the eluate, this percentage is calculated as being, at most, 42%, still, given the large number 

of cells in the flow-through, the percentage is probably closer to 10%-20%. 

Cells after immunomagnetic separation lost some viability, averaging 91% before MACS and 70% 

following it. Dot plots for the various fractions (Figure VIII.2, page 84) reveal the eluted fraction to contain 

a larger fraction of seemingly dead cells when compared to the flow-through, meaning the 

immunomagnetic separation probably induced some shear stress upon the cells, compromising their 

integrity. 

Following MACS, purified cells were replated at a density of 10,000 cells/cm2. iPSCs were able to grow 

and reform small colonies, as shown in Figure IV.8. 

 

Figure IV.8 – Representative bright field microscopy image of tumour rejection antigen (TRA)-1-60+ cells 

purified using magnetic-activated cell sorting (MACS) after 4 days. Induced pluripotent stem cells growing in 

9.6 cm2 tissue culture plates were dissociated with trypsin, purified using MACS with anti-TRA-1-60+ antibody, 

replated at a density of 10,000 cells/cm2, and left to grow for 4 days (Scale bar – 50 μm). 

Despite less-than-ideal results, MACS using anti-TRA-1-60 antibody was shown to be suitable for 

enrichment of iPSCs from a population with an already high percentage of these cells. However, the 

main goal of this project consisted of using MACS to deplete iPSCs from differentiating cultures, and, 

from these results, it seems this technique is not able to do so at such high percentages of contaminating 

iPSCs. In any case, this was only a preliminary experiment, and more experiments, using various 

mixtures of iPSCs and CVPCs at different percentages as was done before for a neural commitment 

protocol138, would be required in order to determine the limits of MACS. 
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IV.2.1.3. Negative immunomagnetic selection for purification of human induced 

pluripotent stem cell-derived cardiovascular progenitor cells 

After the preliminary MACS experiment, a negative immunomagnetic selection experiment with 

anti-TRA-1-60 antibody was used to deplete non-differentiated iPSCs from culture. The presence of 

iPSCs is particularly dangerous in a cell product if it is planned to be used for therapy, as it can potentially 

cause teratomas. 

Figure IV.9 showcases the results of negative immunomagnetic selection of CVPCs undergoing 

differentiation. 

 

Figure IV.9 – Results of immunomagnetic selection of tumour rejection antigen (TRA)-1-60– cells. Induced 

pluripotent stem cells (iPSCs) were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by 

temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. 

Cells at day 7 of differentiation were dissociated with trypsin and depleted of iPSCs by negative immunomagnetic 

selection based on the expression of the TRA-1-60 surface marker. These cells were collected in the flow-through 

and replated at a density of 250,000 cells/cm2. A fraction of these cells was replated at a density of 10,000 cells/cm2 

on Matrigel and in mTeSR1 medium. 

In this experiment, the percentage of TRA-1-60+ cells was reduced to a third, from 0.9% to 0.3%. 

Additionally, the eluted fraction contained 26% of these cells. These results corroborate the theory that 

mean this method of selection is primed towards recovery of iPSCs from reprogrammed populations. 

However, these results cannot be said to be more positive than those of the preliminary experiment, as 

flow cytometry lacks the resolution to properly differentiate such low values of labelled cells. 

Since the goal of this experiment was to recover TRA-1-60– cells, that is, the flow-through instead of the 

eluted fraction, the efficiency and the efficacy are defined differently from the preliminary experiment, by 

Equations III.2 and III.3 (page 42), respectively, and are placed at 68% and 86%. Comparing these 

results to the model determined in the laboratory for negative selection of iPSCs undergoing neural 

differentiation, the efficiency is lower, whereas the efficacy is slightly higher than the expected (about 

85% and 75%, respectively). Equation III.4 (page 42) places the percentage of lost cells at 13%, which 

is lower than the model for neural differentiation (around 20%)138. 

This MACS protocol did not significantly affect the viability of cells, which was nearly 100% both before 

and after immunomagnetic separation. The high cell viability, which is corroborated by the dot plot for 

the flow-through (Figure VIII.2, page 84), can be a proof of higher robustness of CVPCs when compared 
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to iPSCs. However, the dot plot for the eluate reveals a much higher amount of seemingly dead cells, 

probably due to the stress of the immunomagnetic separation. 

Following MACS, purified and non-purified cells were replated at a density of 250,000 cells/cm2 and 

subjected to the remainder of the differentiation protocol, and at 10,000 cells/cm2 on Matrigel and in 

mTeSR1 to assay for pluripotent colonies. This experiment was conducted before the optimisation of 

the replating protocol, thus, the replating density for differentiating cells was below the density found to 

be optimal. On the other hand, flow-through cells plated in pluripotency conditions were meant to be 

compared to cells from the eluate in the same conditions, to confirm the results of flow cytometry but 

this fraction contained too little cells for that to be possible. 

Despite the impossibility of quantitatively comparing pluripotent cells in the flow-through with those of 

the eluate, those cells were stained for OCT4 in order to verify their presence in culture. In Figure IV.10, 

bright field microscopy and OCT4 immunostaining images of these colonies are depicted.  

 

 

Figure IV.10 – Representative images of tumour rejection antigen (TRA)-1-60– cells purified using 

magnetic-activated cell sorting (MACS) after 7 days. Induced pluripotent stem cells (iPSCs) were seeded at a 

density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of the wingless-type mouse 

mammary tumour virus integration site (WNT) signalling pathway. Cells at day 7 of differentiation were dissociated 

with trypsin and depleted of iPSCs by negative immunomagnetic selection based on the expression of the TRA-1-60 

surface marker. A fraction of these cells was replated at a density of 10,000 cells/cm2 on Matrigel and in mTeSR1 

medium, and left to grow for 7 days. (A) Bright field image of replated cells after 7 days (Scale bar – 50 μm). (B) 

Cells were maintained in culture for 7 days, when they were fixed and stained for expression of octamer-binding 

transcription factor (OCT) 4 (left). Total cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) (centre), and 

the images obtained with immuno- and DAPI staining were merged together (right) (Scale bars – 50 μm). 

Cells cultured on Matrigel and fed with mTeSR1 medium did not develop many pluripotent colonies. 

Bright field images reveal many adherent colonies, with no apparent iPSC colony, whereas OCT4 

immunostaining reveals some isolated colonies, but without the spherical shape expected of them, 

OCT4 DAPI OCT4/DAPI 

A 

B 



60 

instead appearing very deformed. These isolated colonies seem to corroborate the flow cytometry 

results of Figure IV.9. 

Although the MACS experiment seems to have depleted iPSCs of culture, which was its designated 

goal, given the low percentage of TRA-1-60+ cells present in culture even prior to immunomagnetic 

separation, iPSCs are probably not the most substantial impurity which require depletion. However, 

Figure IV.3 (page 51) indicates the presence of more iPSCs in culture at day 7 based on the expression 

of OCT4. Considering CVPCs do not express OCT4, either the TRA-1-60 antibody was unable to label 

iPSCs properly, or this experiment in particular generated less iPSCs than the characterisation 

experiment. The latter may be the case, as this experiment (experiment 2 in Table IV.1, page 47, and 

Figure IV.11 below) was unable to generate cardiomyocytes at day 15, indicating there were probably 

many spontaneously differentiated colonies prior to the cardiac differentiation protocol, and thus, less 

iPSCs than those to be expected of a regular cardiac differentiation protocol. 

Cells plated after MACS following 15 days of differentiation presented a morphology similar to those of 

Figure IV.10A, mostly isolated due to the low replating density and substantial cell death, and very 

adherent to Matrigel. This morphology is very distinct from non-replated cells at the same day (Figure 

IV.1A), which are organised in tissue-like structures.  

Figure IV.11 showcases the effect on cTnT expression of the immunomagnetic negative selection 

protocol. Cells which were replated without immunomagnetic purification died, and thus, cTnT+ cells in 

this fraction could not be quantified. 

 

Figure IV.11 – Effect on cardiac troponin T (cTnT) expression at day 15 of differentiation by 

immunomagnetic selection of tumour rejection antigen (TRA)-1-60– cells. Induced pluripotent stem cells 

(iPSCs) were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of 

the wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. Cells at day 7 of 

differentiation were dissociated with trypsin and depleted of iPSCs by negative immunomagnetic selection based 

on the expression of the TRA-1-60 surface marker. These cells were collected in the flow-through and replated at 

a density of 250,000 cells/cm2. Cells were collected at day 15 for flow cytometry analysis. Non-purified cell fraction 

represents cells undergoing the regular differentiation protocol.  

Figure IV.11 evidences that the small decrease in TRA-1-60+ cells caused an increase in cTnT+ cells at 

day 15 of differentiation of 58%. This significant increase can have occurred due to the death of 

contaminating cells due to the stress of both the immunomagnetic separation and the replating at a low 

density, causing only CVPCs to survive and proliferate. Despite the flow-through fraction having 

seemingly no contractile cells, it may have been due to their inability to form colonies. It is important to 
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note that the flow-through fraction contained a very small number of cells after 15 days of differentiation, 

which resulted in merely 590 gated events in the flow cytometry analysis. Since at least 10,000 gated 

events are required to label the analysis as statistically significant, the percentage of cTnT+ cells in the 

flow-through cannot be entirely trusted, and would bear repeating of the experiment. 

The negative immunomagnetic selection did not generate any meaningful conclusions. The 

differentiation protocol was ineffective, and thus, the population at day 7 cannot be said to replicate the 

condition that would be expected of regular differentiating cells. Additionally, the replating caused the 

death of a large number of cells, and thus was optimised for further experiments, as described in 

section IV.2.1.1. The negative immunomagnetic selection could not be replicated due to time 

constraints; although OCT4 expression at day 7 (Figure IV.3, page 51) indicates some promise in this 

experimental setup, positive selection using CVPC markers was deemed more important, to test the 

effect of that type of selection on the end products of differentiation. 

IV.2.1.4. Positive immunomagnetic selection for purification of human induced 

pluripotent stem cell-derived cardiovascular progenitor cells 

Given the unsatisfactory results of negative immunomagnetic selection, a positive selection was 

performed. In this case, CVPCs were targeted based on the expression of SSEA-1, based on an 

experiment with another differentiation protocol53,54. By targeting the desired cells, it is not necessary to 

try to predict which are the most important contaminant cell types present in culture. However, this setup 

causes the desired cells to be retained in the column, which may negatively affect their viability, and 

leaves them labelled with a monoclonal antibody, which may activate undesired mechanisms in the cell, 

and magnetic particles, whose effect in the cells and in hosts is unpredictable, although they are 

internalised following separation139. 

Figure IV.12 showcases the results of positive immunomagnetic selection of CVPCs undergoing 

differentiation. 

 

Figure IV.12 – Results of immunomagnetic selection of stage-specific embryonic antigen (SSEA)-1+ cells. 

Induced pluripotent stem cells were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by 

temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. 

Cells at day 7 of differentiation were dissociated with accutase and enriched in cardiovascular progenitor cells by 

positive immunomagnetic selection based on the expression of the SSEA-1 surface marker. These cells were 

collected in the eluate and replated at a density of 300,000 cells/cm2. Flow-through cells were replated at a density 

of 750,000 cells/cm2. 
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In this experiment, the percentage of SSEA-1+ cells increased from 21% to 30%, whereas it did not 

change in the flow-through. The increase in almost 10% mimics that of the positive immunomagnetic 

selection of TRA-1-60+ cells (section IV.2.1.4), however, given the much lower percentage of desired 

cells in the non-purified fraction, a higher amount of SSEA-1+ cells would be expectable in the 

flow-through. Additionally, given that the percentage of SSEA-1+ cells in the flow-through is the same 

as in the non-purified fraction, it was not possible to recover many of these cells. As previously 

discussed, the performance of MACS is widely variable even amongst similar conditions, thus, this 

experiment would require repetition in order to assess an average performance of the positive 

immunomagnetic separation of CVPCs. Additionally, the MACS products, such as the microbeads and 

the columns, are proprietary products, generalised for all applications, but they could potentially be 

optimised for positive selection of CVPCs in order to attempt to increase the performance of the protocol.  

Like the preliminary immunomagnetic selection experiment, the efficiency and efficacy are given 

generically by Equations III.5 and III.6 (page 42), respectively, and are placed at 11% and 12%. 

Equation III.4 (page 42) indicates a loss of 58% of cells. Regarding these parameters, this 

immunomagnetic separation setup was the worst, considering many impurities still remained in the 

purified fraction, and many cells were lost in the column. Possibly, the amount of SSEA-1+ cells in the 

initial cell fraction exceeded the capacity of the column, but capacity tests would have to be performed 

in order to confirm this claim. 

Direct counting of cells did not reveal significant variations on cell viability, which was above 90% both 

before and after immunomagnetic separation. On the other hand, the dot plot for the eluate (Figure 

VIII.2, page 84) reveals there was some effect of the retention in the column, like in the other 

immunomagnetic separation experiments, as there is a higher number of cells with low forward scatter 

and high side scatter. Also like observed in the other experiments, the dot plot for the flow-through 

contains less of this type of cells, as this fraction is immediately washed off the column after loading, 

and may thus be subjected to less stress. 

Following MACS, cells from the eluate and the flow-through were replated and subjected to the 

remainder of the differentiation protocol. Cells from the flow-through were replated at a density of 

750,000 cells/cm2, but the purified fraction had to be replated at a density of 300,000 cells/cm2, due to 

a lack of cells. To function as control, henceforth termed “replated control”, cells undergoing 

differentiation were replated at a density of 750,000 cells/cm2 in the same day as the immunomagnetic 

separation. Additionally, some cells, henceforth termed “non-purified fraction”, were replated, also at a 

density of 750,000 cells/cm2, after being left in MACS buffer during the duration of the immunomagnetic 

separation. All fractions were allowed to grow until day 18 to allow them to reform a tissue-like structure. 

Figure IV.13 depicts cells from the various fractions at day 18 of the differentiation protocol. 
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Figure IV.13 – Representative bright field microscopy images of purified and non-purified cells at day 18 of 

differentiation following immunomagnetic selection of stage-specific embryonic antigen (SSEA)-1+ cells. 

Induced pluripotent stem cells were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by 

temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. 

Cells at day 7 of differentiation were dissociated with accutase and enriched in cardiovascular progenitor cells by 

positive immunomagnetic selection based on the expression of the SSEA-1 surface marker. These cells were 

collected in the eluate and replated at a density of 300,000 cells/cm2. Flow-through cells were replated at a density 

of 750,000 cells/cm2. Non-purified fraction represents cells replated after being left in magnetic-activated cell sorting 

(MACS) buffer for the duration of the MACS protocol (Scale bars – 100 μm). 

Replated cells were able to form tissue-like structures which featured spontaneous contraction at a rate 

of 40-50 bpm, these being more prevalent in the periphery of the wells. In the centre of the wells, cells 

were more adherent and more isolated. The non-purified fraction also formed tissue-like structures, but 

they were much smaller, which indicates the MACS buffer alone induces some stress in the cells. These 

structures had a high beating rate, of about 30-40 bpm. The flow-through behaved similarly to the 

non-purified fraction, forming cardiac tissues which contracted at about 15-20 bpm; whereas the eluate 

could not form neither tissue-like structures or aggregates, nor had any apparent beating cell. Besides 

having been in MACS buffer, these cells may have been compromised due to being plated at 40% the 

optimal density, due to having been retained in the column, and due to having been labelled with 

magnetic particles. Although the cell density was not the optimal, these results reveal that positive 

selection has a negative effect on cells. Thus, this setup still requires considerable optimisation in order 

to minimise cell stress and to be able to generate viable cardiomyocytes. 

Figure IV.14 showcases the effect on cTnT expression of the immunomagnetic positive selection 

protocol. 
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Figure IV.14 – Effect on cardiac troponin T (cTnT) expression at day 18 of differentiation by 

immunomagnetic selection of stage-specific embryonic antigen (SSEA)-1+ cells. Induced pluripotent stem 

cells were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of the 

wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. Cells at day 7 of 

differentiation were dissociated with accutase and enriched in cardiovascular progenitor cells by immunomagnetic 

selection based on the expression of the SSEA-1 surface marker. These cells were collected in the eluate and 

replated at a density of 300,000 cells/cm2. Flow-through cells were replated at a density of 750,000 cells/cm2. Cells 

were collected at day 18 for flow cytometry analysis. Non-purified fraction represents cells replated after being left 

in magnetic-activated cell sorting (MACS) buffer for the duration of the MACS protocol. 

Flow cytometry analysis at day 18 of differentiation also reveals the MACS buffer to have had a negative 

effect on cells, as the non-purified fraction contained 19% less cTnT+ cells when compared to the 

replated control, thus, it would be preferable to run the immunomagnetic separation with medium 

suitable for cell culture. The flow-through contained 3.2% less cTnT+ cells than the non-purified fraction, 

whereas the eluted fraction resulted in 5.6% more cTnT+ cells. Although the variations are moderate, 

they suggest the purification to have had a positive effect on the differentiation protocol. However, the 

purified cell population, as revealed in the respective dot plot (Figure VIII.3, page 85), contained a very 

small amount of viable cells, as it is majorly comprised of seemingly dead cells. For this reason, the 

analysis for this fraction only contains 253 gated events, which is not statistically significant, thus not 

allowing for a strong conclusion regarding this experiment. Additionally, despite apparently having more 

cTnT+ cells than the non-purified fraction, the eluate still falls short of the replated control, by over 13%, 

suggesting it is preferable to skip the purification step. 

The positive immunomagnetic selection, much like the negative selection experiment, did not generate 

strong conclusions. Selection of CVPCs by SSEA-1 targeting is promising, but cells become too 

damaged in the process. Thus, this protocol requires a great amount of optimisation, for instance, 

replacement of MACS buffer by cell culture medium, in order to attempt to generate viable cells, or 

supplementation of the culture medium with VEGF to improve CVPC proliferation. Additionally, flow 

cytometry characterisation (Figure IV.3, page 51) reveals the peak of SSEA-1 expression to be achieved 

at day 12, thus, this marker may not be the ideal to target CVPCs generated by this differentiation 

protocol, which, according to ISL1 and NKX2-5 expression (Figure IV.2, page 50), start appearing at 

day 5. It should be noted that the expression of SSEA-1 obtained in this experiment (21%) and in the 

characterisation experiment (7.1%) were significantly different, but that can be attributed to different cell 

sample processing, namely, due to the different dissociation protocol (accutase and trypsin, 

respectively), and the different labelling conditions (live and fixed cells, respectively). c-KIT, whose 
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expression peaks at day 5, could be a suitable marker for CVPC purification, but more immunomagnetic 

separation experiments would have to be conducted in order to compare the viability of both markers 

and observe the cell populations they generate. 

IV.2.2. Lactate method for purification of human induced pluripotent stem 

cell-derived cardiomyocytes 

In order to compare the immunomagnetic selection results with those of a more widespread method, 

the lactate method was employed. Basal RPMI medium without glucose was supplemented with lactate, 

in order to cause the death of contaminating cells, which have no nutrients to grow, and allow the growth 

only of cardiomyocytes, which can metabolise lactate. As described in previous work in the laboratory137, 

cells at day 13 of differentiation were left to grow for 2 or 4 days in medium containing 4 mM sodium 

lactate, before being fed again with RPMI/B27. These cells were left to grow until day 18, to allow for 

comparison with cells subjected to positive immunomagnetic selection. 

Figure IV.15 depicts cells purified for 2 or 4 days in lactate, after 18 days of differentiation. 
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Figure IV.15 – Representative bright field microscopy images of purified and non-purified cells at day 18 of 

differentiation following the lactate method. Induced pluripotent stem cells were seeded at a density of 

100,000 cells/cm2 and subjected to differentiation by temporal modulation of the wingless-type mouse mammary 

tumour virus integration site (WNT) signalling pathway. Cells at day 13 of differentiation were fed with Roswell Park 

Memorial Institute (RPMI) 1640 basal medium without glucose containing 4 mM of sodium lactate. 

Lactate-containing medium was maintained for 2 or 4 days, before being changed back to RPMI 1640 medium 

supplemented with B-27. Control represents cells subjected to the regular differentiation protocol and not exposed 

to lactate (Scale bars – 100 μm). 

Purified and non-purified cells were able to form tissue-like structures throughout the wells, which 

featured spontaneous contraction. Non-purified cells contracted at anywhere between 15-50 bpm. Cells 

subjected to lactate exposure during 4 days would contract generally at a rate of 10-20 bpm, suggesting 

the prolonged exposure to lactate may have had some inhibitory effect on the cells. Cells which were 

only 2 days in lactate had widely variable beating rates, from a minimum of 10 bpm to a maximum of 

90 bpm. These results suggest the short exposure to lactate may potentially have been enough to 

mature some cardiomyocyte sub-populations, and caused them to achieve a beating rate which would 

be expected of adult cells, but this could only be confirmed by flow cytometry following labelling with 

MLC2a and MLC2v, which stain for atrial and immature ventricular, or for mature ventricular 
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cardiomyocytes, respectively111. In general, purified cardiomyocytes by 2-day exposure to lactate also 

showed more widespread beating across the plate, suggesting a more efficient purification. 

Figure IV.16 showcases the effects on cTnT expression of the lactate method. 

 

Figure IV.16 – Effect on cardiac troponin T (cTnT) expression at day 18 of differentiation by the lactate 

method. Induced pluripotent stem cells were seeded at a density of 100,000 cells/cm2 and subjected to 

differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) 

signalling pathway. Cells at day 13 of differentiation were fed with Roswell Park Memorial Institute (RPMI) 1640 

basal medium without glucose containing 4 mM of sodium lactate. Lactate-containing medium was maintained for 

2 or 4 days, before being changed back to RPMI 1640 medium supplemented with B-27. Cells were collected at 

day 18 for flow cytometry analysis. Control represents cells subjected to the regular differentiation protocol and not 

exposed to lactate. 

Flow cytometry reveals the lactate method to have had a very positive effect on cardiomyocytes, 

improving the percentage of cTnT+ cells from 72% to 96% for both 2-day and 4-day exposure. These 

populations are practically devoid of contaminant cells, and are extremely viable, thus overcoming the 

limitations of the immunomagnetic separations. It is important to note, though, that the dot plots for this 

analysis (Figure VIII.4, page 86) reveal metabolic selection during 4 days generated a larger amount of 

seemingly dead cells, which was also observed in culture, again indicating this prolonged exposure to 

lactate had some negative effect. It is possible that some cells detached from the plate, as some cTnT– 

cells which supported cardiomyocytes may have been depleted by this selection method, causing 

cardiac tissue detachment. Previous work in the laboratory137 describes 2 days as being generally the 

maximum time of exposure to lactate which avoids cardiomyocyte detachment from Matrigel. 

Overall, the lactate method was the separation technique which generated better results, with almost 

totally pure, viable cTnT+ cell populations. Metabolic selection during 2 days proved to be better than 

exposure for 4 days, generating more beating tissue-like structures, with higher beating rates, and 

causing less cell death. 
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V. CONCLUSIONS 

Ever since their inception, PSCs have held a great promise in the world of Regenerative Medicine, as a 

potentially unlimited source of cells to replace those lost through ageing and disease, and also in in vitro 

applications such as drug screening and disease modelling. iPSCs, in particular, can be reprogrammed 

from adult somatic cells, which avoids ethical concerns and can overcome immune rejection in the host. 

The heart is one of the most important targets for iPSC therapies, as CVDs are extremely prevalent 

throughout the world, and the heart lacks the capacity to regenerate substantially through adulthood and 

to recover cells lost as a consequence of these diseases. Cardiac differentiation protocols are varied in 

their execution, but rarely originate cells with the required purity for transplantation. Additionally, these 

protocols are usually primed to obtain cardiomyocytes, while CVPCs, due to their ability to generate the 

three types of cells in the heart, have a greater potential for heart regeneration40,54. 

This work aimed to characterise cells undergoing chemically-defined, monolayer, growth factor-free 

differentiation via temporal modulation of the WNT signalling pathway, which is one of the most efficient 

differentiation protocols in terms of cardiomyocyte purity, and to purify them through MACS, for both 

positive and negative selection, due to the efficiency of this method and the possibility to use it for clinical 

purposes, as it has been approved by the FDA140. The main novelty of this work is precisely the usage 

of MACS as a means of purifying CVPCs obtained from this specific protocol. 

The differentiation protocol was heterogeneous in its potential to generate cTnT+ cardiomyocytes 

derived from the human iPSC line 6-9-9, having originated up to 62% of these cells by day 15, but having 

failed to generate cardiomyocytes in one of the experiments. The heterogeneity of cardiac differentiation 

was attributed to some levels of spontaneous differentiation in the human iPSCs during routine 

maintenance and to the variable confluence at which differentiation was started. The cardiomyocyte 

yield was very similar in all experiments which generated cardiomyocytes, averaging at 

3.1 cardiomyocytes/iPSC. Differentiated cells formed tissue-like structures which featured spontaneous 

contraction. Cell beating rates were heterogeneous throughout the wells, but were below 35 bpm, 

corroborating the immaturity of these cells. 

Temporal characterisation of differentiating cells revealed the gradual decrease in expression of 

pluripotency genes OCT4 and NANOG and markers OCT4 and SSEA-4, the peak of mesendodermal 

gene T/Brachyury by day 3, and the gradual increase in cardiac genes ISL1, NKX2-5 and TNNT2 and 

marker cTnT until the end of differentiation. c-KIT and SSEA-1 seemed to label different types of 

progenitors, due to peaking at days 5 and 12, respectively. In particular, c-KIT expression was deemed 

to be closer to that of CVPCs, while SSEA-1 appeared to mark an intermediate cell population between 

CVPCs and cardiomyocytes. 

The ability of cells to reform their tissue-like structures upon replating was analysed, and the optimal 

density for replating, in terms of the cTnT+ cell percentage after replating, was placed at 

750,000 cells/cm2, and accutase was selected as the enzyme for dissociation due to causing less cell 

stress. Replated cells formed spherical aggregates and featured about half the percentage of cTnT+ 

cells when compared to the non-replated control. A subsequent replating experiment was able to 
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maintain the characteristics of non-replated cells, including the percentage of cTnT+ cells and the colony 

structure. Given the highly different populations prior to replating, the efficiency of this process was 

concluded to be dependent on the condition of the initial cell population. 

MACS was used as a means of purifying CVPCs at an intermediate stage of differentiation. Negative 

selection using anti-TRA-1-60 antibodies was employed to deplete the cultures of undifferentiated 

iPSCs. The results of this selection were inconclusive, since the starting population was already very 

depleted of iPSCs and was unable to form cardiomyocytes, but the discarded fraction was markedly 

enriched in iPSCs, indicating some of these were depleted from the initial culture. Positive selection, 

despite altering the target cells, was deemed to be more suitable for CVPC purification, and was tested 

using anti-SSEA-1 antibodies. MACS was able to enrich the initial fraction from 21.4% to 29.8% 

SSEA-1+ cells, but when purified cells were replated, they were unable to form the tissue-like structures 

of the starting population and featured less cTnT+ cells at the end of differentiation when compared to 

the replated control. It was concluded that the MACS process, most notably the exposure to MACS 

buffer throughout the process, was a source of cell stress which requires optimisation. The lactate 

method resulted in a marked increase in cTnT+ cells at the end of differentiation, generating over 95% 

pure cells, with the 2-day exposure generating more contractile cells, probably due to the 4-day 

exposure having depleted the culture of other cells, such as fibroblasts, which supported cardiomyocyte 

growth, causing their detachment. Despite the promising results of the lactate method, it cannot be used 

to purify CVPCs and takes some days to purify cell populations, unlike MACS which can be performed 

within a few hours. 

One major shortcoming of this project as a whole was the lack of replicates for many of the experiments, 

but these were impossible to perform due to time constraints. It was deemed more important to address 

as much as possible the initial goals of the project, in order to try to achieve the ideal purification 

condition, before attempting to replicate the results. 

In short, this work attempted to apply MACS to purify CVPCs, but such attempts were unsuccessful, 

especially when compared to the lactate method, which generated highly pure cultures. 

Immunomagnetic selection has potential, but it still requires much optimisation in order to generate pure, 

clinical-grade populations of cardiomyocytes which are able to proliferate. 
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VI. FUTURE WORK 

Taking into consideration one of the initial goals of the project, obtaining a very pure population of 

cardiomyocytes at the end of differentiation, which could potentially have clinical usage, it is evident 

from the obtained results that there is still a long path to tread before obtaining clinical-grade and scale 

cells with this protocol. 

As addressed beforehand, one of the major shortcomings of this work was the lack of biological 

replicates for the various experiments. Temporal characterisation of differentiating cells, in particular, 

required replicates to strengthen the conclusions, and required further analysis for other markers, 

namely surface markers SIRPA and GFRA2, which have been successfully applied in CVPC 

purification57,64 and may prove to be a suitable alternative to SSEA-1, which was used in this study. 

MACS experiments were very inconclusive, due to the poor survival of cells following replating of the 

purified fractions, and due to the failure of the differentiation protocol used for cells which underwent 

negative selection. The most important subject to address in future experiments is the stress cells are 

subjected to during immunomagnetic separation. The prolonged exposure to MACS buffer was found 

to be one such factor of cell stress, and should be replaced with culture medium in subsequent 

experiments. The separation itself was underwhelming, especially the positive selection experiment, 

which may be due to the quality of the reagents, namely the microbeads and the columns, which are 

proprietary products and thus may not be optimised for every potential application, and due to the usage 

of SSEA-1 to purify CVPCs at day 7, when it was found to peak at day 12. Other markers should be 

tested for CVPC purification, following their evolution throughout differentiation to determine the ideal 

day for sorting. Different separation methods, such as affinity chromatography, or even label-free 

alternatives, are also interesting options for purification of CVPCs. CVPC survival after replating can be 

improved by medium supplementation with VEGF137. After optimisation of the purification protocol, it is 

important to assess the safety of purified cells, namely in regards to teratoma formation potential, 

through tests in immunodeficient mice. 

It is also crucial to guarantee the scalability of both the differentiation and purification processes, as 

large numbers of cells are required for clinical purposes. For differentiation, the most promising 

alternatives are expansion as aggregates or microcarriers in spinner flasks or bioreactors, which would 

have to be tested and compared, in order to conclude which is the most efficient setup. For purification 

purposes, a clinical-scale MACS system, CliniMACS®, already exists140, but it is important to assess the 

capacity of the MACS system prior to use in order to guarantee this capacity is enough to retain most 

of the desired type of cells. 

The cardiac differentiation protocol via temporal modulation of the WNT signalling pathway requires 

animal-derived components, such as B-27 supplement. Additionally, in this work, Matrigel and mTeSR1 

medium, which also contain animal components, were used. For clinical purposes, it is important to 

avoid the usage of such components. As described by Burridge and co-workers115, and Lin and 

co-workers116, this method of differentiation still works even if devoid of animal components, using 

Essential 8 medium for cell expansion on Synthemax, and replacing RPMI/B27 with RPMI 1640 
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supplemented with ascorbic acid and recombinant albumin, or Essential 8 supplemented with heparin 

for differentiation. As such, one of these xeno-free protocols should be used in future experiments, in 

order to minimise exposure of cells to undesired components. 

These alterations to the established protocol, if successful, will result in a clinical-scale, xeno-free 

protocol to obtain highly pure, non-tumorigenic populations of CVPCs with potential to generate 

cardiomyocytes, smooth muscle cells and endothelial cells. These CVPCs would, thus, be able to help 

restore the cardiac function following substantial cardiomyocyte death, potentially replacing traditional 

therapies which are as of yet still unable to respond to the prevalence of CVDs in the world. 
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VIII. ATTACHMENTS 

Table VIII.1 – Complete formulation for mTeSR1 medium19. 

Constituent 
Concentration 

(mM) 
Constituent 

Concentration 
(mM) 

Inorganic salts 
Calcium chloride 8.24×10–1 Potassium chloride 3.26 
HEPES 1.18×101 Sodium bicarbonate 1.80×101 
Lithium chloride 9.80×10–1 Sodium chloride 9.46×101 
Magnesium chloride 2.37×10–1 Disodium phosphate 3.92×10–1 
Magnesium sulfate 3.19×10–1 Monosodium phosphate (monohydrate) 3.55×10–1 

Trace minerals 
Ferric nitrate (nonahydrate) 9.71×10–5 Chromium(III) chloride 1.98×10–6 
Ferric sulfate (heptahydrate) 1.18×10–3 Silver nitrate 9.81×10–7 
Cupric sulfate (pentahydrate) 4.08×10–6 Aluminium chloride (hexahydrate) 4.87×10–6 
Zinc sulfate (heptahydrate) 1.18×10–3 Barium acetate 9.79×10–6 
Ammonium metavanadate 1.09×10–5 Cobalt(II) chloride 9.81×10–6 
Mangenous sulfate (monohydrate) 1.97×10–6 Germanium dioxide 4.97×10–6 
Nickel(II) sulfate (hexahydrate) 9.70×10–7 Potassium bromide 9.89×10–7 
Selenium 1.77×10–4 Potassium iodide 1.00×10–6 
Sodium metasilicate (nonahydrate) 9.66×10–4 Sodium fluoride 9.83×10–5 
Tin(II) chloride 1.24×10–6 Rubidium chloride 9.81×10–6 
Molybdic acid, ammonium salt 1.97×10–6 Zirconyl chloride (octahydrate) 9.80×10–6 
Cadmium chloride 1.22×10–5   

Energy substrates 
D-glucose 1.37×101 Sodium pyruvate 3.92×10–1 

Lipids 
Linoleic acid 1.88×10–4 Myristic acid 8.59×10–5 
Lipoic acid 4.00×10–4 Oleic acid 6.94×10–5 
Arachidonic acid 1.29×10–5 Palmitic acid 7.65×10–5 
Cholesterol 1.12×10–3 Palmitoleic acid 7.71×10–5 
DL-α tocopherol-acetate 2.90×10–4 Stearic acid 6.89×10–5 
Linolenic acid 6.99×10–5   

Amino acids 
L-alanine 1.37×10–1 L-leucine 3.54×10–1 
L-arginine hydrochloride 5.48×10–1 L-lysine hydrochloride 3.91×10–1 
L-asparagine (monohydrate) 1.37×10–1 L-methionine 9.06×10–2 
L-aspartic acid 1.37×10–1 L-phenylalanine 1.69×10–1 
L-cysteine hydrochloride (monohydrate) 7.83×10–2 L-proline 2.16×10–1 
L-cysteine dihydrochloride 7.83×10–2 L-serine 2.94×10–1 
L-glutamic acid 1.37×10–1 L-threonine 3.52×10–1 
L-glutamine 2.94 L-tryptophane 3.46×10–2 
Glycine 2.94×10–1 L-tyrosine disodium salt (dihydrate) 1.68×10–1 
L-histidine hydrochloride (monohydrate) 1.18×10–1 L-valine 3.55×10–1 
L-isoleucine 3.26×10–1   

Vitamins 
Ascorbic acid 2.53×10–1 i-inositol 5.49×10–2 
Biotin 1.12×10–5 Nicotinamide 1.30×10–2 
Choline chloride 5.03×10–2 Pyridoxine hydrochloride 7.62×10–3 
Cyanocobalamin 3.94×10–4 Riboflavin 4.56×10–4 
D-calcium pantothenate 3.69×10–3 Thiamine hydrochloride 2.42×10–2 
Folic acid 4.71×10–3   

Growth factors/proteins 
γ-aminobutyric acid 9.79×10–1 Human insulin 3.92×10–3 
Pipecolic acid 9.84×10–4 Human holo-transferrin 1.37×10–4 
Basic fibroblast growth factor 5.77×10–6 Bovine serum albumin 1.95×10–1 
Transforming growth factor β1 2.35×10–8 Glutathione (reduced) 6.38×10–3 

Other components 
Hypoxantine, monosodium salt 1.18×10–2 2-mercaptoethanol 9.80×10–2 
Phenol red 1.69×10–2 Pluronic F-68 2.33×10–2 
Putrescine dihydrochoride 3.95×10–4 Tween 80 3.29×10–4 
Thymidine 1.18×10–3   
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Table VIII.2 – Complete formulation for RPMI 1640 medium114. 

Constituent 
Concentration 

(mg/L) 
Constituent 

Concentration 
(mg/L) 

Inorganic salts 
Calcium nitrate (tetrahydrate) 100 Potassium chloride 400 
Disodium phosphate (heptahydrate) 1,512 Sodium bicarbonate 2,000 
Magnesium sulfate (heptahydrate) 100 Sodium chloride 6,000 

Amino acids 
L-alanine 200 L-leucine 50 
L-asparagine 50 L-lysine hydrochloride 40 
L-aspartic acid 20 L-methionine 15 
L-cysteine 50 L-phenylalanine 15 
L-glutamine acid 20 L-proline 20 
L-glutamine 300 L-serine 30 
Glutathione (reduced) 1 L-threonine 20 
Glycine 10 L-tryptophane 5 
L-histidine 15 L-tyrosine 20 
L-hydroxyproline 20 L-valine 20 
L-isoleucine 50   

Vitamins 
para-Aminobenzoic acid 1 i-inositol 35 
Biotin 0.2 Nicotinamide 1 
Calcium pantothenate 0.25 Pyridoxine hydrochloride 1 
Choline chloride 3 Riboflavin 0.2 
Cyanocobalamin 0.005 Thiamine hydrochloride 1 
Folic acid 1   

Other components 
Glucose 2,000 Phenol red 5 

 

Table VIII.3 – Genes used for quantitative real-time polymerase chain reaction analysis and Applied 

Biosystems assay IDs for each respective TaqMan probe. GAPDH – glyceraldehyde-3-phosphate 

dehydrogenase; ISL – LIM-homeobox transcription factor islet; OCT – octamer-binding transcription factor; 

TNNT – troponin T. 

Gene Assay ID 

GAPDH Hs02758991_g1 

OCT4 Hs00999634_gH 

NANOG Hs02387400_g1 

T/Brachyury Hs00610080_m1 

ISL1 Hs01099687_m1 

NKX2-5 Hs00231763_m1 

TNNT2 Hs00165960_m1 
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Figure VIII.1 – Dot plots representing the effect of replating on cell populations. Induced pluripotent stem cells 

were seeded at a density of 100,000 cells/cm2 and subjected to differentiation by temporal modulation of the 

wingless-type mouse mammary tumour virus integration site (WNT) signalling pathway. Cells at day 7 of 

differentiation were dissociated with trypsin or accutase, and replated at densities of 500,000, 750,000 or 1,000,000 

cells/cm2. Cells were collected at day 24 for flow cytometry analysis. Control represents non-replated cells at the 

same day of differentiation. Red dots represent gated cells; black dots represent non-gated cells. FSC – forward 

scatter; SSC – side scatter. 

  



84 

 Non-purified fraction Flow-through Eluate 
T

R
A

-1
-6

0
 

p
o

si
ti

v
e 

s
el

e
c

ti
o

n
 

   

T
R

A
-1

-6
0

 
n

e
g

a
ti

v
e 

se
le

ct
io

n
 

   

S
S

E
A

-1
 

p
o

si
ti

v
e 

s
el

e
c

ti
o

n
 

   

Figure VIII.2 – Dot plots representing the effect of magnetic-activated cell sorting on cell populations. 

Induced pluripotent stem cells (iPSCs) were seeded at a density of 100,000 cells/cm2 and subjected to 

differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) 

signalling pathway. Cells in culture (iPSCs in expansion for tumour rejection antigen (TRA)-1-60 positive selection; 

cells at day 7 of differentiation otherwise) were dissociated with trypsin or accutase, and subjected to 

immunomagnetic separation. Samples of labelled cells were collected for flow cytometry analysis. Red dots 

represent gated cells; black dots represent non-gated cells. FSC – forward scatter; SSC – side scatter; 

SSEA – stage-specific embryonic antigen. 
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Figure VIII.3 – Dot plots representing the effect of magnetic-activated cell sorting (MACS) on cell 

populations after differentiation. Induced pluripotent stem cells were seeded at a density of 100,000 cells/cm2 

and subjected to differentiation by temporal modulation of the wingless-type mouse mammary tumour virus 

integration site (WNT) signalling pathway. Cells at day 7 of differentiation were dissociated with trypsin or accutase, 

subjected to immunomagnetic separation and replated at various cell densities (250,000 cells/cm2 for negative 

selection; 300,000 cells/cm2 for positive selection eluate; 750,000 cells/cm2 otherwise). Samples of labelled cells 

were collected for flow cytometry analysis at day 15 (negative selection) or 18 (positive selection). Non-purified 

fraction represents cells replated after being left in MACS buffer for the duration of the immunomagnetic separation 

protocol. Red dots represent gated cells; black dots represent non-gated cells. FSC – forward scatter; SSC – side 

scatter; SSEA – stage-specific embryonic antigen; TRA – tumour rejection antigen. 
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Figure VIII.4 – Dot plots representing the effect of the lactate method on cell populations after 

differentiation. Induced pluripotent stem cells were seeded at a density of 100,000 cells/cm2 and subjected to 

differentiation by temporal modulation of the wingless-type mouse mammary tumour virus integration site (WNT) 

signalling pathway. Cells at day 13 of differentiation were fed with Roswell Park Memorial Institute (RPMI) 1640 

basal medium without glucose containing 4 mM of sodium lactate. Lactate-containing medium was maintained for 

2 or 4 days, before being changed back to RPMI 1640 medium supplemented with B-27. Cells were collected at 

day 18 for flow cytometry analysis. Control represents cells subjected to the regular differentiation protocol and not 

exposed to lactate. FSC – forward scatter; SSC – side scatter. 

 


