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Abstract 

 

The ability to differentiate human embryonic stem cells (hESCs) into hepatocyte-like cells 

(HLCs), by mimicking the in vivo embryonic process, provides a powerful method to study liver biology, 

allows drug screening and toxicology tests and facilitates the development of cell-based therapies for 

liver diseases. However, the use of hESCs carries several disadvantages, such as immune rejection, 

ethical issues and the risk of teratoma formation. The demand for alternative sources to obtain HLCs 

together with the development of techniques to reprogram somatic cells have provided the idea to use 

transcription factors (TF) to reprogram human multipotent adult progenitor cells (hMAPCs) into induced 

endodermal progenitor cells (iEndo cells). These cells are characterized by the expression of 

mesendodermal/endodermal markers, their capacity of being expanded long-term and to differentiate 

into endoderm lineages.  

In the present study, the differentiation capacity of 14TF iEndo cells towards the hepatic lineage, 

maintained in different expansion media/protocols, was assessed and compared to hESCs 

differentiation. It was observed that iEndo cells maintained in hMAPCs medium (containing serum) and 

differentiated using a protocol starting either on ESCs differentiation protocol - day 8 (aFGF) or - day 12 

(HGF) resulted in most efficient differentiations. Although differentiation from hESCs leaded to more 

mature HLCs, in both cases HLCs displayed hepatocytes morphology, expressed mature hepatocyte 

markers (Albumin/AAT) and secreted albumin. However, cells still expressed fetal hepatocyte markers 

(AFP) and lacked CYP3A4 activity. Conclusion: Hepatocyte differentiation of 14TF iEndo cells derived 

from hMAPCs is an alternative method, but is still less efficient than hESCs differentiation. 

 

Key Words:  Embryonic Stem Cells ● Multipotent Adult Progenitor Cells ● Induced Endodermal 

Progenitor Cells ● Differentiation ● Hepatocytes 
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Resumo 

 

A capacidade de diferenciar células estaminais embrionárias humanas (hESCs) em hepatócitos 

(HLCs) permite estudar o desenvolvimento biológico do fígado, testar medicamentos e facilita o 

desenvolvimento de terapias celulares para tratamento de doenças. No entanto, o uso destas células 

acarreta diversas desvantagens, como imunorejeição, problemas éticos e o risco de formar teratomas. 

A procura de fontes alternativas para obter HLCs levou à ideia de usar 14 factores de transcrição (TF) 

para reprogramar células adultas progenitoras multipotentes (hMAPCs) em células progenitoras 

endodermais induzidas (células iEndo). Estas células são caracterizadas pela expressão de genes da 

mesendoderm/endoderme, bem como pela sua capacidade de serem expandidas longo termo e de se 

diferenciarem em células da linhagem endodermal.  

Neste estudo, avaliou-se a capacidade de diferenciação das células iEndo (mantendo-as em 

diferentes meios de expansão e protocolos) em hepatócitos e compararam-se os resultados com os 

obtidos na diferenciação de hESCs. Provou-se que manter as células no meio hMAPCs (contendo soro) 

e diferenciando-as usando protocolos que começam no dia 8 (aFGF) ou no dia 12 (HGF) do protocolo 

das hESCs resultou nas diferenciações mais eficientes. Embora a diferenciação das hESCs tenha 

levado a hepatócitos mais maduros, em ambos os casos os HLCs tinham a morfologia de hepatócitos, 

expressaram genes característicos de hepatócitos maduros (Albumina/AAT) e secretaram albumina. 

No entanto, estas células ainda expressaram genes de hepatócitos fetais (AFP) e não mostraram 

actividade de CYP3A4. Conclusão: A diferenciação de células iEndo derivadas de hMAPCs em HLCs 

é um método alternativo, mas menos eficiente do que a diferenciação de hESCs. 

 

Palavras-Chave: Células Estaminais Embrionárias ● Células Adultas Progenitoras Multipotentes ● 

Células Progenitoras Endodermais Induzidas ● Diferenciação ● Hepatócitos 
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1. INTRODUCTION 

 

1.1. Human Liver: The Workhorse of the Body 

 

The liver is the second largest and the most metabolic complex organ in the human body. It is 

considered the workhorse among all the organs, being responsible for several functions that keep every 

system going. It metabolizes several compounds, detoxifies xenobiotics, regulates the glucose levels, 

produces and secretes bile and plasma proteins, such as clotting factors and albumin, among others.1 

A normal liver of a healthy adult weights, approximately, 1.3-1.5 Kg and it is located in the right 

upper quadrant of the abdominal cavity.2 This organ has four lobes: the left and the right, visible from 

the front and separated by the falciform ligament, and the quadrate and the caudate lobes, visible from 

the underside.3 These lobes are made of microscopic units called lobules. Each lobule is hexagonal and 

is comprised by hepatocytes arranged in single cell sheets, known as hepatic plates. They radiate out 

from a central point, where is the central vein, and are separated by sinusoids, the smallest blood 

vessels in the liver. The narrow space existent between the hepatocytes and the sinusoids is known as 

space of Disse. In the perimeter of a lobule, and contacting with other lobules, are six portal triads. Each 

triad consists of branches of the bile duct, the portal vein and the hepatic artery.1,4,5 The liver receives 

oxygenated blood from the general circulation through the hepatic artery and partially deoxygenated 

blood containing nutrients from the small intestine trough the portal vein. The blood flows to the hepatic 

cells, where many metabolic functions take place, and then flows out of the liver trough the central vein, 

removing detoxified substances and metabolic end products.5,6 

Functionally, the liver can be divided into three zones along its central axis. Zone 1 (periportal 

region) encircles the portal triads where the oxygenated blood from hepatic arteries enters and, 

consequently, is where oxidative metabolism, gluconeogenesis and ureagenesis happen. Zone 3 

(centrilobular or pericentral region) is located around central veins, where oxygenation is poor and so 

glycolysis, lipogenesis and xenobiotic metabolism take place. Zone 2 (midlobular region) is located 

between zone 1 and zone 3 and have mixed functions.7,8 

Apart from the hepatocytes, which constitute the major part of an adult liver (60-80%), this organ 

has non-parenchymal cells (20-40%). Liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), 

hepatic stellate cells (HSCs) are present in the sinusoids and are from mesoderm origin1,4; intrahepatic 

lymphocytes (IHLs) are often present in the sinusoidal lumen9; in small quantities, dendritic cells (DCs), 

which capture and process antigens, migrate to lymphoid organs and secrete cytokines to initiate 

immune responses; biliary cells (BCs) are also present.2,10,11 
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1.1.1. Cell Types 

 

1.1.1.1. Hepatocytes 

 

Hepatocytes are polarized, parenchymal cells, derived from endodermal cells. They have a 

cuboidal or polygonal shape, with 20-40µm of diameter.2,6 According to their location in one of the three 

zones of the liver, hepatocytes are phenotypically and functionally different.1,4  

Most hepatocytes have a single nucleus, but binucleated cells are common. Hepatocytes are 

metabolically active cells requiring a lot of energy, hence they have several mitochondria, lysosomes 

and peroxisomes per cell. Moreover, approximately 15% of the cell volume consists of smooth and 

rough endoplasmic reticulum.12 

Hepatocytes are involved in the regulation of most of the biochemical and metabolic functions 

of the liver, as well as, in the synthesis of various substances. They absorb the glucose present in the 

blood, store it as its macromolecule (glycogen) and, in case of necessity, glycogen is depolymerized 

and glucose is released, helping to maintain homeostasis and protecting the rest of the body from 

dangerous spikes and drops in the blood glucose level.13 Fatty acids are also absorbed and stored by 

hepatocytes and they are metabolized to produce energy in the form of adenosine triphosphate (ATP).13 

Regarding the amino acids that enter the liver, hepatocytes first remove the amine groups and convert 

them into ammonia and then into urea, which is less toxic and can be excreted in urine as a waste 

product of digestion. The remaining parts of the amino acids can be broken down into ATP or converted 

into new glucose molecules, when glycogen reserves become exhausted.13 Besides that, the liver stores 

vitamins and minerals (vitamins A, D, E, K, B12 and the minerals iron and copper) in order to provide a 

constant supply of these essential substances to the body tissues.13  

Moreover, enzymes present in hepatocytes metabolize toxic substances, present in the blood, 

such as alcohol and drugs, before they can reach the rest of the body. The liver also metabolizes and 

removes from circulation hormones produced by the body’s own glands in order to keep hormone levels 

within homeostatic limits.13  

Additionally, hepatocytes can produce large quantities of lipids, like cholesterol and 

phospholipids, and several vital plasma proteins, including transporters, protease inhibitors, blood 

coagulation factors and modulators of immune complexes and inflammation.7,13 

Hepatocytes also produce and secrete bile, from their apical surface to the bile canaliculus, 

which then goes to the intrahepatic bile ducts (IHBD). From here, bile goes to the extrahepatic bile ducts 

(EHBD) and, afterwards, to the gall bladder where it is stored before its release into the duodenum. The 

bile canaliculus is formed due to tight junctions present between the hepatocytes, while the bile ducts 

are formed by biliary epithelial cells (BECs), also known as cholangiocytes.4,6 
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1.1.1.2. Liver Sinusoidal Endothelial Cells 

 

Liver Sinusoidal Endothelial Cells (LSECs) are unique cells, both morphologically and 

functionally. They are flat small cells, with a diameter of approximately 6.5µm that are stretched out into 

a very thin layer lining the hepatic sinusoids. Furthermore, they are the only mammalian endothelial cells 

that combine pores (fenestrae) that lack both the diaphragm and the basement membrane, constituting 

an open connection between the sinusoidal lumen and the space of Disse and, consequently, the 

hepatocytes. The fenestrae are clustered together in sieve plates and their size and number differ from 

the periportal, midlobular and centrilobular regions of the liver.14,15 LSECs are also functionally unique. 

The high activity of receptor-mediated endocytosis provides LSECs with a high-rate and a high-capacity 

system to clear colloids and soluble waste macromolecules from the circulation. LSECs are the initial 

target of some hepatotoxic drugs and toxins and are susceptible to ischemia-reperfusion injury.14,15  

Like other endothelial cells, LSECs express CD31. However, its expression is restricted to the 

cytoplasm rather than to the cell surface. Also, in contrast to other endothelial cells, LSECs are the only 

endothelial cells reported that express CD45, a classic hematopoietic cell marker. CD45 is highly 

expressed on periportal LSECs, less strongly expressed on midlobular LSECs and absent on 

centrilobular LSECs.14 

 

 

1.1.1.3. Kupffer Cells 

 

Kupffer Cells (KCs) are liver specific macrophages located in the hepatic sinusoids. 

Functionally, they are known for their scavenging ability, which means, they are responsible for the 

removal of protein complexes, small particles and apoptotic cells from the circulation. Moreover, these 

cells are involved in the immunological responses and inflammatory reactions of the liver.16 

 

 

1.1.1.4. Hepatic Stellate Cells 

 

Hepatic Stellate Cells (HSCs, also known as vitamin A-storing cells, lipocytes, interstitial cells, 

fat-storing cells, Ito cells) are present in the space between the parenchymal cells and the sinusoidal 

endothelial cells. The main characteristic of these cells is the storage of 80% of retinoids (vitamins) as 

retinyl palmitate, in lipid droplets, in the cytoplasm. Therefore, in physiological conditions, they are 

responsible for the regulation of the homeostasis of retinoids in the whole body, expressing specific 

receptors for retinol binding protein (RBP) on their cell surface, and take up the complex of retinol and 

RBP by receptor-mediated endocytosis. In pathological conditions, hepatic stellate cells lose retinoids 

and synthesize a large amount of extracellular matrix (ECM) components including collagen, 

proteoglycan and adhesive glycoproteins. The three-dimensional structure of ECM components was 

found to regulate reversibly the morphology, proliferation and functions of the hepatic stellate cells. In 
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this condition, their morphology changes from star-shaped stellate cells to fibroblasts or myofibroblasts 

morphology.11,17 

 

 

1.1.1.5. Intrahepatic Lymphocytes 

 

Intrahepatic Lymphocytes (IHLs) are located predominantly in the portal triads and periportal 

zone, but are also scattered throughout the parenchymal. IHLs are comprised by T cells (63%), natural 

killer cells (NK cells) (31%) - like pit-cells - and B cells (6%). Furthermore, T cells can be divided in 

conventional or unconventional. On the first case, IHLs are mostly CD38+ T cells (outnumber CD34+ 

cells), while on the second case the major part are natural killer T cells (NKT cells). Intrahepatic 

lymphocytes exhibit a high degree of activation and spontaneous cytotoxicity which, together with the 

expression of molecules mediating apoptosis, suggest that these cells play a crucial role in 

immunological surveillance.2,10  

 

 

 

1.2. Liver Diseases 

 

Liver diseases can be inherit (genetic) or caused by a variety of factors, such as viruses or 

alcohol. They are extremely costly in terms of human suffering, premature loss of productivity and affect 

millions of people worldwide. For example, in Europe, the more recent data from World Health 

Organization (WHO) dates back 2013, in which liver cirrhosis accounted for 1.8% of all deaths (170 000 

deaths per year) and liver cancer accounted for around 47 000 deaths.18  

 

 

1.2.1. Acute Liver Failure 

 

Acute liver failure (AFL) is a syndrome characterized by a rapid decline in hepatic synthetic 

function, with a significant risk of mortality.19 Nowadays, apart from liver transplantation, the current 

treatment is largely supportive care, using bioartificial liver devices (in which the patient’s blood or 

plasma perfused through an extracorporeal bioreactor filled with hepatocytes) or direct transplantation 

of human hepatocytes.20,21 

 

 

1.2.2. Metabolic Diseases 

 

Metabolic diseases are characterized by a deficiency on a hepatic enzyme or protein leading to 

hepatic and/or extrahepatic diseases, such as: Crigler Najjar syndrome type I (lack of functional uridine 

diphosphate glucuronosyltransferase (UDPGFT) enzyme); urea cycle disorders (deficiency in one of the 
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six enzymes of the urea cycle); familial hypercholesterolaemia (absence of the low-density lipoprotein 

receptor (LDLR)); glycogen storage disease type I (deficiency of the hepatic enzymes glucose-6-

phosphatase or the glucose-6-phosphate transporter); infantile Refsum disease (reduced peroxisome 

function); coagulation factor deficiencies, like haemophilia A (lack of factor VIII) and haemophilia B (lack 

of factor IX); progressive familial intrahepatic cholestasis; phenylketonuria (deficiency of the enzyme 

phenylalanine hydroxylase (PAH)); Wilson’s disease (accumulation of copper); tyrosinaemia (deficiency 

of the enzyme fumarylacetoacetate hydrolase (FAH)); maple syrup urine disease (accumulation of 

branched-chain amino acids (BCAAs) because of a deficiency of the enzyme branched-chain keto acid 

dehydrogenase (BCKDH)); acute intermittent porphyria (deficiency in the hepatic haemenzyme 

porphobilinogen (PBG) deaminase).22 

All these diseases could be treated by transplanted hepatocytes. In fact, after several studies in 

mouse models, transplantation of adult hepatocytes has been used relatively successfully for their 

treatment. One of the most important examples was the treatment of a 10-years old girl suffering from 

Crigler Najjar syndrome type I. After receiving 7.5x109 allogenic hepatocytes, through a portal vein 

catheter in combination with phenobarbital therapy, a 14-fold increase in the hepatic UDPGFT activity 

was observed, leading to a substantial reduction in the serum bilirubin level, as well as, in her daily 

phototherapy, increasing her quality time.  However, large numbers of hepatocytes were required, not 

only for the treatment of this disease, but also in all the others cases, what limited the more widespread 

use of this therapy.20,22,23 

 

 

1.2.3. Chronic Liver Diseases 

 

Chronic liver diseases (CLDs), such as viral hepatitis, alcoholic liver disease (ALD) or 

nonalcoholic fatty liver disease (NAFLD), are a result of continuous exposure to viruses, excessive 

alcohol consumption, excessive fat accumulation, biotransformed metabolites and cholestasis. These 

cause hepatic injury that, when sustained for a long time, causes progressive fibrosis, cirrhosis and 

hepatocellular carcinoma (HCC). In the chronic stage, there is infiltration of polymorphonuclear 

leukocytes into the liver, with focal or zonal necrosis, destruction of hepatocytes and architectural 

disarray.24 

The liver is susceptible to five different hepatitis viruses, from A to E, of which predominantly B 

(HBV) and C (HCV) are the cause of CLDs and HCC.24 HBV is a small enveloped virus with a small 

relaxed circular genome that shows an extremely compact organization and it has a strong tropism for 

hepatocytes, while HCV is an enveloped positive-stranded RNA hepatotropic virus. Its life cycle is 

known, but its relationship with the host cell is not completely understood.7 Understand the viral infection 

and the replication process of these virus could be a key to prevent a chronic stage. For that, 

hepatocytes cultures have been used and it was already possible to observe that transcription factors 

which regulate hepatocyte differentiation also control HBV replication. For example, HNF4α is essential 

and acts in concerted action with HNF1α.7  
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Alcoholic liver disease (ALD) occurs after a long period of alcohol abuse and is a term that 

includes several phenotypes ranging from simple steatosis (deposition of fat in the hepatocytes) to 

steatohepatitis, progressive fibrosis, cirrhosis and HCC.25 Although there is some information about the 

molecular mechanisms behind these different stages, further studies need to be done to better 

understand them. Culture hepatocytes in a medium containing ethanol could be a way to determine how 

alcohol damage hepatic cells and causes ALD.26  

As the others CLCs, non-alcoholic fatty liver diseases also include several phenotypes, from 

simple steatosis to nonalcoholic steatohepatitis (NASH) to progressive fibrosis, cirrhosis and HCC. 

Sedentary lifestyles, poor food habits and silent progression have contributed to a fatty liver disease 

epidemic. The accumulation of fat in the liver can be mediated by several mechanisms, including 

lipolysis of adipose tissue, increased hepatic lipogenesis and reduced secretion of low-density 

lipoprotein.24 

 

 

1.2.4. Hepatocellular Carcinoma 

 

Hepatocellular carcinoma (HCC) is the fifth leading cause of cancer and second leading cause 

of cancer-related death in the world. Approximately 75–80% of HCC occurs in HBV or HCV-infected 

individuals whose disease has progressed to a chronic stage. In addition to being associated with viral 

infection, HCC is linked with other factors: foodstuffs containing aflatoxin B1 (AFB1), obesity, diabetes, 

alcohol consumption and tobacco use. Thereby, it is important to study the cellular signalling pathways 

that play a critical role in the development and progression of liver cancer.24  

Multiple signalling pathways have been identified: Wnt/β-catenin, p53, mitogen-activated protein 

kinase (MAPK), PI3K/AKT/mTOR and TGFβ (transforming growth factor β).24 For example, mutations 

in the negative regulators of the Wnt pathway (Axin1 and Axin2) were found in 50% of HCC patients.24 

Like in other types of cancer, p53 protein undergoes alteration due to mutations in different positions 

between exons 4 and 9, causing genomic instability and abrogate the gene's regulatory role for proteins 

associated with the cell cycle, increasing the chance of tumour development.24 The PI3K/AKT/mTOR 

signalling pathway can be considered another target in liver carcinogenesis, since it has been reported 

to be active in 48% of HCC patients. The mutation at Akt S473, the most frequent HCC-associated 

mutation in this pathway was found in 71% of HCC patients and promotes invasion, metastasis and 

vascularization of the tumours.24 Alteration of the TGFβ signalling pathway has also been commonly 

observed, with overexpression of TGFβ and downregulation of TGFβ receptor II reported in 40% and 

37–70% of HCC patient, respectively.24 The tumorigenic role of TGFβ signalling probably occurs through 

activation of the mitogenic Ras/Raf/MAPK pathway, which promotes cell proliferation independently of 

SMAD. Furthermore, the TGFβ pathway plays a critical role in tumour invasion and metastasis by 

upregulating extracellular matrix proteins and decreasing the production of enzymes that degrade those 

proteins.24 
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1.2.5. Treatment Research: What are the current tools? 

 

The demand for an effective treatment to all these diseases has been the target of the scientific 

research for many years.  

Primary hepatocytes are fully differentiated cells, obtained from a whole liver or wedge 

fragments, used in vitro to understand the biochemistry, physiology and cell biology of the normal and 

diseased liver. They are also used to do drug metabolism and toxicity studies and, more generally, they 

are used in cell therapies (transplantation). However, these cells are phenotypically unstable, have a 

short life span, exhibit large interdonor functional variability when derived from human origin and their 

availability is limited.7  

Alternatively, human hepatocyte cell lines (such as HepG2, Hep3B, PLC/PRFs Huh7 and HBG), 

obtained by oncogenic immortalization or from tumours, are now used. Recently, the human hepatoma 

HepaRG cell line was established, from an Edmonson grade I well differentiated liver tumour of a female 

patient suffering from chronic hepatitis C infection and macronodular cirrhosis. HepaRG cells retain the 

major liver-specific functions, have functional stability and indefinite growth potential. More important, 

they are able to differentiate. However, they still do not fully resemble primary hepatocytes, they do not 

have bile secretion and they are originated from a single donor.7 

Consequently, to overcome the disadvantages of primary hepatocytes and HepaRG cells, stem 

cells are now a solution for diverse applications.  

 

 

 

1.3. Stem Cells: Types and Applications in Liver Diseases 

 

Stem cells are unspecialized cells capable of dividing and renewing themselves for a long period 

of time (self-renew) and, under certain physiologic or experimental conditions, they can give rise to any 

cell type of human body (differentiation), which is referred as potency.27  

According to this characteristic, stem cells can be: Totipotent stem cells, which can differentiate 

into embryonic and extraembryonic cell types, leading to a complete, viable organism. The only 

totipotent cell is the fertilized egg;27 Pluripotent stem cells (PSCs) are characterized by self-renewal and 

the potential to give rise to differentiated cells from all the three germ layers (endoderm, mesoderm, 

ectoderm). Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) are both types of 

PSCs.27 These cells are invaluable for in vitro studies. Firstly, by their nature, PSCs can potentially be 

used to create any cell or tissue the body might need to counter a wide range of diseases. Secondly, 

they can potentially be customized to provide a perfect genetic match for any patient. This means that 

patients could receive transplants of tissue and cells without rejection problems and without the need to 

take powerful immune-suppressing drugs for the rest of their lives. Finally, they make excellent 

laboratory models for studying how a disease unfolds, which helps scientists to discover the disease-

causing and to do drug screening and toxicity tests.28; Multipotent stem cells can differentiate into 

different kinds of cells, but only those of a closely related family.27 Mesenchymal stem cells (MSCs), for 
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example, can only differentiate into osteogenic (bone), chondrogenic (cartilage) and adipogenic 

(adipose) cell lineages29; Oligopotent stem cells can differentiate into only a few cells, such as lymphoid 

or myeloid stem cells27; Unipotent cells can produce only one cell type, their own, but have the property 

of self-renewal, which distinguishes them from non-stem cells.27 

 

 

1.3.1. Pluripotent Stem Cells 

 

1.3.1.1. Embryonic Stem Cells 

 

Embryonic stem cells are characterized by their self-renewal and pluripotency, being able to 

form any fully differentiated cell of the body.27 They are generated by transferring cells from the inner 

cell mass of the blastocyst, during embryogenesis, into a plastic culture dish that contains a nutrient 

broth known as culture medium. The cells divide and spread over the surface of the dish. In the original 

protocol, the surface of the culture dish was coated with mouse embryonic skin cells, specially treated 

so they would not divide. This coating layer of cells is called a feeder layer, providing a proper surface 

to which cells can attach and release nutrients into the culture medium, which, in this case, was 

supplemented with fetal bovine serum.28,30 Human embryonic stem cells (hESCs) express specific 

transcription factors (OCT4, SOX2 and NANOG), surface markers (TRA-1-60, TRA-1-81, SSEA-3 and 

SSEA-4) and alkaline phosphatase (AP). 

Due to their characteristics, these cells have a huge potential in the field of regenerative 

medicine and tissue engineering. However, hESCs face some constraints. The first one is the immune 

incompatibility between the donor cells and the recipient, which can result in the rejection of transplanted 

cells. The second constraint is ethical issues, because the embryo dies during the isolation of hESCs.31 

Finally, there is always a risk of teratoma (tumor-like formation commonly composed of multiple cell 

types derived from one or more of the three germ layers) development in case of transplantation of 

undifferentiated hESCs.32  

 

 

1.3.1.2. Induced Pluripotent Stem Cells 

 

Induced pluripotent stem cells are derived from somatic cells which were directly reprogrammed 

to a pluripotent state by overexpression of the transcription factors OCT4, SOX2, C-MYC and KLF-4. 

These cells share many characteristics with hESCs, including the capacity of self-renewing and the 

ability of spontaneously differentiate in any cell type. Human induced pluripotent stem cells (hiPSCs) 

are a powerful method for creating patient and disease-specific cell lines, avoiding immunological 

problems.27,31 
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1.3.1.3. Multipotent Adult Progenitor Cells 

 

Rodent multipotent adult progenitor cells (rMAPCs) were identified in 2002 in adult bone marrow 

(BM). They represent a more primitive endoderm progenitor cell population or hypoblast like cells, with 

cell surface antigens distinct from MSCs. These cells can proliferate without senescence or loss of 

differentiation potential and can differentiate, in vitro, into cells of the mesoderm and endoderm lineages 

(hepatocytes and pancreatic beta cells).33,34 Roelandt et al.35 proved that high rodent OCT4 MAPCs can 

differentiate into hepatocyte-like cells, while Kumar et al.36 generate endocrine pancreas and β-cell like 

cells. rMAPCs are characterized by the expression of genes associated with pluripotency, such OCT4, 

REX-1, SALL4 (but not NANOG and SOX2), genes used to generate iPSCs (KLF2/4, N/c-MYC and 

LIN28) and also primitive endoderm-specific genes (GATA6, GATA4, SOX7 and SOX17).35  

Similarly to rMAPCs, human multipotent adult progenitor cells (hMAPCs) can also be expanded 

long term. These cells were expanded under defined serum-low conditions for more than 70 population 

doublings without telomere shortening and retaining a normal karyotype.33,37 Their cell surface 

phenotype is similar to hMSCs, with only four proteins to be differentially expressed: alkaline 

phosphatase, CD140a and CD140b were not expressed on hMAPCs, whereas hMSCs expressed 

alkaline phosphatase and CD140a at low levels and CD140b at high levels; MHC class I was highly 

expressed on hMSCs, but at lower levels on hMAPCs.33 Contrarily to rMAPCs, human MAPCs do not 

express OCT4.  

hMAPCs have the capacity to differentiate into mesenchymal cell types, showing also a robust 

endothelial differentiation.33 Roobrouck et al. proved that hMAPCs can differentiate into adipocytes, 

osteoblasts, chondrocytes and smooth muscle cells, in vitro. The cells showed a significant upregulation 

of the adipogenic specific transcript PPARc2 and, on day 14, approximately half of hMAPCs-progeny 

contained fat vacuoles. Upon differentiation toward osteoblasts, a significant increase in AP levels was 

seen, as well as an increase in osteocalcin expression. Chondrogenic differentiation was observed since 

the cells expressed similar quantities of proteoglycans and glycosaminoglycans, on day 21 of 

differentiation, and an increase of the chondrogenic transcripts ACAN, COLL II and SOX9. A similar 

increase in smooth muscle transcripts: ACTA2, CNN1 and MYH11 was also seen in hMAPCs progeny.38 

The same authors proved the high expression of endothelial genes: CD31, CD34, VWF, FLK1, FLT1 

and TIE2.38   

Still until now, there is no report suggesting their successful and robust differentiation into the 

endodermal lineage. Schwartz et al.37 cultured human, mouse and rat MAPCs on Matrigel with FGF4 

and HGF and successfully differentiate them into epithelioid cells that expressed HNF3β, GATA4, 

KRT19, TTR and AFP by day 7, and expressed CK18, HNF4α and HNF1α on days 14–28. The cells 

also secreted urea and ALB, had phenobarbital-inducible cytochrome P450, could take up LDL and 

stored glycogen. However, the levels of the hepatic transcripts in hMAPCs was significant less than with 

high rodent OCT4 MAPCs. Roobrouck et al.38 also differentiate hMAPCs into hepatocytes, but once 

again they obtained levels similar to Schwartz et al., i.e., the differentiation was much less efficient than 

with rMAPCs. 
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1.3.2. In vitro: How to culture pluripotent stem cells? 

 

In the past, PSCs required animal-derived feeder layers for culturing and expansion. 

Researchers used mouse cells to provide the support and all the biological factors the cells needed. 

However, this had a significant risk for human health, since they could contaminate the cells with virus 

or other macromolecules. Consequently, new ways to grow embryonic stem cells without mouse feeder 

cells (feeder-free culture) have been designed. First, researchers used Matrigel, a cocktail of ECM 

molecules collected from Engelbreth Holm Swarm mouse sarcoma. Then, they passed from xeno-free 

culture conditions using human feeder-based culture to GMP (good manufacturing practices) grade 

human feeders and their derivatives. Afterwards, chemically defined media combined with recombinant 

proteins or synthetic peptide-coated surfaces have been developed to achieve more defined culture 

conditions. The latest generation includes chemically defined media in combination with fully synthetic 

polymeric surfaces.39  

Recently, the traditional 2D culture methods for expansion of stem cells have also been 

substituted by culturing stem cells inside of 3D biomaterial scaffolds, which can more closely replicate 

the microenvironments found in vivo. A variety of natural and synthetic biomaterials have been 

investigated in the last years. While synthetic scaffolds can be synthesized to have a greater range of 

mechanical and chemical properties and often have greater reproducibility, natural biomaterials are 

often composed of proteins and polysaccharides found in the extracellular matrix and, as a result, 

contain binding sites for cell adhesion and readily support cell culture.40 An ideal scaffold should provide 

chemical stability or degradability and physical properties matching the surrounding tissue to provide 

cytocompatibility, support adhesion, proliferation, stability and mechanical strength.41 

Cell differentiation of hESCs or hiPSCs can also occur in a 2D or a 3D culture method and it 

can be spontaneous or directed, i.e., the cells can differentiate into all the cells types, as it happens in 

vivo, or they can be targeted, using various inducers, to a specific cell lineage.  

The most important example of PSCs differentiation are the embryoid bodies (EBs), which are 

three-dimensional aggregates of cells that spontaneously differentiate into derivatives of the three 

embryonic germ layers upon removal of factors that maintain the undifferentiated state. However, using 

EBs, it is not possible to obtain completely mature differentiate cells, from one specific lineage. 

Consequently, they are usually used to initiate the differentiation, generating multiple cell lineages, being 

then require cell sorting or selection of the cells of interest. As a matter of fact, if the goal is to obtain a 

particular cell lineage, EBs have been further terminally differentiated using 2D tissue culture plates and 

specific growth factors. Differentiation of EBs can also occur in 3D hydrogels composed of collagen or 

Matrigel.42  

But there are other examples of directed differentiation, such as, the use of a feeder layer 

comprised of stromal cells or culture the cells on ECM-based substrates. On the first case, co-culturing 

hESCs on stromal cells can provide the advantage of natural growth factors, but these same factors 

may lead to the differentiation of stem cells to an undesired cell lineage and may also result in 

contamination from animal-derived components. Recently, to overcome this problem, researchers have 

utilized human-derived stromal cells as feeder layers, such as human foreskin fibroblasts.42 In the 
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second approach, researchers perform the differentiation on monolayers comprised of known ECM-

based substrates, which offer considerably more control over the culture microenvironment and may 

better mimic the stem cell differentiation niche. In fact, the use of diverse culture surfaces may be an 

ideal way to promote differentiation into specific lineages.42 

 

 

1.3.3. Multipotent Stem Cells 

 

1.3.3.1. Mesenchymal Stem Cells 

 

Mesenchymal stem cells are capable of self-renewal and multipotential differentiation, which 

means they can give rise to different cells types, but only from the same lineage. They are considered 

adult or somatic stem cells that remain in a non-proliferative, quiescent state during most of their lifetime. 

These cells are plastic-adherent and exhibit a fibroblast-like morphology, form colonies when grown at 

clonal densities and, when stimulated by specific signals, they differentiate into osteogenic (bone), 

chondrogenic (cartilage) and adipogenic (adipose) cell lineages. Additionally, they may have the 

potential to differentiate into other cell types of mesodermal origin (skeletal muscle, smooth muscle, 

cardiac muscle, endothelial cells, etc.) as well as into cells from other germ layers (neurons, 

hepatocytes, beta cells, etc.).29,43 

Human MSCs can be isolated from different organs or tissue compartments including the bone 

marrow, where these cells were first discovered; umbilical cord and perinatal tissues 

(chorion, placenta, amnion, amniotic fluid, umbilical cord stroma - Wharton's jelly); umbilical cord blood 

(UCB); adipose tissue (AT) and others.29,43 

 

 

1.3.4. In vitro: How to culture mesenchymal stem cells? 

 

MSCs can be cultured and expanded as monolayers on a plastic culture dish under standard 

growth conditions (i.e., medium containing 10% Fetal Bovine Serum (FBS)). When they transit from 

suspension to adherent culture condition, their appearance change from a spherical to a spindle shape. 

Unlike other stem cell populations, such as hESCs, most hMSCs display a limited expansion potential 

in vitro (i.e., ~5–10 passages) and a decrease in differentiation potential.29 These evidences suggest 

that, on a 2D culture method, the cells lose their specific properties with time and so poorly reflect in 

vivo MSCs behaviour. Consequently, 3D techniques and bioreactors are now used. For example, Frith 

et al. 44 cultured MSCs using spinner flasks and a rotating wall vessel bioreactor, demonstrating altered 

cell size and surface antigen expression together with enhanced osteogenic and adipogenic 

differentiation potential.  
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1.3.5. Applications 

 

Stem cells research holds an enormous potential to understand fundamental human biology. In 

general, because of their ability to differentiate into any tissue type, they have huge potential in various 

disease therapies and traumatic injuries as well as in drug discovery.27  

 

 

1.3.5.1. Developmental Biology  

  

During the last 15 years, isolated hepatocytes have been used in studies on the regulation of 

liver-specific genes. Primary cultures allowed to understand the role of these genes on tissue function 

specificity as well as the role of environmental factors on their regulation. Due to that, several 

transcription factor families were clearly identified. Conditions mimicking environmental signals, 

including extracellular matrix component deposition or establishment of intercellular communications 

between hepatocytes and other hepatic cells were also successfully developed. Furthermore, besides 

their unique contribution in dissecting the molecular mechanisms behind hepatic differentiation, 

hepatocyte primary cultures have also allowed important breakthroughs in the understanding of the 

highly controlled regulation of hepatocyte proliferation occurring during the regeneration process.7 

However, primary hepatocytes are not always available and stem cells can be an unlimited 

source to further study these mechanisms. 

 

 

1.3.5.2. Disease Modelling and Cell Therapy 

 

The human liver has an enormous regenerative capacity. Under physiological conditions, the 

liver does not need any external cell source to go under repair, as resting hepatocytes have the capacity 

to re-enter the cell-cycle efficiently after injury. However, in persistent injury condition, this doesn’t 

happen anymore. Allogeneic liver transplantation is the conventional treatment for patients with end-

stage liver diseases, but the scarcity of donor organs together with other problems, like operative 

damage, post-transplant rejection and high clinical cost, are all serious problems impeding its 

application.45 

The use of nonbiologic (e.g. haemodialysis) and biologic (e.g. BAL – bioartificial liver) liver 

support techniques have also been used, but they are not the best solution.46  

In recent years, cell therapy, i.e., ‘‘the use of living cells to restore, maintain or enhance tissue 

and organ function’’ has been applied. Hepatocytes transplantation was successfully used to help 

patients with ALF, CLDs and liver-based metabolic disorders. Though one crucial bottleneck still exists: 

the limited supply of allogeneic donor hepatocytes provided in good quality.7,45   

Thereby, the use of hepatocytes derived from stem cells can be a way to solve this problem. If 

stem cells could differentiate into competent and phenotypically stable cells, they would be an infinitive 
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source for hepatocyte transplantation.21 Furthermore, stem cells can also be used to study liver diseases 

in order to better understand their mechanisms and to try to find a cure for them. 

 

 

1.3.5.3. Drug Metabolism and Toxicity Studies  

 

After intake, drugs are usually biotransformed into new chemical species that may have either 

toxic or therapeutic effects. Drug metabolism studies are usually performed in laboratory animals but 

these are not the most accurate model to understand the metabolic profile of a drug in humans. 

Consequently, primary cultures have been used not only for the evaluation of drug/xenobiotic 

metabolism, but also to determine toxicity/metabolism correlations, for assessing the risk of drug 

hepatotoxicity, to do cytotoxicity and genotoxicity tests and to study the interactions of xenobiotics and 

drug-metabolising enzymes.47  

However, as referred before, these cultures have a restrict availability and so hepatocytes 

derived from stem cells could replace them. For example, Takayama et al. promoted hepatocyte 

maturation of ESCs-HLCs on 3D spheroid and Matrigel overlay cultures and proved, by treat the cells 

with various kinds of hepatotoxic drugs, that they could sensitively predict drug-induced hepatotoxicity, 

including reactive metabolite-mediated toxicity that was generated by drug metabolizing enzymes, such 

as CYP enzymes.48  

  

 

1.3.5.3.1. Vascularized and functional human liver derived from stem cells, a dream or a reality? 

 

Cell therapy is one of the most promising techniques in the medical field to treat all these 

diseases. However, liver transplantation continues to be a reality and the most effective treatment. 

Consequently, the generation of a vascularized and functional human liver derived from stem cells would 

be the perfect solution. 

Recently, Takebe et al.49, created, in vitro, liver-buds derived from induced Pluripotent Stem 

Cells (iPSC-LBs), by recapitulating organogenetic interactions between human umbilical vein 

endothelial and mesenchymal cells. Immunostaining and gene-expression analyses revealed a 

resemblance between these cells and in vivo liver buds. Furthermore, after transplanted them into mice, 

iPSC-LB were able to connect to the host vessels. These cells also performed liver-specific functions 

such as protein production and human-specific drug metabolism. Thereby, the authors affirmed: 

“Although efforts must ensue to translate these techniques to treatments for patients, this proof-of 

concept demonstration of organ-bud transplantation provides a promising new approach to study 

regenerative medicine.”  
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1.4. Hepatogenesis in vivo 

 

Understand the fundamental mechanisms that control hepatogenesis is the basis for the rational 

differentiation of stem cells into cells that display many hepatic functions. Thereby, using animal models, 

such as mouse (Mus musculus), frog (Xenopus laevis), zebrafish (Danio rerio) and chick, as well as 

primary cell cultures, researchers have been studied intensively the embryonic development of the liver, 

the signalling molecules and the transcription factors involved in this process.1,7  

 

 

1.4.1. Embryonic Liver Development 

 

In vivo, as all the other organs in the human body, the formation of a liver starts with the 

fertilization of the secondary oocyte by the sperm. Consequently, the genetic material of both parents 

duplicate in two independent pro-nuclei, which then come closer so that their chromosomes can align 

on a common spindle and form the zygote: the first cell of a new organism. The zygote is surrounded 

by the zona pellucida.50 This zygote is then divided in two cells. The compaction and division of the cells 

continues, forming the morula, which contains eight to thirty-two blastomeres. Its inner cells will give rise 

to the inner cell mass (ICM) and the outer cells will give rise to the trophoblast, forming the blastocoel 

cavity. The ICM is located at one side of this cavity and the trophoblast can be divided into polar 

trophoblast (the portion near the ICM) and mural trophoblast (the portion in the opposite site of the 

ICM).50  

The developing embryo is now called blastocyst and it can hatches from the zona pellucida and 

be implemented in the maternal endometrium at the polar trophoblast. In the meantime, on the one 

hand, the ICM differentiates into epiblast, the layer closest to the trophoblast that will give rise to three 

germ layers (endoderm, mesoderm and ectoderm) and some extraembryonic tissues, and into 

hypoblast, the layer bordering the blastocoel cavity which contributes to the development of the 

extraembryonic endoderm and the visceral endoderm. Together, these structures form the bilaminar 

embryonic disk located between the amniotic cavity and the yolk sac that have already been formed. 

On the other hand, the trophoblast differentiates into the cytotrophoblast and syncytiotrophoblast layers. 

In this last layer, lacunae filled with maternal blood enable the exchange of nutrients.50 

Gastrulation, i.e., the formation of the three germ layers, can now begin. In the anterior epiblast 

is formed a primitive streak which develops a deep midline groove with a rounded primitive node, at the 

cranial tip of the streak, containing a depression called the primitive pit. Endoderm progenitor cells are 

the first to migrate through the streak, displacing the hypoblast and forming the definitive endoderm 

(DE). Then, the mesoderm progenitor cells also pass by the streak and form the mesoderm layer, 

between the epiblast and the definitive endoderm. After, there are no more cell migration and the 

remaining epiblast is called ectoderm.51  

The primitive streak can be divided into anterior primitive streak and posterior primitive streak.52 

From the first one emerges the axial and paraxial mesoderm and the definitive endoderm, which has an 

anterior and a posterior portions.53 The definitive endoderm turns into an epithelial gut tube surrounded 
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by mesoderm, which is then patterned along the anterior-posterior axis into foregut, midgut and hindgut 

regions, due to factors secreted by the adjacent mesoderm.54   

The foregut is the precursor of lungs, liver, gall bladder and pancreas. The first morphological 

sign of the embryonic liver is the formation of the hepatic diverticulum, an out-pocket of thickened ventral 

foregut endoderm, i.e., since the foregut is positioned adjacent to the developing heart, signals from it 

induce the underlying endoderm to initiate its development toward a hepatic fate.1 

The hepatic diverticulum is divided into anterior and posterior hepatic diverticulum. The anterior 

portion gives rise to the liver bud, because hepatic endoderm cells delaminate from the epithelium and 

invade the adjacent septum transversum mesenchyme (STM), while the posterior portion originates to 

the gall bladder and the extrahepatic bile ducts.1 

Consequently, the liver bud suffers a period of accelerated growth as it is vascularized and 

colonized by hematopoietic cells and gives rise to the peripheral blood, the intrahepatic biliary tree and 

the liver lobules.1 However, it is necessary to emphasize that the process of vascular development and 

differentiation is very complex and dynamic. Initially, the hepatic primordium is formed only by the 

equivalent of two hepatic lobules. After the formation of the definitive fetal vascular architecture, 6 

lobules are present and, very quickly, no less than 700 portal branches can be counted. The intrahepatic 

vessels have to adapt to this rapid increase in size and complexity, which suggests a rapid increase in 

their length and degree of branching. It is likely that the full development of intrahepatic vessels, venous 

and arterial, afferent and efferent, is not achieved until the end of liver growth, late in the postnatal life.55 

Besides that, the growth of the human liver is allometric. If, in the early stages, the right and the 

left lobes of the liver are roughly equivalent, very soon, the right lobe becomes predominant whereas 

the left regresses. Finally, the disposition of the large intrahepatic vessels has to adapt to the 

development of the lobular architecture of the liver, that is, the development of micro-anatomical units. 

This suggests a strong interdigitation between the afferent portal vessels and the efferent terminal veins, 

that, on early stages, did not contact, being this a prerequisite for the functional organization of the fully 

developed hepatic lobule.55 

 

 

1.4.2. Signalling Molecules and Transcription Factors 

 

1.4.2.1. Endoderm Formation 

 

The endoderm is the germ layer that produces the gut tube and its derived organs, including the 

cecum, intestine, stomach, thymus, liver, pancreas, lungs, thyroid and prostate. The difficult access to 

it makes hard to understand the mechanisms behind its formation. However, some pathways and growth 

factors are known and understand them is important to comprehend liver organogenesis in more detail. 

Wnt/β-catenin signalling is involved in early embryogenesis. More specifically, Wnt3a is 

important for migration of precursor cells through the anterior region of the primitive streak. Its 

subsequent specification to mesoderm or endoderm depends on Nodal, a growth factor that belongs to 

the TGFβ superfamily. Many studies support that the formation of both endoderm and mesoderm occurs 
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in a Nodal concentration-dependent way: low concentration induce mesoderm, while high doses induce 

endoderm. Nodal signalling stimulates the expression of endoderm transcription factors, such as, 

SOX17, FOXA1 and FOXA2 and CXCR4, which regulate a cascade of genes committing cells to the 

endoderm lineage.1,7,56 

 

 

1.4.2.2. Foregut 

 

Then, the establishment of the foregut domain is essential.57 However, the mechanisms 

controlling the formation of the foregut, midgut and hindgut domains, identified by the transcription 

factors HEX, PDX1 and CDX, respectively, are not yet very clear.1  

 

 

1.4.2.3. Acquisition of Hepatic Competency and Induction of Hepatic Fate 

 

Afterwards, the interaction between the cardiac mesoderm and the foregut endoderm seems to 

be important for two different steps of liver organogenesis, namely, the acquisition of hepatic 

competency and the induction of the hepatic fate (also known as hepatic specification).58 

On the one hand, the potential of foregut endoderm to give rise to the liver is probably due to 

the expression of transcription factors, such as FOXA1/A2, GATA4 and GATA6 and HEX.1,59 In vivo, 

DNA binding studies, in mouse embryonic endoderm, suggest that FOXA2 and GATA4 bind to enhancer 

elements of the ALB gene with the objective of relaxing the condensed chromatin and, consequently, 

allowing the binding of C/EBPβ and NF1 to induce albumin mRNA expression which, although 

expressed at low levels at this point, is one of the best characterized marker of nascent hepatic cells. 

Besides that, deletion of both FOXA1 and FOXA2 makes the foregut enable to respond to the signals 

from the cardiac mesoderm and, therefore, prevents liver induction.1,58  

On the other hand, FGF (fibroblast growth factor) signals, from the developing heart, and BMPs 

(bone morphogenetic proteins), from the STM, induce hepatic fate in the ventral foregut endoderm. 

However, if the cardiac mesoderm is removed, or if either FGF or BMP signalling is blocked, liver 

induction does not occur.1 

Exogenous FGF1 (also known as aFGF) or FGF2 can replace the cardiac mesoderm and induce 

albumin mRNA expression, at physiological concentrations, in foregut endoderm explants.1,60,61 In 

addition, FGFR1 and FGFR4, receptors for these FGF species, were found to be expressed on 

endodermal cells, supporting the fact that the FGF–FGFR system is essential at this stage.61 However, 

it is important to pay attention to FGFs concentration, since different doses appear to induce lung (50 

ng/mL of FGF2) and ventral pancreas (absence of FGF2).62 In vivo is not yet very clear if this process 

is controlled by the position of the endoderm relative to the heart or the length time that the endoderm 

is in contact with cardiac mesoderm.1,60 The hepatic gene expression by FGF is controlled specifically 

through activation of the MAPK pathway and is independent of PI3 kinase signalling.1,60 
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In addition to acting during the onset of hepatic development, FGFs also function during the 

later stages of hepatogenesis. For instance, FGF8, which was incapable of inducing hepatic gene 

expression in endodermal ex-plant assays, has been shown to contribute to outgrowth of the cultured 

hepatic bud and to contribute to changes in cell morphology, proliferation and survival in fetal organ 

cultures.62 Therefore, it appears that specific FGFs act at multiple and distinct stages of hepatic 

development. It is also worth noting that no liver defect has been described in FGF1-/- FGF2-/- mice, 

which probably means that, since there are twenty-two members of the FGF protein family, other FGFs 

will be involved in inducing hepatic specification.62  

Regarding BMPs, bone morphogenetic protein 2 and 4 are the ones that are strongly expressed 

during liver specification. Their importance was showed in BMP4-deficient mouse embryos, on which 

the liver bud failed to enlarge and albumin was not expressed. To confirm these observations, BMP 

signalling was supressed using a natural antagonist, Noggin, and it was proved that, without these 

proteins, there was no albumin expression. 58,61 

At this stage, Wnt signalling is again important. In zebrafish, WNT2B was identified as being 

essential for the onset of differentiation of the hepatic progenitor cells. This factor is expressed in the 

lateral plate mesoderm that is positioned adjacent to the endoderm.58 However, Wnt signalling must be 

repressed in Xenopus endoderm to allow hepatic induction and mouse foregut endoderm secretes the 

Wnt antagonist Frizzled-related protein 5.7  

 

 

1.4.2.4. Liver Bud Morphogenesis 

 

Shortly after hepatic specification, the liver diverticulum, which is embedded in the STM and 

surrounded by a laminin and type IV collagen rich basement membrane and endothelial cell precursors, 

is formed. There, the cells (now called hepatoblasts) develop a columnar shape and express several 

hepatic genes, including ALB, AFP, TTR, RBP and HNF4α, all indicators of hepatic cell fate.1,58,60 The 

transition in cellular morphology results in a thickening of the epithelium, which bulges into the 

surrounding stroma.60 

Next, nuclei of the hepatoblasts move from the basal surface to the apical side, which is called 

interkinetic nuclear migration (INM).58 Hepatoblasts then proliferate in the liver diverticulum, passing 

from a simple cuboidal to a pseudostratified columnar epithelium.1 Finally, ECM components of the 

basement membrane are degraded and E‐cadherin is downregulated. Subsequently, hepatoblasts 

proliferate and migrate into the STM to form the liver bud.58   

Several transcription factors and signals from endothelial cells are required for this process. 

The INM is regulated by HEX, meaning this is essential to pseudostratification.58,60 Without it, 

the liver bud morphogenesis fail, resulting in hepatic structures that lack parenchymal cells.60 This factor 

persists in all the hepato-biliary lineages, being required at multiple time points.1,60 

In addition to the hepatic competence, GATA4 and GATA6 are also important at this stage. 

GATA4-/- mutants revealed the absence of the septum transversum and proepicardial mesenchyme and 
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the liver bud fails to expand, since the hepatic gene expression was initiated, but not maintained and 

the hepatoblasts failed to delaminate.1,60 

 Slightly later than HEX and GATA, the homeodomain transcription factors: PROX1, 

ONECUT1/HNF6 and ONECUT2 also regulate hepatoblast delamination.1 Although hepatoblasts are 

specified and begin to proliferate, mutants of these factors maintain high levels of E-CADHERIN, failed 

to degrade the basal matrix surrounding the liver bud and the cells remain in the hepatic diverticulum.1,60  

Furthermore, the migration of the hepatic progenitor cells into the stroma requires the 

expression of ECM proteins and ECM remodelling enzymes, such as matrix metallopeptidases 

(MMPs).1 For example, the importance of cell-ECM interactions was proved by the fact that hepatoblasts 

deficient for the laminin receptor β1-integrin were unable to colonize the liver bud.1 

 Endothelial signals are also important for liver bud morphogenesis. Prior to vascularization, 

endothelial precursor cells, characterized by the expression of genes like CD31, TIE-2 and FLK1, lay 

between the hepatic epithelium and the STM and this close contact with blood vessels persists as 

hepatoblasts migrate into the stroma. Null mutations in the vascular endothelial growth factor receptor 

gene VEGFR-2 results in embryos that lack mature endothelial cells and, although the hepatic 

development was initiated, the liver bud fails to expand and there was no evidence of delamination of 

the hepatoblasts.1 

 

 

1.4.2.5. Liver Bud Growth 

 

The liver bud enlarges as hepatoblasts proliferate and invade into STM and several factors are 

involved on this process. In addition to their earlier role in hepatic specification, FGF (now via PI3 kinase) 

and BMP signalling also promote liver bud growth.1  

Hepatocyte Growth Factor (HGF) is a pleiotropic cytokine expressed in STM and fetal liver cells, 

including endothelial cells and hepatoblasts, and its signalling, is required for hepatoblast proliferation. 

HGF also promotes hepatoblast migration, in part by activating the small GTPase Arf6. This factor was 

proved to be critical, since HGF-/- mutants have their liver reduced to 60% of the wild type.1,58 The 

homeobox genes HLX and LHX2 plus NDRG, expressed in the STM, are also important to hepatoblast 

proliferation, suggesting that they regulate the production of paracrine signals from the mesenchyme.1 

Furthermore, Wnt signalling, multiple TGFβ ligands and also retinoic acid (RA) signalling 

appears to promote liver bud growth, as well as, genes encoding regulators of proliferation, cell survival 

or metabolic stress and signal transduction components.1  

 

 

1.4.2.6. Hepatocyte Differentiation 

 

The hepatoblasts are bi-potential, which means they have the potential to differentiate into either 

cholangiocytes or hepatocytes. Those near the portal veins become BECs, while the majority follow the 

hepatic fate and progressively mature.1,60 
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Initially, hepatoblasts express genes associated with both adult hepatocytes (HNF4α, ALB) and 

BECs (KRT19), as well as fetal liver genes such as AFP.1 Then, hepatoblasts in contact with the portal 

vein form a monolayer and after a bi-layer of cuboidal biliary precursors that increase KRT19 expression 

and down-regulate hepatic genes. Contrarily, the hepatoblasts in the liver parenchyma that are not in 

contact with portal veins gradually differentiate into mature hepatocytes.1 

This process is tightly controlled by a dynamic network of transcription factors. 

Interleukin (IL) family cytokines (IL‐6, IL‐11, leukemia-inhibitory factor (LIF), oncostatin M 

(OSM), ciliary neurotrophic factor and cardiotrophin‐1) play a crucial role in functional liver differentiation. 

As a matter of fact, during mid-gestation, the hematopoietic cells, present in the liver, secrete the 

cytokine OSM which, in combination with glucocorticoid hormones, HGF and Wnt, promotes the 

differentiation of immature hepatocyte to functional hepatocytes. OSM also induces metabolic 

maturation, including cytosolic glycogen accumulation and ammonia clearance, while promoting 

morphological maturation into polarized epithelium.1,58,61 In addition to cytokines, cell–cell contact may 

induce differentiation signals because fetal liver cells were able to differentiate without the addition of 

OSM and HGF if they were inoculated at high cell density cultures with ECM proteins.58,61 

The secreted factors referred above regulate a number of liver-enriched transcription factors: 

HNF1α, which controls genes involved in lipid metabolism like fatty acid-binding protein58; HNF1β; 

FOXA1-3, that mediate hepatocyte-enriched transcription of numerous genes whose expression is 

necessary for organ function63; HNF6; HNF4α, which regulates apolipoproteins, serum factors and 

metabolic enzymes. HNF4α-/- fetal hepatocytes fail to express many mature hepatic enzymes and 

hepatocyte morphology is also affected, with the liver exhibiting loss of endothelial cells and disrupted 

hepatocellular polarity.1,58,60 Opposite to fetal hepatocytes, in adult hepatocytes, the transcription factor 

network appears to be less dependent on HNF4α, although it continues to have an important role in 

maintaining adult hepatocyte function.60 

Other important liver-enriched transcription factors are: C/EBP and DBP. For example, C/EBPα 

is a transcription factor that regulates gluconeogenic genes, which are in the origin of important enzymes 

like glucose-6-phosphatase (G6PC) and PEPCK.58,60 G6PC is present in mature hepatocytes and 

catalyses the hydrolysis of glucose 6-phosphate to glucose, which is the terminal step of both hepatic 

gluconeogenesis and glycogen breakdown.1,7,61 

In addition to transcription factors, chromatin remodelling factors play an essential role for liver 

development. SWI/SNF is a large complex that controls the chromatin structure. Gresh et al. 

demonstrated that SNF5 inactivation impaired glycogen storage and epithelial morphogenesis, resulting 

in perinatal lethality. Also, its inactivation downregulated 70% of the genes that are normally upregulated 

during embryonic liver development. Finally, SNF‐deficient liver was C/EBPa-/- and HNF4a-/-, which 

allows the presumption that SNF/SWI complex promotes liver development by facilitating the 

transcriptional activity of C/EBPa and HNF4α.58   

All these complex interactions contributes to mature hepatocytes, which are defined as the chief 

functional cells of the liver and are involved in several functions. They are identified by the expression 

of hepatic transport proteins (NTCPs, OATPs, OATs, OCTs, MDRs, BSEP, BCRs and MRPs); 

xenosensors (AHR, PXR, CAR and XRE); clinical relevant hepatic enzymes (UCT1A1, G6PC, A1AT or 
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AAT, OTC, CPS, ASSL and TAT); hepatic clotting factors (factors II, V, VII, IX, X and fibrinogen); drug 

metabolism enzymes (CYPs); mature hepatic regulating transcription factors (HNF4α, C/EBPα, 

C/EBPβ) and even hepatic secretion and metabolic functions (urea production, ammonia metabolism, 

albumin secretion and bile acids production).7 

 

 

1.4.3. Liver Regeneration 

 

The liver can regenerate and recover from a loss of liver mass. This process can be explained 

in a three-stage process.  

The first stage is characterized by the ability of the remaining mature hepatocytes and 

cholangiocytes to repopulate the liver and to reconstruct tissue structure. This process is regulated by 

factors secreted from non-parenchymal cells. When the pool of hepatocytes is exhausted or their 

capacity is inhibited, such as in the case of severe cirrhosis, hepatic progenitor cells are activated and 

they proliferate giving rise to a cell population called “oval cells”, which can differentiate into both 

hepatocytes and BECs. These progenitor cells appear to reside in a stem cell compartment that is 

located in the canals of Hering which are the smallest, most proximal branches of the biliary tree or in 

the intralobular bile ducts. Their bipotential nature suggests that they originate from fetal hepatoblasts 

that remain undifferentiated in this niche. Interestingly, many of the developmental pathways that 

regulate hepatogenesis in the embryo, such as HGF, FGF, OSM, TNFα and Wnt appear to control oval 

cell activation. The third stage occurs when endogenous capacity is inhibited and it is characterized by 

the participation of a cell source of possible extrahepatic origin, consisting of cells entering from the 

circulation and participating in tissue repair. The cells are probably of bone marrow origin, although 

derivation from other sources has not been ruled out. 1,7,58 

 

 

 

1.5. Hepatogenesis in vitro 

 

Hepatocyte-like cells (HLCs) are cells generated in vitro that usually exhibit many features of 

hepatocytes: expression of hepatic enzymes, hepatocyte morphology, robust glycogen storage, uptake 

and metabolism of drugs and secretion of albumin.1 To obtain them, researchers differentiate stem cells, 

using adequate stimuli for the maintenance of cellular function, such as growth hormones, cytokines, 

extracellular matrix or co-culture with other cell types.64  

 

 

1.5.1. Hepatocyte-Like Cells derived from human Embryonic Stem Cells 

 

Last years, various protocols have been developed to differentiate hESCs into HLCs. Numerous 

cytokines and growth factors are now known to have effects on liver cell growth and differentiation in 
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vitro, including HGF, OSM, EGF, TGF, FGF, insulin, insulin-like growth factor and LIF, etc.  In addition, 

chemical compounds such as insulin-transferrin-selenium (ITS), dexamethasone (Dex), RA, sodium 

butyrate, nicotinamide (NTA), norepinephrine and dimethylsulfoxide might play roles in promoting 

hepatic differentiation.64 For example, ITS has proven to be effective in promoting the proliferation and 

survival of primary hepatocytes; Dex promotes the expression of the hepatocyte phenotype by 

suppressing cell division; NTA can promote the proliferation of primary hepatocytes and is important for 

the appearance of small hepatocyte colonies.64  

Furthermore, it is necessary to choose the adequate culture methodology. In most cases, 

hepatocyte differentiation was started with EBs. These were then plated on either gelatin or collage 

coated dishes and incubated with the referred growth factors and cytokines (FGF, HGF, OSM and 

glucocorticoid).58  

Alternatively, hESCs had been also differentiated into hepatic cells in a 2D traditional method. 

These cells were treated with FGF and HGF on gelatin coated dishes followed by culture with OSM on 

type I collagen coated dishes.58  

Other common protocol starts by treating hESCs with high concentration of activin A, a growth 

factor from the TGFβ superfamily, the same family of Nodal. After three to five days, most of the cells 

express definitive endoderm genes, while mesoderm, pluripotency and extra embryonic endoderm 

genes are down regulated.1 After the induction of the definitive endoderm, FGF and/or BMP are added, 

during 4-6 days, to mimic hepatic induction and so create the hepatoblasts, which express AFP, ALB 

and HNF4α.1 This is followed by some combination of HGF, OSM, FGF and dexamethasone, during 5-

10 days, to expand the hepatoblast population and to promote hepatic maturation.1 All this process 

involve plating the cells on a matrix to mimic the hepatic ECM. Various matrices have been used such 

as collagen type I, Matrigel and poly-aminourethane-coated fabric.7 

Three-dimensional spheroids cultures are also used to differentiate hESCs into mature HLCs, 

recreating the biological microenvironment of in vivo cells48, as well as, 3D scaffolds made by a variety 

of biomaterials. 

However, all these protocols are design to a small-scale production of hepatocytes. Thereby, 

more practical and feasible protocols, for obtaining a huge number of functional and safe hepatocytes, 

had to be developed. These new protocols involve the use of bioreactors. For example, Vosough et 

al.,65 promote initial differentiation of hESCs in a scalable carrier-free suspension stirred bioreactor into 

definitive endoderm, using rapamycin for priming phase and, then, activin A for induction. Consequently, 

the cells were differentiated into HLCs, in the same system, using some of the growth factors and 

cytokines referred above. In turn, Sivertsson et al.66  used a perfused, 4-compartment bioreactor with 

decentralized nutrient and gas supply to the cells, mimicking the blood flow in the liver, to differentiate 

hESCs into the hepatic lineage.  

After generate HLCs in vitro, it is necessary to test them in vivo. Several groups have found that 

transfusion of ES-derived hepatocytes cells into mice, with liver injury, exhibited a modest rescue of liver 

function, although engraftment of the cells into the host liver was very low. These cells implanted in a 

bio-artificial liver devices have also been shown to partially reverse fulminant liver failure and 90% 

hepatectomy in mice.1 Although these results seem promising, there are still limitations. In addition to 
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poor engraftment, the hepatic-like cells produced still have characteristics of fetal hepatocytes 

suggesting that the cells are not fully differentiated. Consequently, for therapeutically uses, it would be 

necessary to purify them before transplantation, in order to avoid a possibility of teratomas formation.1,58 

Moreover, analysis of gene expression profiles during hepatocyte differentiation from ESCs 

suggested that hepatic differentiation occurs through a process similar to what happen in vivo which 

means that the identification of more cytokines involved in liver organogenesis and cell surface markers 

for hepatoblasts can help improving these protocols.58 

 

 

1.5.2. Hepatocyte-Like Cells derived from human Mesenchymal Stem Cells 

 

In the past decade, there was a lot of development of technologies to induce differentiation of 

MSCs into hepatocyte-like cells. Either with bone marrow64, human adipose tissue-derived stromal 

cells67 or human UCB64, it was possible to obtain cells that possess characteristics of immature 

hepatocytes, expressing very low levels of hepatocyte markers and having almost no functionality.   

Like hESCs, in order to try to induce MSCs differentiation into hepatocytes in vitro, it is essential 

to have specific growth hormones and cytokines.64 For example, Chivu et al. compared the 

differentiation efficacy of human MSCs into HLCs, using various liver-specific factors (HGF, ITS, Dex 

and NTA), either individually or in combination, and they found the HGF and NTA have the greatest 

hepatogenic potential.64,68  

Moreover, researchers used not only traditional 2D culture, but also 3D cultures, such as 

microcarriers, aggregates/spheroids and encapsulation (e.g. alginate or hydrogels) to try to differentiate 

MSCs into HLCs.69 Kazemnejad et al. fabricated a 3-D nanofiber scaffold with poly(ε-

caprolactone)/collagen/polyethersulfone to culture human BM-MSCs. Compared to the 2D culture 

system, higher production levels of albumin, urea and alanine aminotransferase in differentiated cells 

were reported. Lin et al. used a 3D alginate scaffold to culture BM-MSCs and also found that the 3D 

scaffolds are highly biocompatible with BM-MSCs and induced their differentiation into hepatocyte-like 

cells.64 The scaffolds provide structural templates for cells attachment but, in order to fulfil the potential 

of MSCs as therapeutic agents for a wide range of applications, it is necessary to optimize culture 

conditions in order to obtain these cells with defined safety standards at large scale. For that, protocols 

with static and dynamic bioreactors have been reported.69,70 

 However, it should be noted that none of the reported literature  showed that MSCs could 

efficiently differentiate into hepatocyte-like cells, since the cells had minimal functional maturity. 

 

 

1.5.3. Characterization of Hepatocyte-Like Cells derived from Stem Cells  

 

The differentiation of stem cells towards the hepatic lineage usually leads to a heterogeneous 

population. Consequently, it is fundamental to do its characterization. In vitro, this can be done at three 

levels: morphological, phenotypical and functional. 
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Microscopically, morphological cell analysis allows the qualitative identification of the cells. 

Phenotypically, either by gene or protein expression analysis, several liver transcription factors 

and cytoplasmic proteins, which are selectively expressed during the differentiation of the liver, can be 

identified, such as ALB, HNF4α, AFP, AAT or CYP3A4.) 

At a gene level, quantitative identification of cells is usually done by Real Time RT-qPCR (Real 

Time quantitative Reverse Transcription - Polymerase Chain Reaction).  

The PCR is a technique to copy or “amplify” specific sequences within a DNA template. More 

commonly, it is used to compare two different samples of DNA to see which is more abundant. A PCR 

reaction usually has three major steps: denaturation – the temperature of the PCR mixture is raised to 

95ºC to allow the “melted” of the double stranded DNA into single strands; annealing - the temperature 

is then lowered to an optimal temperature that allows the primers to bind to the gene of interest. This 

temperature is usually 5°C below the melting temperature (Tm) of the primer; extension - the polymerase 

enzyme has now somewhere to bind and can begin copying the DNA strand. The optimal temperature 

for the polymerase to operate is 72ºC so the temperature is sometimes raised to 72ºC to allow the 

enzyme to work faster. There are now twice as many copies of the gene of interest as when the process 

started. The cycle of changing temperatures is then repeated, usually, for 40 cycles.71,72 

The PCR can also be done using cDNA instead of DNA. In this case, it is called qPCR and it is 

necessary a previously step in which the RNA is converted into cDNA, using a reverse transcriptase 

(RT).72 

The real-time PCR is a variation of the standard PCR, in which the amount of DNA is measured, 

after each cycle, by the use of fluorescent markers that are incorporated into the PCR product. The 

increase in fluorescent signal is directly proportional to the number of PCR product molecules generated 

in the exponential phase of the reaction. If a particular sequence is abundant in the sample, amplification 

is observed in earlier cycles; if the sequence is scarce, amplification is observed in later cycles.72 The 

output from a real-time PCR reaction is an amplification plot that shows the number of PCR cycles 

against the increasing fluorescent. This graph has a horizontal line that represents a “threshold” 

(background level) set by the user. The point at which the amplification plot crosses this threshold is 

known as the Ct (Cross Threshold or Cycle Threshold).71 Ct levels are inversely proportional to the 

amount of target nucleic acid in the sample, which means the lower the Ct level, the greater the amount 

of DNA in the sample: Ct values close to the Ct of housekeeping genes are strong positive reactions 

indicative of abundant target nucleic acid in the sample, while Ct of 38-40 are weak reactions indicative 

of minimal amounts of target nucleic acid which could represent an infection state or environmental 

contamination. 

Using RT-qPCR is possible to monitor the different stages of the differentiation process and, 

finally, confirm the existence of HLCs in a cell population. 

Additionally to gene expression, it is also important to analyse protein expression, using different 

techniques, like immunostaining or flow cytometry. 

Immunostaining is defined as the use of specific antibodies to detect a single target protein. If 

the detection of antigens occur in cultured cells is referred as immunocytochemistry, whereas the 

detection in tissues is generally referred as immunohistochemistry. Both methods involve exposure of 
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fixed cells or tissues to primary antibodies directed against one or more proteins of interest. Then, the 

antibodies are detected using commercially available secondary antibodies directed against the 

invariant portion of the primary antibody. Two primary methodologies exist to visualize antigen–antibody 

complexes: immunofluorescence using fluorophore-conjugated antibodies or chemiluminescence using 

antibodies coupled to horse-radish peroxidase.73 

 While immunostaining allows us to, qualitatively, know if proteins such as ALB, AFP or AAT are 

present, flow cytometry is a technique to quantify protein expression. A derivative of this technique is 

Fluorescent Activating Cell Sorting (FACS), which not only quantify, but also sorts a heterogeneous mix 

of cells. Therefore, a cell suspension is labelled with a specific antibody and then passes through an 

apparatus that forms small droplets, each containing a single cell. These droplets then pass sequentially 

by a laser beam of UV light and fluorescent light emitted by the cells give rise to electrical signals that 

are picked up by a detector. The signal emitted from the detector is passed to an electrode that charges 

the droplets, leading to its deflection into appropriate containers after passing by an electromagnetic 

field. The scattered light received by the detector is translated into a voltage pulse.74,75    

HLCs can be used for basic research, drug discovery or even cell therapy. However, it is not 

only necessary to obtain them, but they also need to be mature enough to exhibit hepatic functions, 

including: albumin secretion, glycogen storage and several detoxifying functions, such as, urea 

production, glutathione S-transferase activity and expression of cytochrome P450, subtype CYP2C9 

and CYP3A4, which are drug-metabolizing enzymes that catalyse the oxidation of many endogenous 

and exogenous compounds and provide the main route for xenobiotic biotransformation.76–78 

One common assay to test the maturation of HLCs is the Enzyme-linked Immunosorbent Assay 

(ELISA), usually used to determine albumin secretion. This assay uses antibodies or antigens coupled 

to an easily-assayed enzyme to, either, detect the presence of antigens that are recognized by an 

antibody or to test for antibodies that recognize an antigen. A general ELISA has five-steps: 1) coat the 

microtiter plate wells with antigen; 2) block all unbound sites to prevent false positive results; 3) 

add primary antibody to the wells; 4) add secondary antibody conjugated to an enzyme; 5) reaction of a 

substrate with the enzyme to produce a coloured product, thus indicating a positive reaction.79 There 

are various types of ELISA: direct ELISA (involve attachment of the antigen to a polystyrene plate, 

followed by an enzyme-labelled antibody); indirect ELISA (also involve attachment of the antigen to a 

polystyrene plate, but in this case, the primary antibody is not labelled. An enzyme-conjugated 

secondary antibody, directed at the first antibody, is then added); competitive ELISA (involve the 

simultaneous addition of 'competing' antibodies or proteins); sandwich ELISA (involve attachment of an 

antibody to a polystyrene plate. Samples containing known or unknown antigen are then added and an 

enzyme-labelled secondary antibody is used for detection).80 
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2. AIMS OF STUDY 

 

The differentiation capacity of stem cells to give rise to all the cells in the human body is a 

therapeutic promise for human health. Embryonic stem cells are well studied and have already been 

differentiated in cells from endoderm, mesoderm and ectoderm lineages. However, their origin has 

raised several debates among the public and especially with religious groups. Moreover, they are not 

completely safe for cell therapy, due to the possibility of teratoma formation when transplanted, and 

immunological problems (allogenic transplantation). Induced pluripotent stem cells were a breakthrough 

in this field, overcoming the problems of availability and allowing autologous transplantation, i.e., 

creation of patient-specific stem cells. However, they still carry the problem of possible teratoma 

formation, the differentiation procedure is longer and the reprograming efficiency of iPSC is still very low 

(although recently, Rais et al. claimed 100% efficiency on mouse and human cells81). With this in mind, 

researchers have tried to differentiate other sources of stem cells, including adult stem cells, in which 

the degree of self-renewal and the differentiation potential is much lesser than in ESCs/iPSCs. 

Multipotent adult progenitor cells were the first adult stem cells identified that can be expanded 

long term (>70 population doubling82) and have differentiation potential along multiple cell lineages. 

These cells can be cultured from human, mouse and rat bone marrow, but can also be isolated from 

other tissues and species.83 MAPCs proliferate without showing senescence, having active telomerase 

(the telomere length is not different between young or old donors83 and do not short in culture82). These 

cells were already differentiated into mesenchymal lineage cells and were induced to differentiate into 

endothelial cells.83 However, using a direct approach, it was not yet possible to robustly differentiate 

them into endoderm lineages.34,37,38,84 Researchers are now trying to overexpress defined transcription 

factors (TF) on MAPCs to obtain definitive endoderm and, further, hepatic cells. The fact that MAPCs 

are adult stem cells make them a strong candidate to overcome many of the problems associated with 

ESCs and iPSCs.    

Recently, a research team at Stem Cells Institute (Leuven, Belgium), in the laboratory of 

Professor Catherine Verfaillie, created a novel cell line derived from hMAPCs. These cells were 

reprogrammed into induced endodermal progenitor cells (iEndo cells) using 14TF. This cell line was 

fully characterized for the expression of mesendodermal/endodermal markers as well as their capacity 

of being expanded long-term, but they were not tested for their differentiation capacity into endoderm 

lineages. Therefore the aim of my project was to study the differentiation capacity of iEndo cells towards 

hepatocytes and compare their differentiation potential with hESCs. 

 

 

 

 

 

 

 

 



26 

3. MATERIALS AND METHODS 

 

All the studies were conducted at Interdepartmental Stem Cell Institute Leuven (SCIL), on the 

laboratory of Professor Catherine Verfaillie, at KU Leuven, Belgium. 

 

3.1. Media Composition and Solutions 
 

3.1.1. Media Composition 
 

Table 1 - E8 medium: Medium components with respective company name and stock concentration. 

E8 medium Company Name Stock Concentration 

Essential 8TM Basal Medium DMEM/F12 (Ham) (1:1) Gibco - 

Essential 8TM Supplement Gibco - 

500 µl Penicillin-Streptomycin Gibco 10,000 U/ml 

 

 

 

Table 2 – mTeSR medium: Medium components with respective company name and stock concentration. 

mTeSR medium Company Name Stock Concentration 

mTeSRTM 1 Basal Medium Stem Cell Technologies - 

mTeSRTM Supplement Stem Cell Technologies - 

500 µl Penicillin-Streptomycin Gibco 10,000 U/ml 

  

 

 

Table 3 – Liver Differentiation Medium: Medium components with respective company name and stock 

concentration. 

Liver Differentiation Medium (LDM) Company Name Stock Concentration 

60% DMEM low glucose Gibco - 

40% MCDB-201-Water Sigma - 

Linoleic Acid-Bovine Serum Albumin (LA-BSA) Sigma 100x 

Insulin-Transferrin-Selenium (ITS) Gibco 100x 
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Liver Differentiation Medium (LDM) Company Name Stock Concentration 

Penicillin-Streptomycin Gibco 10,000 U/ml 

L-Asobaric Acid Sigma 2.9 g/l 

Dexamethasone Sigma 10-3 µM 

2-mercaptoethanol Gibco 50 µM 

 

 

 

Table 4 – Human Multipotent Adult Progenitor Cells (hMAPCs) Medium: Medium components with respective 

company name and stock concentration. 

Human Multipotent Adult Progenitor Cells  

(hMAPCs) medium 
Company Name 

Stock 

Concentration 

60% DMEM low glucose Gibco - 

40% MCDB-201-Water Sigma - 

Dexamethasone Sigma 10-3 µM 

L-Ascorbic Acid Sigma 2.9 g/l 

Insulin-Transferrin-Selenium (ITS) Gibco 100x 

Penicillin-Streptomycin Gibco 10,000 U/ml 

Linoleic Acid-Bovine Serum Albumin (LA-BSA) Sigma 100x 

2% Fetal Bovine Serum (FBS) Sigma - 

human Platelet-derived Growth Factor (PDGF) R&D systems - 

human Epidermal Growth Factor (EGF) Sigma - 

 

 

3.1.2. Cytokines 
 

During differentiation, the following cytokines (PeproTech) were used: recombinant 

human/murine/rat Activin-A; recombinant murine Wnt3A; recombinant human BMP4; recombinant 

human FGF-acidic; recombinant human HGF. 
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3.2. Matrigel Coated Plates 
 

Either for expansion or differentiation, matrigel coated plates were used. Matrigel was thaw 

slowly on ice and then dissolved in DMEM/F12 medium without HEPES (Gibco), reaching a final 

concentration of 1.6%. After, it was incubated for at least 30 minutes at 37oC. On 6 well-plates, 1ml of 

matrigel was added, while in 12 well-plates and 24 well-plates, it was added 0.5ml and 0.25ml, 

respectively. 

 

 

 

3.3. Maintenance and Expansion of human Embryonic Stem Cells 
 

H9 human embryonic stem cells (hESCs, purchased from WiCell, Madison, WI) were expanded, 

on a 6 well-plate, in feeder-free conditions (hESC-qualified Matrigel, BD Biosciences) using E8 medium, 

in a normal oxygen concentration (21% O2) / 5% CO2 / 37oC incubator. After full confluency, cells were 

split approximately every 5-7 days, at a ratio of 1:6 or 1:9. The cells were detached using 1 ml/well of 

ethylenediaminetetraacetic acid (EDTA, 1:1000, Invitrogen).  

 

 

 

3.4. Differentiation of human Embryonic Stem Cells towards Hepatocyte-Like Cells  
 

To initiate the differentiation, the cells were detached using 1ml/well of Accutase® Solution 

(Sigma) and cultured in feeder-free conditions (Matrigel Matrix Growth Factor Reduced, BD 

Biosciences). The cell number was counted using the NucleoCounter (Chemometec) and 1.75 x 105 

cells/well were plated on a 24 well-plate. These cells were cultured with mTeSR for approximately 2 

days or allowed to reach 60-70% confluency and then the medium was changed to Liver Differentiation 

Medium (LDM) with the addition of specific cytokines and dimethyl sulfoxide (DMSO, Sigma), according 

to the next time-line protocol presented. Note that, except on the days of addition of new cytokines, in 

which the medium was fully replaced, 300µl of medium was removed and 350µl was added on alternated 

days. 

 

 

A schematic overview of the hepatocyte differentiation of hESCs protocol is presented on Figure 

1. 

i. Day 0 to day 2: 50 ng/ml Activin A + 50 ng/ml Wnt3A4 + 0.6% DMSO 

ii. Day 2 to day 4: 50 ng/ml Activin A + 0.6% DMSO 

iii. Day 4 to day 8: 50 ng/ml BMP4 + 0.6% DMSO  

iv. Day 8 to day 12: 50 ng/ml aFGF + 0.6% DMSO 

v. Day 12 to day 28: 20 ng/ml HGF + 2% DMSO 
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Figure 1 - Timeline protocol for human embryonic stem cells differentiation towards hepatocyte-like cells. 

Representation of cytokines addition and DMSO concentration. Final concentrations were Activin-A 50 ng/ml, 
Wnt3A4 50 ng/ml, BMP4 50 ng/ml, aFGF 50 ng/ml and HGF 20 ng/ml. 

 

 

 

3.5. Maintenance and Expansion of induced Endodermal Progenitor Cells  
 

Induced endodermal progenitor cells (iEndo cells), generated from hMAPCs (isolated from bone 

fragments - femur) by transduction of 14 transcription factors, were expanded in two different conditions 

(I and II) in a normal oxygen concentration (21% O2) / 5% CO2 / 37oC incubator. In the first condition (I), 

cells were expanded using Liver Differentiation Medium, supplemented with 2% Fetal Bovine Serum 

(FBS, Sigma), on matrigel-coated plates (prepared as described before), while in the second condition 

(II), it was used human Multipotent Adult Progenitor Cells (hMAPCs) medium on ultrapure water with 

0.1% gelatin (Milipore) coated plates. In both conditions, the cells were expanded from passage 6 to 8 

(early passages), using a 100mm plate, and split each 4 days using 0.25% Trypsin-EDTA solution 

(Gibco). Additionally, on condition II, cells were also expanded from passage 15 to 17 (late passages). 

 

 

 

3.6. Differentiation of induced Endodermal Progenitor Cells towards Hepatocyte-Like 

Cells 
 

From condition I (LDM supplemented with 2% FBS, matrigel-coated plates), the differentiation 

of iEndo cells (passages 6 to 8) was performed on feeder-free differentiation matrigel-coated 12 well-

plates, according to four different protocols: A, A1, B and C, since it is unknown at which stage of the 

embryonic development these cells are. All the protocols started by plating 7 x 105 cells/well (counted 

in NucleoCounter, Chemometec) with LDM, containing 50 ng/ml Activin A + 50 ng/ml Wnt3A4 for two 

days. After, it was assumed that the cells were on day 4, 6, 8 or 12 of hESCs differentiation protocol 

and, subsequently, they were cultured with LDM and 50 ng/ml BMP4  (protocols A and A1), LDM and 

50 ng/ml aFGF (protocol B) or with LDM and 20 ng/ml HGF (protocol C), respectively. The medium was 

changed in alternated days until day 28.  

Day 0 Day 2 Day 4 Day 8 Day 12 

Activin A 

Wnt3A4 

BMP4 aFGF HGF 

Day 28 

0.6% DMSO 2% DMSO 

Liver Differentiation Medium 
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From condition II (hMAPCs medium, gelatin-coated plates), the differentiation of iEndo cells was 

performed for early passages 6 to 8, according to protocols A, B and C and for passages 15 to 17 and 

passage 20, according to protocols B and C, with similar experimental conditions. 

A schematic overview of the hepatocyte differentiation of iEndo cells protocol is presented on 

Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - Timeline protocol for induced endodermal progenitor cells towards hepatocyte-like cells, according to 

four different protocols (A, A1, B and C). Representation of cytokines addition, which final concentrations were 
Activin-A 50 ng/ml, Wnt3A 50 ng/ml, BMP4 50 ng/ml, aFGF 50 ng/ml and HGF 20 ng/ml. 
 

 

 

3.7. RNA Isolation and cDNA Synthesis 
 

Samples analysed by RT-qPCR were first collected and re-suspended in 350µl of Lysis Solution 

for Total RNA (Sigma), with 1% β-mercaptoenthanol (Sigma) and storaged at -80oC until further use.  

RNA was extracted using the GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma) combined 

with the On-Column DNase I Digestion Set (Sigma), in order to prevent contaminations. Thereby, 350µl 

of 70% ethanol was added to each sample, mixed and transferred to a Binding Column. The samples 

were spun for 30 seconds at maximum speed, the flow-through was discarded and 250µl of Wash 

Solution 1 was added, followed by another spinning of 30 seconds at maximum speed. After the flow-

through be discarded, 10µl of DNase I was mixed with 90µl of DNase Digest Buffer, for each preparation, 

and 95µl of the mixture was directly added to the filter of the Binding Column. The samples incubated 

at room temperature for 15 minutes and, again, 250µl of Wash Solution 1 was added, followed by a 

spinning in the same conditions. The flow-through was discarded and the samples were washed 2x with 

500µl of Wash Solution 2, with a spinning at maximum speed between them. After, they were again 

spun, but this time for 2 minutes. The column was transferred to a new collection tube, 50µl of elution 

solution was added and the samples were spun 1 minute, obtaining afterwards the RNA. 

 Purified product was then quantified with NanoDrop 1000 Spectrophotometer (Thermo 

Scientific) and reversed-transcript using the SuperScript® III First-Strand Synthesis SuperMix for RT-

qPCR (Invitrogen). To do that, according to the amount of RNA presented in each sample, up to 8µl of 

Protocol A1 

Protocol B 

BMP4 

Protocol A 

Day 4 Day 8 Day 12 

BMP4 aFGF HGF 

Day 28 

Liver Differentiation Medium 

Day 6 

aFGF HGF 

HGF 

aFGF HGF 

Protocol C 
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it was mixed with 10µl of 2x RT Reaction Mix and 2µl of RT Enzyme Mix. In some cases, it was 

necessary the addition of water to dilute the samples. This mixture was subjected to the following thermic 

cycle: 10 minutes at 25 oC, 45 minutes at 50 oC and 5 minutes at 85 oC, on a SimpliAmpTM Thermo Cycler 

(Life Technologies). After, 1µl of E.coli RNase H was added and the mixture was again subjected to 

37oC for 20 minutes. Finally, the cDNA was diluted with MilliQ water with a dilution of 1:10. 

 

 

 

3.8. RT-qPCR 
 

RT-qPCR was performed using two different master mixes, which composition is presented on 

Table 5. 

 

Table 5 – Composition of Master Mix 1 (added per gene) and Master Mix 2 (added per sample), with the respective 

quantity of each component. 

Master Mix 1 Master Mix 2 

 

5 µL of Platinium® SYBR® GREEN qPCR SuperMix-UDG 

(Invitrogen) 

 

1 µl of 2.5 µM primer forward together with primer reverse 

 

1 µl of ROX Reference Dye (Invitrogen)/ml of Platinium® SYBR® 

GREEN qPCR SuperMix-UDG 

2 µl of cDNA 

(previously diluted 1:10) 

 

3 µl of autoclaved, filtered, 

Mili-Q® water 

 

 

The name and sequences of the primers are present in appendix (from Table 8 to Table 13). All 

the samples were subjected to PCR reaction in ViiATM 7 Real-Time PCR System (Life Technologies), in 

duplicates, using 5µL of each master mix. The thermic cycle used to perform the reaction was: 2 minutes 

at 50oC and 10 minutes at 95oC, followed by 40 cycles of 15 seconds at 95oC and 45 seconds at 60oC 

and, finally, 15 seconds at 95oC, 1 minute at 60oC and 15 seconds at 95oC. 
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3.9. Immunofluorescence Staining  
 

Albumin, AFP and AAT proteins produced by HLCs derived from hESCs and iEndo cells 

differentiation (condition II, protocols B and C) were stained by immunofluorescence. 

On day 28 of the differentiation procedure, the cells were gently rinsed 3x with PBS, fixed using 

a solution of 4% Paraformaldehyde (PFA, Sigma), for 15-20 minutes at room temperature, and again 

rinse 3x with PBS. After this, the cells were stored in PBS, at 4oC, until proceed to staining. To perform 

staining, fixed cells were washed with 0.2% PBS(T) (1X Phosphate Buffered Saline, Sigma, with Triton 

X-100, Fisher Scientific), followed by an incubation (for 15 minutes) with this solution in order to 

permeabilize the cells. Subsequently, they were covered by a blocking buffer (5% of Normal Donkey 

Serum, Jackson ImmunoResearch) in 0.2% PBS(T) for 30 minutes and then incubated, overnight at 

4oC, with an appropriate dilution of primary antibodies along with isotype. Next day, the cells were 

washed 3x with 0.2% PBS(T), for 5 minutes, on the shaker (set as 30-40) and then treated with 

secondary antibodies and Hoëchst (Sigma, 1:2000 dilution) followed by washing 3x with PBS(T), for 5 

minutes on shaker, in the dark. Finally, the cells were observed using a fluorescence microscope (Nikon 

ECLIPSE Ti). 

The primary antibodies were diluted in Dako REALTM Antibody Diluent (Dako) according to an 

optimal concentration presented on Table 6. Regarding the Purified Rabbit IgG Isotype Standard (BD 

PharmingenTM, 0.5 mg/ml), it was also diluted for each antibody according to the referred dilutions. Table 

6 also presents the secondary antibodies used. 

 

Table 6 – Primary and secondary antibodies used for immunofluorescence staining of hepatocyte-like cells derived 

from hESCs and iEndo cells (condition II, protocols B and C). Specie, company name, concentration and dilution is 
presented. 

PRIMARY ANTIBODIES 

Protein Specie Company Name Concentration Dilution 

Albumin Rabbit Dako 10g/l 1:4000 

Alpha-1-Fetoprotein Rabbit Dako 2.6 g/l 1:600 

Alpha-1-Antitrypsin Rabbit Dako 7.9 g/l 1:2000 

SECONDARY ANTIBODY 

IgG (H+L) Secondary Antibody Specie Company Name Dilution 

Alexa Fluor® 555 conjugate Donkey Invitrogen 1:500 

Alexa Fluor® 488 conjugate Donkey Invitrogen 1:500 
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3.10.  Albumin Secretion  
 

The secretion of albumin by hepatocyte-like cells derived from hESCs and iEndo cells 

differentiation (condition II, protocols B and C), was analysed by enzyme linked immunosorbent assay 

(ELISA), using the Human Albumin ELISA Quantitation Set (Bethyl) together with the ELISA Starter 

Accessory Kit (Bethyl). 

Initially, 1µl of affinity purified antibody was diluted in 100µl of coating buffer for each well to be 

coated on a 96 well-plate. Then, 100µl of the diluted antibody was added to each well and incubated at 

room temperature for 60 minutes. After incubation, the antibody solution was aspirated and each well 

was washed five times with ELISA wash solution. After this 200µl of blocking solution was added to 

each well and plates were incubated at room temperature for 30 minutes.  

Simultaneously, the medium collected on day 28 of the differentiation procedure was diluted 

1:40 and the standard solutions (400 ng/ml, 200 ng/ml, 100 ng/ml, 50 ng/ml, 25 ng/ml, 12.5 ng/ml, 6.25 

ng/ml and 0 ng/ml (blank)) were prepared according to Table 7. 

 

Table 7 – Standard solutions and blank for albumin secretion assay. 

Standard ng/ml 
RS10-110-4 

(22 mg/ml Albumin) 
Sample Diluent 

Initial 10000 5 μl 11 ml 

1 400 100 μl from initial 2.4 ml 

2 200 500 μl from std 1 500 μl 

3 100 500 μl from std 2 500 μl 

4 50 500 μl from std 3 500 μl 

5 25 500 μl from std 4 500 μl 

6 12.5 500 μl from std 5 500 μl 

7 6.25 500 μl from std 6 500 μl 

8 0 Blank 500 μl 

 

 

After incubation, the blocking solution was removed, the plate washed five times and 100µl of 

the standard samples were transferred to the assigned wells in duplicate.  

The plate was incubated at room temperature for 60 minutes followed by extensive washing of 

the plate with wash solution. Then 100µl of HRP detection antibodies (1:250000 in Sample/Conjugate 

Diluent) were added to each well and the plate was incubated at RT for 60 minutes.    

After incubation, the HRP Detection Antibody was removed, the plate washed five times and 

100μl of TMB Substrate Solution was added to each well. The plate was then maintained in the dark for 

15 minutes, at room temperature, which allowed the enzymatic colour reaction to develop. The substrate 

reaction yields a blue solution. After 15 minutes, the reaction was stopped by adding 100μl of ELISA 
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stop solution and the solutions colour changed from blue to yellow. Absorbance was measured at 450 

nm using Victor 3 plate reader (PerkinElmer).   

The results obtained were normalized with cell number. To quantify the cells, on day 28 of the 

differentiation procedure, they were washed once with PBS and incubated (for 40 minutes, at 37oC) with 

LiberaseTM TM Research Gate (Roche). After, they were dissociated using the following steps: pipetting 

with P1000, incubation (for 15 minutes, at 37oC), pipetting with P200 and incubation (for 10 minutes, at 

37oC). Finally, they were washed 2x with PBS, transferred to a filter tube to make sure they were single 

cells and counted with the NucleoCounter (Chemometec). 

 

 

 

3.11.  CYP3A4 Activity 
 

On day 28 of the differentiation procedure, the expression of CYP3A4 enzyme by hepatocyte-like 

cells derived from hESCs and iEndo cells differentiation (condition II, protocols B and C) was performed 

using P450-Glo™ CYP3A4 Assay (Luciferin-IPA) (Promega) kit.  

Cells were washed 2x with PBS and incubated (for 2h, at 37oC) with Luciferin-IPA (Luciferine-

Isopropyl Acetate, diluted in LDM, 1:1000). Afterwards, the supernatant was collected and distributed in 

a 96 well-plate to which was added Luciferin Detection Reagent (LDR). The cells incubated 20 minutes, 

at room temperature, in dark and then luminescence was measured on Victor 3 (PerkinElmer). 

The results obtained were normalized considering the cell number on day 28 of the differentiation 

procedure. To do that, the cells were harvested and counted as described on section 3.10. 

 

  

 

3.12.  Flow Cytometry 
 

Quantification of albumin, AFP and AAT proteins was approached by flow cytometry for 

hepatocyte-like cells derived from iEndo cells differentiation (condition II, protocols B and C). Huh 7.5.1 

cells were used as positive control. 

Initially, the cells were harvested as described on section 3.10. However, before being counted 

on NucleoCounter (Chemometec), they were washed 2x with PBS with 10% of Goat Serum (Normal, 

Dako). After, the cells were equally distributed (up to 1x106 cells/eppendorf), washed one more time and 

fixed using a solution of 4% PFA (15/20 minutes). Consequently, they were washed again 2x, using the 

same solution referred before.  

The cells were then spun down (3000 rpm, 3 minutes), resuspended in a solution of 10% Goat 

Serum (Normal), 0.1% Saponin (Sigma) and PBS and transferred to a NuncTM Edge 96-Well Plate 

(Thermo Scientific) where they incubated for 45 minutes at room temperature. Addition of primary 

antibody (see 3.12.1) was the next step and the cells incubated for 1h at room temperature. After being 

washed with PBS, the secondary antibody (see 3.12.1) was added and the cells incubated for 30 
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minutes, at room temperature, in the dark. Finally, they were washed one more time and analysed on 

BD FACS CantoTM I (BD Biosciences). 

 

 

3.12.1. Antibodies Solutions 
 

The primary antibodies and isotype were the same used in the immunostaining assay. However, 

they were diluted in 1% Goat Serum (Normal) in PBS according to an optimal concentration, cell 

number-dependent. Therefore, Polyclonal Rabbit anti-Human Albumin and anti-Human Alpha-1-

Fetoprotein were diluted considering 0.125 µg/106 cells in 200µl, while Polyclonal Rabbit anti-Human 

Alpha-1-Antitrypsin was diluted considering 0.0625 µg/106 cells in 200µl. 

The secondary antibody used was Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa 

Fluor® 647 conjugate (Invitrogen) diluted again in 1% Goat Serum (Normal) in PBS, 1:1500. 
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5. RESULTS and DISCUSSION 

 

 In vivo, hepatogenesis is a complex process influenced by several factors that allow to obtain 

a fully functional liver (see chapter 1.4). Hepatocyte differentiation in vitro can be performed from 

different types of stem cells using a set of cytokines and growth factors according to an established 

protocol. The main aim of this study was to differentiate induced endodermal progenitor cells (iEndo 

cells) derived from human multipotent adult progenitor cells (hMAPCs), by adapting the protocol 

described earlier in the laboratory35,85, and compare the results with the ones acquired using hESCs.  

hESCs were differentiated in feeder-free conditions using a timeline protocol and E8 medium. 

Besides external factors, such as cytokines, DMSO was also used on a concentration-dependent way.  

iEndo cells were previously obtained from Rangarajan Sambathkumar, a PhD student at the 

laboratory of Professor Catherine Verfaillie. He reprogrammed hMAPCs, using 14 transcription factors 

cloned in lentiviral vectors. These TF were carefully chosen based on literature and on his own 

experiments to determine their role in endodermal specification (the list of the transgenes is not 

disclosed due to confidentiality). 

The results obtained are presented in the next sub-sections. 

 

 

 

5.1. Hepatocyte-Like Cells derived from human Embryonic Stem Cells 

 

As referred, hESCs were differentiated according to the 28 days protocol presented on Figure 

1 on feeder-free conditions using E8 medium on a 24 well-plate.  

 

 

5.1.1. Morphological Characterization 
 

Morphological changes were observed at different time points (days 0, 4, 12, 20 and 28; Figure 

3B). On day 0, hESCs were single, big colonies with a disc shape (Figure 3A), which then proliferated 

and differentiated towards endoderm. On day 4, cells were small, without a defined shape, but 

completely confluent. A lot of cell death was observed. On day 12, they started presenting a cuboidal 

structure, a defined border and most of the cells were binucleated (hepatoblast stage). From day 20 

until day 28, the cells were cuboidal or polygonal, with the cell border well defined and one spherical 

nucleus (mature cells), as described on the literature7,86 (Figure 3A and 3B). Some of the cells still had 

two nuclei (more primitive cells), although on day 28, these were fewer and almost inexistent. In vivo, 

hepatocytes form trabecular structures86 that was also visible, in vitro, during the differentiation process.  
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Figure 3 – Morphological characterization of hepatocyte-like cells derived from hESCs. A. Day 0 (hESCs - single, 
disc colonies) and, consequently, day 20 (hESCs-HLCs) of the differentiation procedure. B. Morphological changes 

at different time points (days 4, 12, 20 and 28). Representative of six independent differentiations.  
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5.1.2. Gene Expression Analysis 
 

 Gene expression was then analysed by RT-qPCR (n=3) against two housekeeping genes (PPIG 

and GAPDH). However, subsequent results presented in this dissertation are only compared to PPIG.  

In this way, to confirm the morphological changes observed, the differentiated cells were taken 

at different time point (days 4, 12, 20 and 28) and analysed for endoderm, hepatoblast and hepatocyte 

specific genes. On day 4 (Figure 4A), gene expression shows a statistical significant upregulation of 

definitive endodermal markers (SOX17, FOXA1, FOXA2, c-KIT and HEX) when compared to 

undifferentiated cells (day 0), while the pluripotent marker OCT4 goes down, indicating an efficient 

differentiation.  

 The key hepatoblast (AFP) and hepatocyte specific markers (ALB, AAT) are statistical 

significant highly expressed on days 20 and 28 when compared to day 0, while on day 12 their 

expression is lower. Furthermore, the late hepatocyte specific genes, such as CYP3A4 (a drug 

metabolizing enzyme), NTCP and MRP2 (multidrug resistant protein), are also upregulated compared 

to undifferentiated cells, but their expression is not as high as in the case of ALB and AAT (Figure 4B). 

Although the expression of the key hepatoblast and hepatocyte genes increases over time (Figure 4C), 

the difference between day 20 and day 28 is almost inexistent, suggesting that, using the current 

protocol, a differentiation until 20 days is enough to obtain hepatocyte-like cells from this cell source.  
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Figure 4 – RT-qPCR results for hepatocyte-like cells derived from hESCs (n=3). Gene expression CT values were 
normalized with PPIG housekeeping gene. Error bars represent standard deviation of three independent 
experiments. The significance was compared with day 0, * represents p-value<0.05 and ** represents p-
value<0.005 (paired t-Test). A. Endodermal maker expression for day 0 and day 4 of the differentiation procedure. 
B. Hepatoblast/Hepatocyte marker expression for days 0, 12, 20 and 28 of the differentiation procedure. C. 
Chronological analysis of ALB, AFP and AAT expression. 

 

 

 

5.1.3. Immunofluorescence  
 

To confirm the expression of the key genes and their further translation to proteins, on day 28 

of the differentiation, cells were stained for ALB, AFP and AAT. Figure 5 shows representative images 

of ALB+, AFP+ and AAT+ positive cells, which are very high in number, indicating an efficient 

differentiation of hESCs towards hepatocyte-like cells. 
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Figure 5 - Immunostaining of Albumin (A), AFP (B) and AAT (C) from hepatocyte-like cells derived from hESCs on 

day 28 of the differentiation procedure. Representation of the protein and respective isotype. Scale bars, 100 mm. 
Representative of three independent differentiations.  
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5.1.4. Functional Assays 
 

5.1.4.1. Albumin Secretion  
 

Albumin is the most abundant protein in human blood plasma and it is produced by hepatocytes. 

Its main function is to regulate the colloid osmotic pressure helping to control fluid distribution in the 

body. It is also important for transportation of hormones, fatty acid, unconjugated bilirubin, among others. 

Additionally, albumin acts as potent anti-oxidative agent and scavenges toxic metal ions, as well as, 

other endogenous or exogenous substances.87  

To study the functionality of the hESCs-derived hepatic cells, it was tested their capacity to 

secrete albumin, a critical hepatocyte function. The levels of human-specific albumin, secreted into the 

culture medium by these cells, at the end of the differentiation process, were quantified using ELISA 

(Figure 6). Comparing with primary hepatocytes, the results suggested that there was human albumin 

in the supernatant, indicating the presence of hepatoblasts/hepatocytes in the culture and corroborating 

mRNA levels obtained by RT-qPCR.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Albumin secretion on day 28 of the differentiation procedure for hepatocyte-like cells derived from 

hESCs. Vertical axis is logarithmic scale. Error bar represents standard deviation of six independent experiments. 
Primary hepatocytes35 is used as positive control.  

 

 

 

5.1.4.2. CYP3A4 Activity 
 

CYP3A4 is the most abundant enzyme from the CYP family expressed in adult human liver. It 

is responsible for the oxidative metabolism of many clinical drugs used today88 and therefore, the 

capacity of generating, in vitro, hepatocytes expressing this protein would be a great advantage for drug 

screening and toxicology tests. In this study, it was performed the quantification of the CYP3A4 enzyme 

using a Promega kit. Figure 7 shows that this enzyme was present in a lower amount compared to 

primary hepatocytes, suggesting that these cells are not functionally mature and corroborating gene 

expression results.    
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Figure 7 – CYP3A4 activity on day 28 of the differentiation procedure for hepatocyte-like cells derived from hESCs. 

Vertical axis is logarithmic scale. Error bar represents standard deviation of six independent experiments. Primary 
hepatocytes35 is used as positive control.  

 

 

 

5.2. Induced Endodermal Progenitor Cells 

 

iEndo cells derived from hMAPCs-BM are endodermal-like cells, characterized by the 

expression of mesendodermal/endodermal markers, as well as, their capacity of being expanded long-

term and to differentiate into endodermal lineages.  

The reprogramming procedure to introduce the 14TF lasts 20 days (Figure 8A), in which the 

cells undergo morphological changes from mesenchyme to epithelium transition (MET; Figure 8B). 

These cells formed a cluster of epithelioid cells, were expanded from passage 0 to 20 (40 population 

doublings; Figure 8C) and expressed endodermal genes and CXCR4, demonstrated by RT-qPCR and 

flow cytometry (56%, n=3), respectively (Figure 8D and 8E). These results were obtained by the PhD 

student Rangarajan Sambathkumar and Dr. Philip Roelandt. 
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Figure 8 - A. Protocol used to reprogram iEndo cells from hMAPCs. B. Morphological characterization of hMAPCs 

on day 0 and, consequently, changes on day 20 of post transduction with 14TF (Data from PhD student Rangarajan 

Sambathkumar). C. Expansion curve of 14TF iEndo cells shown as days in culture (horizontal axis) to the number 

of population doublings (PDs; Vertical Axis; Data from Dr. Philip Roelandt). D. Endogenous early endodermal 

marker expression analysed by RT-qPCR (n=3). Gene expression CT values were normalized with PPIG 

housekeeping gene. Error bars represent standard deviation of three independent experiments. The significance 

was compared with day 0, * represents p-value<0.05 and ** represents p-value<0.005 (paired t-Test).  (Data from 

PhD student Rangarajan Sambathkumar). E. Flow cytometry analysis for CXCR4 expression on 14TF iEndo cells. 

(Data from PhD student Rangarajan Sambathkumar). 

 

Before the differentiation, iEndo cells were characterized to confirm endodermal gene 

expression (Figure 9). The expression of primitive endodermal, mesendodermal, definitive endodermal 

and epithelial markers was checked by RT-qPCR, against PPIG and GAPDH (the results presented 

here are only with PPIG). Expression of both primitive endoderm (SOX7, GATA4, GATA6) and 

mesendoderm (MIXL1, GSC) genes are either low expressed or not expressed (Figure 9A and 9B), 

while the definitive endoderm markers (Figure 9C) were highly expressed, with exception for FOXA1 

and CER1, which are less expressed. Moreover, there was no significant difference observed in gene 

C. 

D. 

 
Early endoderm markers expression from 14TF iEndo cells by RT-qPCR (Day 20) 

 
Untransduced B45 hMAPCs (Day 20) 14TF iEndo cells (Day 20) 

Isotype - PE CXCR4 - PEE. 
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expression of either early/late passages or condition I/II. With the exception of EPCAM for early 

passages, epithelial markers were also not expressed (Figure 9D).  

All the above results indicate that 14TF iEndo cells resembles the definitive endoderm stage of 

embryonic development.  
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Figure 9 - Endogenous gene expression on day 0 of the differentiation procedure: primitive endoderm (A), 
mesendoderm (B), definitive endoderm (C) and epithelial (D) marker expression analysed by RT-qPCR for early 

passages (6-8) on condition I and early and late passages (15-17, 20) on condition II. Gene expression CT values 
were normalized with PPIG housekeeping gene. Error bars represent standard deviation of three independent 
experiments for condition I, early passages; of six independent experiments for condition II, early passages; and of 
four independent experiments for condition II, late passages. 

 

 

Furthermore, based on the fact that iEndo cells were reprogrammed using 14 transcription 

factors, transgene analysis was also performed on day 0 of the differentiation procedure for early 

passages on condition I and II and for late passages on condition II (Figure 10). Although, ideally there 

should not be any expression of the transgenes, some of them remained highly express. 

 

 

Figure 10 - Transgene gene expression (represented as X, due to confidential issues) on day 0 of the differentiation 

procedure analysed by RT-qPCR for early passages (6-8) on condition I and early and late passages (15-17, 20) 
on condition II. Gene expression CT values were normalized with PPIG housekeeping gene. Error bars represent 
standard deviation of three independent experiments for condition I, early passages; of six independent experiments 
for condition II, early passages; and of four independent experiments for condition II, late passages.  
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5.3.  Hepatocyte-Like Cells derived from induced Endodermal Progenitor Cells 

 

iEndo cells can be cryopreserved and, when necessary, thawed and expanded. In the present 

study, it was used early (passages 6-8) and late (passages 15-17; 20) passages. These cells were 

maintained in two different conditions (mentioned below), for a period of 4 days, and then differentiated 

through hepatocytes using an established protocol of 28 days, with slight variations in the starting point. 

According to it, and as referred on chapter 3.6, four different protocols, named A, A1, B and C, were 

used. Protocol A starts at day 4 of the parent protocol with the addition of BMP4 for 4 days, followed by 

addition of aFGF and HGF until the end of the differentiation. With a small modification, protocol A1 

starts at day 6 of the parent protocol with addition of BMP4 only for 2 days, followed, once again, by 

aFGF and HGF. On protocol B, the differentiation of 14TF iEndo cells starts on day 8 of the parent 

protocol with the addition of aFGF, followed by HGF until the end. Finally, protocol C starts at day 12 of 

the differentiation with the addition of HGF (Figure 2). 

 

 

Note that late passages studies were not performed for condition I, because of better 

alternatives to maintain the cells (condition II). 

 

 

5.3.1. Cell Morphology 
 

Condition I, Early Passages 

 

HLCs derived from 14TF iEndo cells showed similar morphology to the ones derived from 

hESCs. In all protocols, by day 20 of the differentiation, their morphology changed to a cuboidal or 

polygonal shape, which became more prominent by day 28.  

 

 

Condition II, Early and Late Passages 

 

  In early passages, similar results were obtained for the three protocols tested (A, B and C). 

Figure 11 shows that only some areas of the plate had clumps of differentiated cells resembling the 

morphology of hepatocytes derived from hESCs, which means, cells with a cuboidal or polygonal shape, 

a well-defined border and an identifiable single spherical nucleus (few cells with two nuclei). Moreover, 

although initially iEndo cells were completely confluent, a lot of cell death was observed along with the 

detachment of the cells during the differentiation. Besides that, there were layers of overlapped cells, 

making difficult their observation on the microscope.  

 

Condition I: LDM supplemented with 2% fetal bovine serum, 1.6% matrigel-coated plates 

Condition II: hMAPCs medium, ultrapure water with 0.1% gelatin-coated plates 
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Figure 11 – Morphological characterization of hepatocyte-like cells derived from 14TF iEndo cells, expanded on 

condition II, on day 28 of the differentiation procedure for protocols A, B and C and passages 6-8.  

 

 

 

In late passages, only protocols B and C were tested. Figure 12 shows that cells had a HLCs 

morphology (cuboidal/polygonal shape) similar to early passages and hESCs. However, cell death was 

much more significant and no results were obtained for passage 20, since the cells were all dead by 

day 16 of the differentiation. 
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Figure 12 – Morphological characterization of hepatocyte-like cells derived from 14TF iEndo cells, expanded on 

condition II, on day 28 of the differentiation procedure for protocols B and C and passages 15-17.  

 

To conclude, morphological changes were observed in both conditions and all protocols with 

similar results. 

 

 

5.3.2. Gene Expression 
 

Gene expression was analysed by RT-qPCR (n=3) against two housekeeping genes (PPIG and 

GAPDH) for both conditions and the different protocols. As referred before, in this dissertation, the 

results presented are only using PPIG.  

 

Condition I, Early Passages 

 

In condition I, early passages, all protocols were tested. Using protocol A (Figure 13A), the 

expression of all genes, by the end of the differentiation, is lower compared to undifferentiated cells. 

Contrarily, using the other protocols, ALB, AFP and AAT expression is similar and upregulated on days 

20 and 28, while the expression of the remaining genes (MRP2, G6PC, CYP3A4 and NTCP) is almost 

equal to day 0, meaning they are barely or not expressed (Figure 13B/C/D). Note, an exception for 

MRP2 and G6PC, which are slightly upregulated on day 28 compared to day 20. 
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Figure 13 - RT-qPCR results for hepatocyte-like cells derived from 14TF iEndo cells (n=3) expanded on condition 

I. Gene expression CT values were normalized with PPIG housekeeping gene. Error bars represent standard 
deviation of three independent experiments. The significance was compared with day 0, * represents p-value<0.05 
and ** represents p-value<0.005 (paired t-Test). Hepatoblast/hepatocyte maker expression for day 0, 20 and 28 of 
the differentiation procedure, according to protocols A (A), A1 (B), B (C) and C (D). 

 

 

 

Condition II, Early and Late Passages 

 

In condition II, early passages, the three protocols tested (A, B and C) presented similar results 

(Figure 14). While there was a significant upregulation of the key hepatoblast (AFP) and hepatocyte 

(ALB /ATT) specific markers on days 20 and 28 compared to undifferentiated iEndo cells, the expression 

of the remaining genes was low. Furthermore, using protocol B (Figure 14B), the expression of ALB, 

AFP, AAT and MRP2 on day 28 is slightly lower than on day 20. Protocol C (Figure 14C) presented cells 

with the highest expression of ALB, AFP and AAT on day 28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

-5

0

5

10

15

20

25

Δ
C

T
 -

P
P

IG

Protocol C

Day 0, 14TFs iEndo

Day 20, Protocol C

Day 28, Protocol C

D. 

* 

-5

0

5

10

15

20

25

Δ
C

T
 -

P
P

IG

Protocol A

Day 0, 14TFs iEndo

Day 20, Protocol A

Day 28, Protocol A

A. 

* * 

* 

* 



51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - RT-qPCR results for hepatocyte-like cells derived from early passages of 14TF iEndo cells (n=3) 
expanded on condition II. Gene expression CT values were normalized with PPIG housekeeping gene. Error bars 

represent standard deviation of three independent experiments. The significance was compared with day 0, * 
represents p-value<0.05, ** represents p-value<0.005 and *** represents p-value<0.0005 (paired t-Test). 
Hepatoblast/hepatocyte maker expression for day 0, 20 and 28 of the differentiation procedure, according to 
protocols A (A), B (B) and C (C). 

 

 

 

 Next, the results presented for early passages were compared to the ones obtained for late 

passages, protocols B and C (Figure 15). In both protocols, there was also an upregulation of ALB, AFP 

and AAT compared to day 0, while the expression of the other genes remained low. However, on day 

28, the expression of key hepatoblast and hepatocyte genes was lower than on day 20, which might 

suggest that late passages cells are in a later stage of embryonic development. However, further studies 

need to be done to confirm these findings.  
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Figure 15 - RT-qPCR results for hepatocyte-like cells derived from late passages of 14TF iEndo cells (n=2) 

expanded on condition II. Gene expression CT values were normalized with PPIG housekeeping gene. Error bars 
represent standard deviation of two independent experiments. The significance was compared with day 0, * 
represents p-value<0.05 (paired t-Test). Hepatoblast/hepatocyte maker expression for day 0, 20 and 28 of the 
differentiation procedure, according to protocols B (A) and C (B). 

 

 

Concluding, on early passages almost all protocols showed an upregulation of the key 

hepatoblast and hepatocyte specific genes on days 20 and 28 when compared to undifferentiated iEndo 

cells. Comparing the two conditions tested, cells should be expanded on gelatin-coated plates using 

hMAPCs medium (condition II), as the overall results are slightly better than the ones obtained with 

condition I. Besides that, condition II is economically more profitable. Protocols B and C presented cells 

with the highest expression of ALB, AFP and AAT on day 28, while on protocols A and A1, their 

expression was less pronounced. These allowed to conclude at which stage of the embryonic 

development 14TF iEndo cells are. Finally, although gene expression of late passages of 14TF iEndo 

cells was analysed only for two independent experiments and the results of early passages showed to 

be more efficient, these were also positive, proving the robustness of this cell source.  
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5.3.3. Immunofluorescence 
 

As protocols B and C of early passages, expanded in condition II, showed the best results by 

RT-qPCR, the expression of ALB, AFP and AAT was confirmed at a protein level, by immunostaining, 

on day 28 of the differentiation procedure. Immunostaining of ALB and cell nuclei showed that many 

cells were albumin positive (red), although not all of them (Figure 16A/D), suggesting a significant 

translation of this protein and corroborating the mRNA profile. Similarly, many AFP positive cells (green) 

were also clearly seen on Figure 16B/E, while there were almost no AAT positive cells (Figure 16C/F), 

indicating a low translation of the mRNA to this protein. Furthermore, comparing the overall results of 

protocol B with protocol C is clearly that B is the one where more cells expressed the proteins in analysis. 
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Figure 16 - Immunostaining of Albumin, AFP and AAT on day 28 of the differentiation procedure of 14TF iEndo 

cells, early passages, expanded on condition II. Representation of the protein and respective isotype. Scale bars, 
100 mm. Representative for n=5 independent differentiations. A. Protocol B, ALB. B. Protocol B, AFP. C. Protocol 
B, AAT. D. Protocol C, ALB. E. Protocol C, AFP. F. Protocol C, AAT. 
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5.3.4. Flow Cytometry 
 

ALB, AFP and AAT proteins were stained, for flow cytometry analysis, in 14TF iEndo cells from 

early passages expanded on condition II and differentiated according to protocols B and C. Huh 7.5.1 

cells were used as positive control for this assay. Flow cytometry showed that less than 1% population 

was positive for the referred markers in the HLCs differentiated from iEndo cells. However, with the 

positive control (Huh 7.5.1 cells), it was obtained: ALB 81%, AFP 54% and AAT 51% (N=2).  

As flow cytometry results did not corroborate gene expression and immunofluorescence, further 

optimization of different parameters was required. However, due to time constrain, this assay was not 

optimised. 

 

 

 

5.3.5. Functional Assays 
 

Gene expression and immunofluorescence results showed the best results for HLCs derived 

from the 14TF iEndo cells, which were expanded on condition II and differentiated according to protocols 

B and C. Therefore, functional assays, such as albumin secretion and CYP3A4 activity, were assessed 

for these cells. 

 

5.3.5.1. Albumin Secretion 

 

As already mentioned on chapter 5.1.4.1, albumin is the most abundant plasma protein secreted 

by hepatocytes. Figure 17 shows its secretion, by the 14TF iEndo cells, at the end of differentiation, 

using protocols B and C, which values were 1185 and 711 ng/ml.106 cells, respectively. These results 

suggested that protocol B is slightly better than protocol C.  

Furthermore, albumin secretion is correlated with gene expression profile (Chapter 5.3.2 - 

Condition II, Early and Late Passages), although RT-qPCR results showed to be better for protocol C. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 - Albumin secretion on day 28 of the differentiation procedure for hepatocyte-like cells derived from 14TF 

iEndo cells, early passages, expanded on condition II and differentiated according to protocols B and C. Vertical 
axis is logarithmic scale. Error bar represents standard deviation of three independent experiments. 
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5.3.5.2. CYP3A4 Activity 

 

CYP3A4 is a phase I detoxification enzyme, already mentioned in chapter 5.1.4.2., which its 

production, by the 14TF iEndo cells, was also tested, using a luminescent assay. Figure 18 shows that 

there was almost no CYP3A4 produced by these cells, corroborating gene expression results (Chapter 

5.3.2 - Condition II, Early and Late Passages). 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 - CYP3A4 activity on day 28 of the differentiation procedure for hepatocyte-like cells derived from 14TF 

iEndo cells, early passages, expanded on condition II and differentiated according to protocols B and C. Vertical 
axis is logarithmic scale. Error bar represents standard deviation of three independent experiments. 

 

 

 

 

5.4. Comparison between HLCs derived from 14TF iEndo cells and from hESCs 
 

In this study, differentiation of hepatocytes derived from both hESCs and 14TF iEndo cells was 

evaluated and, consequently, this chapter presents the comparison of the differentiation potential to 

mature progeny of both cells types. 

 

 

5.4.1. Gene Expression 
 

The expression of some hepatocytes genes was compared for cells derived from hESCs and 

14TF iEndo cells (Figure 19). ALB, AFP and AAT were more expressed in HLCs derived from hESCs 

than from iEndo cells. NTCP is a receptor for hepatitis B virus highly expressed in the case of hESCs, 

while it was very low/not expressed in iEndo derived cells.  

Concluding, these results suggest that HLCs derived from 14TF iEndo cells also expressed the 

key hepatoblast and hepatocyte markers, indicating their potential to differentiate into this cell type, 

although hESCs are still a better source. 
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Figure 19 - RT-qPCR results for hepatocyte-like cells derived from 14TF iEndo cells (n=3) expanded on condition 
II, protocols B and C, and hESCs (n=3).  Gene expression CT values were normalized with PPIG housekeeping 
gene. Error bars represent standard deviation of three independent experiments. The significance was compared 
with day 0, * represents p-value<0.05 and ** represents p-value<0.005 (paired t-Test). 

 

 

 

 

5.4.2. Immunofluorescence 
 

Immunofluorescence studies were also compared between hESCs and 14TF iEndo cells. While 

almost all HLCs derived from hESCs express ALB, AFP and AAT (Figure 5), only some clumps of the 

ones derived from 14TF iEndo cells show the expression of these proteins (Figure 16), confirming gene 

expression results and the better differentiation potential of hESCs toward hepatocytes. Furthermore, 

quantitative analysis of ALB, AFP and AAT from the fluorescent images also confirmed the same (Figure 

20).  

 

 
Figure 20 - Ratio between the number of cells expressing ALB, AFP and AAT and the total cell number of 

hepatocyte-like cells derived from 14TF iEndo cells expanded on condition II, protocols B and C, and hESCs. 
Results are presented in percentage (%). 
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5.4.3. Functional Assays 
 

The functional assays performed also confirmed the better differentiation potential of hESCs 

compared to 14TF iEndo cells. Albumin secretion (Figure 21A) was higher on hESCs, while CYP3A4 

activity (Figure 21B) was ~100 fold higher in HLCs derived from hESCs compared to 14TF iEndo cells. 

However, in the case of CYP3A4, the values in both cases are too small to consider these HLCs fully 

functional.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21 - Albumin secretion (A) and CYP3A4 activity (B) on day 28 of the differentiation for hepatocyte-like cells 

derived from 14TF iEndo cells (n=2) expanded on condition II, protocols B and C, and hESCs (n=6). Vertical axis 
of both graphs is logarithmic scale. Error bars represent standard deviation of two independent experiments in the 
case of 14TF iEndo cells and of six independent experiments in the case of hESCs. 
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6. CONCLUSION and FUTURE PERSPECTIVES 

 

Upon in vitro differentiation of hESCs or iPSCs into the hepatic lineage, it is known to obtain 

HLCs which are not fully mature. Several groups89–96, including the one from professor Catherine 

Verfaillie’s laboratory, demonstrated that hepatocytes generated from these cell sources mimic fetal 

hepatocytes rather than mature progeny. In the present study, HLCs derived from hESCs displayed 

hepatocytes morphology, expressed many of hepatocyte markers, such as Albumin, AFP, AAT and, 

more important, they secreted albumin, one of the main functions of a human liver. Albumin production 

is a specific test that can be done for the presence and metabolic activity of hepatocytes.37 However, 

these cells still retained some immature characteristics, such as AFP expression, and they were not 

completely functional, having low values of CYP3A4 activity, a protein that is believed to metabolized 

50% of currently marketed drugs and xenobiotic compounds.97  

These issues still remain one of the major obstacle to translate PSCs derived hepatocytes to 

toxicity testing or clinical settings. Consequently, further investigations are required to determine the 

optimal conditions for generate fully mature hepatocytes. First of all, in this study, the cells were 

expanded and differentiated in a 2D system, which does not mimic accurately their conditions in vivo, 

since the cytokines’ gradients and the cell-cell interactions are completely different. These may have 

prevented maturation and so, a 3D system, like the use of spheroids, should be tested. In addition, the 

current culture conditions may not be ideal and the use of more growth factors during differentiation 

might be necessary. Moreover, although hepatocytes are the majority of cells in the liver, this organ also 

contains other cell types that can have an effect on functionality and maturation. Co-culture with, for 

example, hepatic stellate cells or endothelial cells could also be a potential solution. 

Furthermore, teratoma formation is another problem when considering using hESCs-derived 

cells in vivo, since generated populations can be contaminated by undifferentiated pluripotent cells. 

In this study, hESCs were differentiated to HLCs according to a published protocol35,85 

supplemented with 0.6% to 2.0% DMSO to improve the maturation. Regarding the protocol used, 

hESCs-HLCs were obtained using a fully defined media (without serum) in combination with specific 

growth factors (important to control cell fate) and DMSO, in a feeder-free substrate. The use of E8 

medium eliminate possible animal contaminations and variability between experiments. Moreover, 

although it is known to increase DNA methylation, it was recently proved98 that DMSO (0.5-0.6%), when 

added to Activin A, efficiently down regulates pluripotency genes (OCT4 and NANOG) in hESCs during 

DE derivation and increases the proficiency of hepatic differentiation. Later on, 1-2% DMSO is known 

to induce terminal differentiation in several different cell types.99 

The search for alternative sources to obtain hepatocytes for cell therapy together with the 

possibility of reprogramming adult stem cells into a pluripotent state, brought up new ideas and options. 

Until now, researchers have successfully differentiated other cells types, for example human 

fibroblasts100, into HLCs. In the demand for even more cell sources, previously studies37,38 have tried to 

obtain hepatocytes directly from hMAPCs. However, when compared with rodent MAPCs, the level of 

hepatic transcripts is significantly less proving that this method is not efficient enough.   
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Thereby, in the laboratory of Professor Catherine Verfaillie, human multipotent adult progenitor 

cells were reprogrammed into iEndo cells using lentiviral vectors to introduce 14 transcription factors. 

Lentiviral vectors can be successfully integrated in the host chromosome without the expression of viral 

genes. However, they present disadvantages such as limited insertion size and difficulty in storage and 

quality control.101 At the end of the reprogramming procedure, transgenes were highly expressed for 

both early and late passages of 14TF iEndo cells. These genes are probably preventing the cells to go 

back to the previous state and, consequently, supporting the expression of endogenous genes.  

Regarding the differentiation of 14TF iEndo cells into HLCs, both expansion conditions tested 

presented good results for protocols B and C. However, as referred before, condition II presented slightly 

better results, is more cost effective and so it should be the one used in future studies. Furthermore, 

protocols B and C proved to be robust, working for both early and late passages of iEndo cells. The 

HLCs obtained showed hepatocyte-like morphology and expressed the characteristic markers of 

hepatocytes. However, they were not completely mature, as they expressed the fetal marker AFP and 

had lower functional activity compared with hESCs-HLCs (albumin secretion and CYP3A4 activity). 

Consequently, like with hESCs, the protocol should be optimized in order to obtain mature hepatocytes. 

Moreover, testing different protocols (A, B and C) allowed to conclude at which stage of the 

embryonic development the 14TF iEndo cells are: the differentiation can start with aFGF or HGF. In this 

way, it was possible, for the first time, to obtain human-specific hepatoblasts in a much faster way 

compared to PSCs differentiation,102 which is a great advantage for cell therapy. Besides that, since 

these cells are precursors of other cell lineages, it could be now easier to obtain other cell types, such 

as lung or pancreas cells.  

Comparing the HLCs derived from 14TF iEndo and from hESCs, on day 28 of the differentiation 

procedure, the expression of ALB, AAT and NTCP was higher in hESCs-HLCs compared to iEndo cells, 

suggesting their better maturity and that these cells are closer to become fully functional. This was also 

proven by the functional assays, in which albumin secretion of the cells derived from hESCs was higher 

than of 14TF iEndo cells. However, iEndo cells are from an autologous adult source, being free from the 

ethical and immune rejection issues associated with ESCs.  

Concluding, hepatocyte differentiation of 14TF iEndo cells derived from hMAPCs is an 

alternative method and a promising for drug discovering and cell therapy. However, it is still less efficient 

than hESCs differentiation. 

 

 

Future Perspectives 

 

Future studies have to be aimed to further optimisation of the differentiation protocols and, 

consequently, obtain functionally mature hepatocytes, which should be tested not only for albumin 

secretion and CYP3A4 activity, but also for urea secretion, glutathione s-transferase activity or glycogen 

accumulation, which are other important functions of the liver.  After, drug screening and toxicology tests 

could be done and then, if possible, preclinical and clinical studies could start. In this moment, good 

manufacture practices should be adopted. First of all, the expansion of hESCs and 14TF iEndo cells 
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should be a process scale-up consistently. In this study, the passaging of the cells was done manually 

and therefore it would be difficult to replicate at a large-scale. The use of an automated cell culture 

platform103 could be a solution for this. Secondly, the use of matrigel and some cytokines, both animal-

based, leads to a possible variability between experiments and the necessity of testing the cells for 

potential mouse-derived adventitious agents.104 Synthetic surfaces for cell culture, for example, should 

be used instead. Besides that, the procedures were done without control of the culture conditions. 

Although the incubator parameters were established, expansion and differentiation of the cells were only 

depended on human manual work and observation. Once again, this leads to variability, which could be 

overcame with an automated, controlled process, such as a bioreactor. 
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Appendix 

 

Table 8 – Housekeeping genes primers. 

Housekeeping Genes 

GAPDH Forward TCAAGAAGGTGGTGAAGCAGG 

 Reverse ACCAGGAAATGAGCTTGACAAA 

PPIG Forward CTTGTCAATGGCCAACAGAGG 

 Reverse GCCCATCTAAATGAGGAGTTGGT 

 

 

 

Table 9 – Primitive endoderm genes primers. 

Primitive Endoderm 

SOX7 Forward GCCTGTGCAACAAGAGTGAA 

 Reverse GTACCCTGGGTCTTTGGTCA 

GATA4 Forward TCCAAACCAGAAAACGGAAG 

 Reverse CTGTGCCCGTAGTGAGATGA 

GATA6 Forward CCCTACTCGCCCTACGTG 

 Reverse GGACAGGTCCTCCAGCAG 

 

 

 

Table 10 – Mesendoderm genes primers. 

Mesendoderm 

MIXL1 Forward GGATCCAGGTATGGTTCCAG 

 Reverse CATGAGTCCAGCTTTGAACC 

GSC Forward TCTCAACCAGCTGCACTGTC 

 Reverse CCAGACCTCCACTTTCTCCTC 

 

 

 

Table 11 – Definitive endoderm genes primers. 

Definitive Endoderm 

SOX17 Forward CGCTTTCATGGTGTGGGCTAAGGACG 

 Reverse TAGTTGGGGTGGTCCTGCATGTGCTG 

FOXA1 Forward AGGCCTACTCCTCCGTCCCG 

 Reverse CTAGGCCCGGGTTGGCATAGG 

FOXA2 Forward GCACTCGGCTTCCAGTATGC 

 Reverse CTCATGTACGTGTTCATGCCGT 
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Definitive Endoderm 

CER1 Forward GGACAGTGCCCTTCAGCCAGACTA 

 Reverse TGCCTGCCAAGTTCACCACGA 

CXCR4 Forward CACCGCATCTGGAGAACCA 

 Reverse GCCCATTTCCTCGGTGTAGTT 

c-KIT Forward TGGGCCACCGTTTGGAAAGC 

 Reverse GGGTGTGGGGATGGATTTGCTCTTT 

HEX Forward CCCCCTGGGCAAACCTCTACT 

 Reverse GCCAGACGCTTCCTCTCGG 

 

 

 

Table 12 – Epithelial genes primers. 

Epithelial 

EPCAM Forward CTGGCCGTAAACTGCTTTGT 

 Reverse AGCCCATCATTGTTCTGGAG 

OCLN Forward TCTGCAGGCACACAGGACGTG 

 Reverse AACCACTTCAGGAACCGGCGT 

E-CADHERIN Forward CGAACTATATTCTTCTGTGAGAGG 

 Reverse GATAGATTCTTGGGTTGGGTC 

 

 

 

Table 13 – Hepatoblast/Hepatocyte genes primers. 

Hepatoblasts/Hepatocytes 

ALB Forward ATGCTGAGGCAAAGGATGTC 

 Reverse AGCAGCAGCACGACAGAGTA 

AFP Forward TGAGCACTGTTGCAGAGGAG 

 Reverse GTGGTCAGTTTGCAGCATTC 

AAT Forward AGGGCCTGAAGCTAGTGGAT 

 Reverse TCCTCGGTGTCCTTGACTTC 

MRP2 Forward CGATATACCAATCCAAGCCTC 

 Reverse GAATTGTCACCCTGTAAGAGTG 

G6PC Forward GTGTCCGTGATCGCAGACC 

 Reverse GACGAGGTTGAGCCAGTCTC 

CYP3A4 Forward TTCCTCCCTGAAAGATTCAGC 

 Reverse GTTGAAGAAGTCCTCCTAAGCT 

NTCP Forward ATCGTCCTCAAATCCAAACG 

 Reverse CCACATTGATGGCAGAGAGA 
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