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1. Abstract 

Isolated liver cells, such as hepatocytes, liver sinusoidal endothelial cells (LSECs) 

and hepatic stellate cells (HSCs), are frequently used to study hepatic metabolism, 

toxicity and diseases. The current in vitro culture models, however, have several 

disadvantages e.g. short culture longevity and artificial culture conditions that focus 

mainly on a single cell type in 2D culture. Widely used tumor-derived cell lines are 

known to undergo significant changes in genotype and phenotype and do not reflect 

their corresponding primary cells. The use of primary cells in vitro is compromised by 

the limited quantity of cells that can be isolated from one donor, a lack or very 

restricted proliferation capacity (hepatocytes and LSECs) and/or the change from a 

quiescent to an activated state (HSCs). 

 

Therefore, in this thesis investigations were carried out to determine if the 

transduction of proliferation-inducing genes could extend the lifespan of these cells 

without losing their primary characteristics (so-called “upcyte® technology”). The 

proliferation capacity of all three cell types was successfully extended: up to 20-50 

population doublings (PDs) for LSECs (PD time 124 h), up to 20 PDs for HSCs (PD 

time 96 h) and 35-40 additional PDs (PD time 48 h) for hepatocytes. Furthermore, 

important cell characteristics were monitored. For example, upcyte® hepatocytes 

expressed differentiated cell markers (cytokeratin-8 and -18, α-anti-trypsin and 

human serum albumin) and retained metabolic functions (cytochrome P450 enzymes 

(CYPs)). The basal CYP1A2 and CYP3A4 activities of upcyte® hepatocytes 

generated in these studies were comparable to those in upcyte® hepatocytes from 

other donors. These activities were lower than those in freshly isolated primary 

human hepatocytes but they were induced by prototypical CYP1A2 and CYP3A4 

inducers. Upcyte® LSECs retained important endothelial cell markers, such as CD31 

and Von-Willebrand-factor, and exhibited functional uptake of Alexa488-AcLDL, as 

well as the ability to form tubes in Matrigel. LSEC-specific uptake of ligands or the 

expression of the corresponding uptake receptors (MR, FcɣR2BII and HA/S-R) were 

observed in all donors. The presence of fenestrations could not be detected. Only 

minimal characterization of HSCs was conducted since these cells were activated in 

culture directly after seeding. Quiescence and activation markers were down- and up-

regulated, respectively, confirming the activated state of the HSCs.  
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In addition to characterizing upcyte® liver cells, their application to in vitro models as 

tools for investigating liver toxicity was investigated. Upcyte® hepatocytes are well 

suited to genotoxicity testing, particularly the in vitro micronucleus (MN) assay, 

because they exhibit both metabolism and proliferation capacity. Here, the main 

focus was the modification of the initial assay design to increase its sensitivity. A 

treatment period of 96 h without a recovery period was most reliable for detecting MN 

formation in upcyte® hepatocytes from a single donor. Using the optimized 

conditions, media and outcome criteria, the upcyte® hepatocyte MN assay could 

correctly identify directly acting (e.g. mitomycin C, etoposide) and metabolically 

activated genotoxins (e.g. benzo[a]pyrene, cyclophosphamide). "True negative" and 

"false positive" compounds were also correctly identified as negative. The basal 

%MN in upcyte® hepatocytes from Donor 740 was essentially unaffected by the 

growth stage ranging from PD of 18 to 61. These data support the application of 

upcyte® hepatocytes to the in vitro MN assay. 

 

A second application of upcyte® hepatocytes was investigated in preliminary studies 

in which they were co-cultured with upcyte® LSECs. The known hepatotoxic drug, 

acetaminophen, was more toxic to upcyte® LSEC monocultures than to upcyte® 

hepatocytes alone or co-cultures of both cells. These data support the use of co-

cultures as a promising model for determining cell-specific toxicity. 

 

In summary, upcyte® hepatocytes and LSECs were generated from healthy human 

liver and were shown to have an extended lifespan whilst maintaining significant 

primary cell characteristics. The in vitro MN assay using upcyte® hepatocytes has 

been established and optimized to correctly identify known direct and metabolically-

activated genotoxicants. False positives and true negative chemicals were also 

correctly identified, emphasizing the very good prediction capacity of the assay. The 

hepatocytes and non-parenchymal liver cells described herein offer the unique 

possibility of combining a substantial proliferation capacity with adult primary cell 

phenotype to eventually develop an innovative culture system that mimics the 

structure and function of the human liver. Ultimately, this will enable the generation of 

more predictive and clinically relevant information on compound metabolism and 

toxicity. 
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Zusammenfassung 

Zur Untersuchung von Metabolismus, Toxizität und Lebererkrankungen werden 

häufig isolierte und in vitro kultivierte Leberzellen verwendet. Die derzeit eingesetzten 

Zellkulturmodelle haben jedoch mehrere Nachteile wie z.B. kurze Kultivierungsdauer, 

künstliche Kulturbedingungen, die hauptsächlich auf statische 2D Mono-Kulturen 

abzielen, und Verwendung von Tumorzelllinien, die einen veränderten Geno- und 

Phänotyp aufweisen. Dies führt zu einer geringen Prädiktivität der damit erzielten 

Ergebnisse für die in vivo Situation. Außerdem ist der Einsatz von primären 

Leberzellen durch eine begrenzte Anzahl von Zellen pro Isolation bzw. pro Spender 

und der geringen Proliferationsfähigkeit von Hepatozyten und Lebersinusoidalzellen 

(LSECs) erheblich eingeschränkt. Hinzu kommt, dass primäre Zellen durch die in 

vitro Bedingungen de-differenzieren bzw. bei hepatischen Sternzellen (HSC) vom 

ruhenden in einen aktivierten Zustand übergehen. 

 

In dieser Arbeit wurde daher untersucht, in wieweit die Transduktion von 

Proliferation-induzierenden Genen die Lebensspanne von diesen Zelltypen 

verlängern kann, ohne dass die Zellen ihre primären Charakteristika verlieren 

(upcyte® Technologie). Die Proliferationskapazität wurde bei allen drei Zelltypen 

erhöht: bei LSECs 20-50 Verdopplungen (PD‘s) bei einer Verdopplungszeit von     

124 h, bei HSCs bis zu 15 PD‘s bei einer Verdopplungszeit von 96 h und bei 

Hepatozyten 35-40 PD‘s bei einer Verdopplungszeit von 48 h. Bei upcyte® 

Hepatozyten wurden eine Reihe von hepatischen Markern (Cytokeratin 8/18, α-anti-

Trypsin und humanes Serum Albumin) und metabolische Funktionen nachgewiesen. 

Die Aktivitäten von Phase I Enzymen (Cytochrom P450 Enzyme (CYPs)) waren 

niedriger als bei frisch isolierten primären humanen Hepatozyten, jedoch ähnlich 

induzierbar mittels prototypischer Induktoren. Upcyte® LSECs zeichneten sich durch 

den Erhalt wichtiger Endothelzellmarker aus, wie u.a. die Expression von CD31, von-

Willebrandt-Faktor und die Fähigkeit Gefäßstrukturen in Matrigel zu bilden. Die 

LSECs-spezifische Aufnahme von Liganden inklusive der Expression der 

dazugehörigen Rezeptoren (MR, FcɣR2BII und HA/S-R) konnte ebenfalls 

nachgewiesen werden. Nicht nachweisbar hingegen waren Fenestrierungen, die 

allerdings auch bei primären LSECs in Kultur verloren gehen. Upcyte® HSC gingen 

wie primäre HSC durch die Kulturbedingungen in einen aktivierten Zustand über, der 

mittels Expressionsanalyse von Ruhe- und Aktivierungsmarkern analysiert wurde.  
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Neben der Generierung der upcyte® Leberzellen wurden diese hinsichtlich ihrer 

Eignung zur Verbesserung von bestehenden in vitro Modelle untersucht. Upcyte® 

Hepatozyten bieten sich für Genotoxizitätsuntersuchungen – insbesondere für den in 

vitro Mikrokern (MN) Test – an, weil diese Zellen die für den Assay benötigte 

Proliferation und metabolische Aktivität aufweisen. Basierend auf Vorversuchen, 

wurden zahlreiche Testbedingungen wie Behandlungszeit und Medium hinsichtlich 

einer Steigerung der Sensitivität untersucht. Eine Behandlungszeit von 96 h ohne 

Erholungszeit erwies sich als optimal für upcyte® Hepatozyten eines Spenders und 

führte dazu, dass alle positiven Substanzen als genotoxisch nachgewiesen werden 

konnten. Hierzu zählen direkt agierende (z.B. Mitomycin C, Etoposid) und 

metabolisch zu aktivierende (z.B. Benzo[a]pyren, Cyclophosphamid) Substanzen. 

Negative und falsch-positive Chemikalien konnten ebenfalls korrekt als negativ, 

identifiziert werden. Das Alter der Zellen bzw. verschiedene Wachstumsstufen (PD 

18-61) hatte keinen Einfluss auf die basale MN Rate. Die Anwendung von upyte® 

Hepatozyten für den in vitro MN Test wurde erfolgreich dargestellt. 

 

Zusätzlich zum Genotoxizitätstest wurde ein Ko-Kultur aus upcyte® Hepatozyten und 

upcyte® LSECs als weiteres Zellkulturmodell für Toxizitätsstudien getestet. Die Zellen 

wurden mit dem hepatotoxischen Medikament Acetaminophen behandelt. Dabei 

reagierten LSECs Monokulturen sensitiver auf Acetaminophen als upcyte® 

Hepatozyten in Mono- oder Ko-Kultur mit LSECs. Diese Daten unterstützen den 

Gebrauch von Ko-Kulturen bei Toxizitätsuntersuchungen. 

 

Zusammenfassend kann festgestellt werden, dass upcyte Hepatozyten und upcyte® 

LSECs generiert wurden, die eine verlängerte Proliferationspanne aufzeigten und die 

wichtige primäre Zelleigenschaften beibehielten. Es wurde ein in vitro MN Test 

basierend auf upcyte® Hepatozyten etabliert um direkt wirkende, metabolisch zu 

aktivierende als auch negative und falsch-positive Chemikalien korrekt zu 

identifizieren. Die hier beschriebenen Hepatozyten und nicht-Parenchymzellen der 

Leber stellen Werkzeuge für die Entwicklung von innovativen Kultursystemen dar, die 

die Struktur und Funktion der Leber nachahmen um prädikativere Daten für z.B. 

Toxizität und Metabolismus von Chemikalien und Medikamente zu generieren. 
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2. Introduction 

Major reasons why so many drugs are still being withdrawn from the market include 

poor ADME (absorption, distribution, metabolism and elimination) properties and 

adverse side effects which were not detected in pre-clinical tests (e.g. 

pharmacodynamics, pharmacokinetics and toxicology). Besides the fact that the 

development of a new drug costs around $800 million and takes 12-15 years, the 

harm caused to the patients is irreparable [Li AP, 2004]. Approximately 7% of 

hospitalized patients suffer from serious adverse side effects caused by drugs. This 

shows that traditional drug metabolism research is still unable to select all the drugs 

with unacceptable safety profiles for humans [Hodgson J., 2001].  

 

Drugs have to be tested for their characteristics in ADME and toxicity (ADMET). For 

ADMET studies, in vitro models are used to give a first glance at the behavior of the 

drug, prior to in vivo studies performed on animals. In vivo (rodent and dog) studies 

may have some drawbacks; including the fact that they may not reflect the situation 

found in humans, which is due to species-specific differences (in metabolism, 

physiology or pharmacology). In vitro animal models (e.g. rodent cell lines used in the 

genotoxicity assays) are based on tumor-derived cell lines, which do not reflect the 

healthy in vivo situation. Often, cell lines have altered signaling pathways which are 

involved in drug metabolism, they are genetically unstable, and most often, they do 

not express the whole variety of metabolizing enzymes or drug transporters needed 

to investigate the action and impact of a drug on the cell [Hewitt et al. (a), 2007]. 

 

Alternative primary cell cultures are also used as in vitro models because their cell 

type-specific characteristics better reflect the situation of cells found in the human 

body. However, there are several restrictions for the use of primary cells in ADMET: 

first, the availability of human primary cells is limited; second, donor-dependent 

phenotypic variations make it difficult to reproduce drug metabolism profiles (although 

this does reflect the variation in vivo); third, most of the primary cells exhibit limited or 

no proliferative capacity in vitro; and fourth, progressive loss of cell type-specific 

functions occurs during culture. Hence, generation of cells with an expanded lifespan 

that express cell-specific enzymes and transporters important for drug assessment is 

one of the goals of many researchers. An ideal in vitro model would possess the 
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advantages of both cell lines and primary cells: easy access and availability, the 

ability to proliferate, a consistent response to inducers with the ability to study donor 

variation, and expression of cell-specific enzymes and drug transporters that most 

closely resemble fresh primary cells [Sinz et al., 2008]. 

 

2.1 The liver 

 

The liver is the main organ responsible for metabolism of endogenous and xenobiotic 

compounds. Compounds that are absorbed from the small intestine flow via the 

portal vein to the liver. The liver is the first systemic organ to be exposed to orally 

administered compounds. Therefore, hepatic metabolism will result in the “first pass” 

effect, in which the parent compound may be prevented from entering the systemic 

circulation. Consequently, the role of biotransformation in the liver is of high interest. 

The crucial functions are endogenous compound regulation (e.g. the urea cycle, 

storage of glucose and vitamins), production of essential proteins (e.g. albumin, 

lipoproteins, coagulation factors and cholinesterase), production of bile salts and 

metabolism and excretion of xenobiotics [Schiebler, 2002].  

 

 

Figure 2.1: Basic structure of hexagonal liver lobule: blood flows from the artery and portal 

vein, entering to the sinusoids and hepatocytes, leaving through the central vein. 

[www.wikipedia.com, liver lobule]  
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The liver is the largest internal organ and divided into two large lobes which are 

divided into hexagonal lobules (1-2 mm). The intrahepatic vascular system is 

connected to two large blood vessels; the hepatic artery and the portal vein. The 

hepatic artery carries oxygen rich blood from the aorta, whereas the portal vein 

brings nutrient-rich blood from the entire gastrointestinal tract. These blood vessels 

subdivide into capillaries, and the sinusoids receive mixed blood from both vessels. 

Afterwards, blood empties into the central vein of each lobule, which coalesces into 

hepatic veins leaving the liver. Bile, which is produced by hepatocytes, is transported 

into the bile canaliculi (present between the cells) to the bile ducts and, finally, to the 

gall bladder and duodenum [Siegenthaler, 2006; Schiebler et al., 1984].  

 

2.1.1 Cells of the liver 

 

Two major types of cells populate the liver lobes: parenchymal and non-parenchymal 

cells (NPCs). Eighty percent of the liver volume is occupied by parenchymal cells, 

commonly referred to as hepatocytes. NPCs constitute 40% of the total number of 

liver cells but only 6,5% of its volume. Liver sinusoidal endothelial cells (LSECs), 

Kupffer cells (KCs) and hepatic stellate cells (HSCs) are some of the NPCs that line 

the hepatic sinusoid [Maurel 2010, Springer protocols: "hepatocytes, methods and 

protocols]. 
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(A) (B) 

Figure 2.2: Both pictures show drawings of a normal healthy liver with HSCs (blue, arrows), 

hepatocytes (light pink, cuboidal cells) and LSECs (dark pink, elongated cells) and KCs (purple). 

(A) Diagram of the hepatic sinusoid demonstrating the relative orientation and distribution of all 

cells. (B) Higher resolution: HSC is depicted within the subendothelial space between hepatocytes 

and LSECs where it extends foot processes encircling the sinusoid. The cells normally store 

retinoids within perinuclear lipid droplets (white circles) as shown. Microvilli depicted on 

hepatocytes indicate differentiated function, and sinusoidal endothelial cell fenestrae contribute to 

the rapid transport of solutes across the subendothelial space. [Friedman SL., 2008] 

 

 

2.1.2 Liver sinusoidal endothelial cells 

 

LSECs constitute the sinusoidal wall and can be regarded as unique capillaries, 

which differ from other capillaries in the body, as they possess open pores or 

fenestrae lacking a diaphragm and a basal lamina underneath the endothelium. 

Fenestrae, arranged in so-called selective "sieve plates", filter fluids, solutes and 

particles that are exchanged between the sinusoidal lumen and the space of Disse. 

Only small particles (< 0,23 µm) are allowed to reach the parenchymal and fat-storing 

cells and vice versa. [Braet and Wisse, 2002]. KCs are geared to uptake of larger 

particles but in case of impaired KCs, LSECs can take up particles up to 1 µm. The 

appearance of fenestrations is a reliable marker of LSECs, making them clearly 

distinguishable from all other cell types of liver cells, although fenestrations are 

rapidly lost upon in vitro culturing [Smedsrod B., 2004]. 
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Figure 2.3: SEM of the sinusoidal endothelium from rat liver showing the fenestrated wall. 

Fenestrae are clustered in sieve plates. Scale bar, 1 μm. [Braet and Wisse 2002] 

 

Throughout the cytoplasm, numerous vacuoles and organelles are associated with 

the transport, uptake, and degradation of materials. These include invaginations from 

the cell membrane, micropinocytotic vesicles, endosomes, transfer tubules, and 

lysosomes [Wisse, 1970]. These endothelial cells contain 14% of the lysosomes, as 

well as 45% volume of the pinocytotic vesicles in the liver, indicating the high degree 

of digestive capacity and endocytotic activity. [Blouin et al., 1977]. Among the various 

substances that are known to be endocytosed by LSECs are proteins, glycoproteins, 

lipoproteins, and glycosaminoglycans [Smedsrod et al., 1994]. This endocytotic 

capacity, together with the presence of fenestrae and the absence of a regular basal 

lamina, makes these cells unique from any other type of endothelial cell in the body 

[Braet and Wisse, 2002]. 

 

Foreign soluble macromolecules and colloids are eliminated from the circulation 

mainly by receptor-mediated pinocytosis (KCs undergo phagocytosis). There are only 

three different receptors, which have been functionally observed in LSECs and are 

responsible for uptake of a large number of different ligands: (1) The Mannose 

receptor (MR) eliminates collagen waste molecules, preventing accumulation of 

intravascular clotting and recruits lysosomal enzymes for degradation. (2) The 

hyaluronan/scavenger receptor (HA/S-R) plays an important role in the physiological 
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mechanism contributing to maintaining homeostasis and preventing atherosclerosis 

by binding to type I and III pro-collagen and atherogenic molecules as oxidized LDL 

and advanced glycation end products. (3) The Fc-ɣ-receptor (FcɣR2BII, CD32b) 

takes up IgG coated particles and soluble IgG immune complexes (taken up almost 

exclusively in the liver). Other functions include interaction with viruses. For example, 

HIV-1, can be transferred to hepatocytes if the virus survives by avoiding 

degradation, and Hepatitis B is first endocytosed by LSECs and transferred to 

hepatocytes [Smedsrod et al., 2004]. 

 

LSECs express all molecules necessary for antigen presentation: CD54, CD80, 

CD86, MHC class I and II (major histocompatibility complex), CD40, and can function 

as antigen-presenting cells for CD4+ and CD8+ T cells. The molecule, von-

Willebrandt-factor (vWF), is generally reported to be present on human liver sections; 

whereas, in cultured human LSECs, the expression of this marker has been variably 

detected. Electron microscopic studies (rat) showed that CD31 is located 

intracellularly but after taken the cells into culture it is also apparent on the surface as 

in conventional endothelial cells (ECs) [Elvevold et al., 20108]. LSECs are also 

secretory cells and release interleukin-1, interleukin-6, and interferon [Smedsrod et 

al., 1994]. 

 

Low cell yields and contamination with other endothelial cells in the isolation process 

make it very complicated to isolate pure and sufficient amount of cells. The research 

history with these cells is very short and the knowledge compared to primary human 

hepatocytes very small. LSECs have a very short life span in vitro (2-3 population 

doublings) after isolation, and there are numerous characteristics that are as yet 

undiscovered [Smedsrod et al., 1994].  
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2.1.3 Hepatic stellate cells 

 

HSCs (also called “Ito cells” or “fat-storing cells”) represent 5-8% of the total number 

of liver cells and are located in the space of Disse. In the normal liver, these cells are 

compact and non-fibrogenic (quiescent HSCs) [Gaca et al., 2003]. The most 

distinguishing feature of HSCs is the presence of multiple lipid droplets in their 

cytoplasm. Vitamin A is known to regulate diverse cellular activities such as cell 

proliferation, differentiation, morphogenesis, and tumorigenesis [Blomhoff, 1991]. In 

physiological conditions HSCs store 80% of the total vitamin A in the whole body as 

retinyl palmitate in lipid droplets in the cytoplasm, and regulate both transport and 

storage of vitamin A. Vitamin A content can be examined via intrinsic auto-

fluorescence under UV excitation at 320-330 nm [Gaca et al., 2003]. They control 

extracellular matrix (ECM) turnover in the space of Disse by secreting the correct 

amounts of a limited number of ECM molecules, and by releasing matrix 

metalloproteinases and their inhibitors. By virtue of their long cytoplasmic processes, 

quiescent stellate cells presumably contribute to the control of blood flow through the 

sinusoidal capillaries. They are important sources of paracrine, autocrine, juxtacrine, 

and chemoattractant factors that maintain homeostasis in the microenvironment of 

the hepatic sinusoid [Geerts A., 2001]. Also, the fat-storing cells are the principal 

cellular source of collagen and other extracellular substances in normal as well as 

fibrotic liver [Stanciu et al., 2002].  

 

When the liver is damaged, stellate cells can change into an activated state. The 

activated stellate cell is characterized by proliferation (increase in the number of 

cells), contractility and chemotaxis. The amount of stored vitamin A decreases 

progressively in liver injury, such as that resulting from chronic alcohol intake [Stanciu 

et al., 2002]. 

 

Previous studies [Friedman et al., 1989] showed that the activation of freshly isolated 

HSCs in primary culture is matrix-dependent. It is known that quiescent HSCs, 

isolated from normal liver, plated on normal tissue treated dishes or Collagen I, 

become activated, proliferate to confluence and have the typical enlarged 

myofibroplastic appearance [Gaca et al., 2003].  
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(A) (B) 

(C) (D) 

Figure 2.4: Morphology of HSC and detection of retinoids by autofluorescence: Difference 

between activated HSC on plastic (A/C) or Matrigel (B/D) examined by bright field 

microscopy (left) or using an ultraviolet light source to excite autofluorescence of vitamin A 

within the HSC (right). [Gaca et al., 2003] 

 

Vitamin A is lost from HSCs upon activation during culture in vitro, thus losing their 

typical quiescent characteristic [Blomhoff, 1991]. By contrast, they remain non-

proliferative and non-fibrogenic if cultured on plates coated with the basement 

membrane-like matrix derived from the Englebreth–Holm–Sarcoma (EHS matrix – 

also known as “Matrigel”) [Friedman et al., 1989]. When HSCs are cultured on 

Matrigel, they maintain a rounded and compact morphology, and are present as 

isolated single cells or rapidly gather into multicellular clusters [Friedman et al., 

1989]. Other studies also showed that Matrigel suppresses the expression of mRNA 

for several activation markers, including α-SM and procollagen 1 during primary 

culture [Gaca et al., 2003]. 
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2.1.4 Hepatocytes 

 

Hepatocytes are approximately 20-30 µm in diameter and they make up 80% of the 

liver's cytoplasmic mass. Hepatocytes contain many cell organelles such as 

numerous mitochondria, large amounts of rough endoplasmic reticulum and free 

ribosomes. The average lifespan of the hepatocyte in vivo is 5 months; however, they 

are able to regenerate. Hepatocyte nuclei are round with dispersed chromatin and 

prominent nucleoli. About 80% of all hepatocytes in culture are tetraploid or polyploid 

but binucleated cells are also common [Elaut et al., 2006]. 

 

Like all epithelial cells, hepatocytes have a polarized construction and function. They 

have a basolateral (sinusoidal) and a canalicular (apical) membrane domain facing 

other hepatocytes, which are separated by tight junctions without a basal membrane. 

The sinusoidal domain is specialized for the exchange of metabolites with the blood, 

while the narrow apical domain is involved in the secretion of bile acid and 

detoxification products. The lateral domain ensures cell-cell adhesion through tight 

and adherence junctions and intercellular communication through gap junctions 

[Elaut et al., 2006; Maurel 2010, Springer protocols: "hepatocytes, methods and 

protocols]. 

 

Although other cells play a significant role in diverse aspects of liver pathophysiology, 

hepatocytes exhibit unique complexity and diverse functions. They produce the 

majority of circulating plasma proteins (e.g. albumin, transferrin), protease inhibitors 

(e.g. α1-antitrypsin, antithrombin), blood coagulation factors (e.g. fibrinogen, factor V 

and VII) and modulators of immune complexes and inflammation (e.g. complement 

C3) [Zakim and Boyer, 1996]. Hepatocytes control the homeostasis of fuel molecules 

such as glucose/glycogen and fatty acids, including triglycerides, as well as other 

essential compounds such as cholesterol, bile acids, and vitamins A and D. They 

metabolize amino acids, metals such as copper and iron, and endogenous 

compounds such as heme and bilirubin [Zakim and Boyer, 1996; Hewitt et al. (b), 

2007]. 
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Although it is known that the liver possesses a remarkable ability to regenerate (e.g. 

after hepatectomy), the highly differentiated hepatocytes rarely proliferate in the adult 

individual under normal healthy conditions [Zakim and Boyer, 1996]. Likewise, 

primary hepatocytes seeded at confluence do not proliferate in culture and cannot be 

expanded.  

 

Hepatocytes play a critical role in detoxifying xenobiotics such as environmental and 

diet pollutants (plant, fungal, organic solvents, dyes, preservatives etc) and, 

importantly, drugs. Their function strongly affects pharmacokinetics, side effects and 

toxicity of drugs [Zakim and Boyer, 1996]. When isolated and handled appropriately, 

they contain a broad complement of metabolizing enzymes and transport proteins 

organized in a physiologically relevant context and regulated via cellular processes 

that occur within the liver in vivo. Hepatocytes allow examination of a drug candidate 

in the intact cell without supplementation of co-factors. Therefore, they have become 

the favored model for metabolism studies [Guillouzo and Guguen-Guillouzo, 1986]. 

The practical difficulties of hepatocyte isolation for single use have been largely 

circumvented by use of cryopreserved cells, which allow a more reproducible quality 

of cells and the ability to plan experiments [Hewitt et al. (a), 2007].  

 

2.1.5 Human liver tissue 

 

Adult human liver tissue suitable for the isolation of hepatocytes is either derived from 

donors undergoing surgical liver resection for the removal of tumors or from brain-

dead-but-beating-heart donors. Liver tissue is extremely sensitive to ischemia and 

deteriorates rapidly after death of the patient. After surgery, the transport of the liver 

tissue biopsy to investigators should not take more than 20 h (on ice). The conditions 

prior to death and the cold ischemia of the transport conditions can result in the 

deterioration of the sample. Thus, the quality of the starting material is extremely 

variable [Mitry et al., 2003]. Hepatocytes can be isolated from the liver by 

collagenase digestion, as described in chapter 3.3.1. After isolation, cells can be 

cultured for immediate use, or cryopreserved for long-term storage for later use 

[Hewitt et al. (b), 2007].  
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2.2 Metabolism of the liver 

Biotransformation is a process that occurs in all animal life forms, in which non-

excretable substances are converted to excretable products through chemical 

processing. Mostly, these substances are lipophilic and therefore have poor water 

solubility. All organisms are constantly exposed to compounds (xenobiotics) that 

cannot be used as foods and would be harmful if they accumulate in cells. To get rid 

of these substances, many cells, especially the liver, transform the insoluble parent 

compounds to more water-soluble metabolites, which can then be excreted 

[Tortora, 2008]. 

 

2.2.1 CYP enzymes 

 

In humans, major metabolizing enzymes include cytochrome P450 (CYP), UDP-

glucuronosyltransferases, and glutathione S-transferases, which are found in all 

organs, especially in the liver. There are two types of enzyme reactions in 

metabolism: the first introduces reactive functional groups or polar groups to the 

substrate, which is catalyzed by “Phase I” enzymes, such as CYPs. The second 

“Phase II” reactions involve the conjugation of a substrate to more polar compounds, 

which can be readily excreted. These reactions are catalysed by transferase 

enzymes. “Phase III” activities do not alter the structure of the substrate but pump it 

out of cells via efflux transporters [Eisenbrandt, 2005]. 

 

(A)

(B) 

Figure 2.5: (A) Scheme of phase I und phase II metabolism with e.g. (B) benzene 

[modified after Eisenbrandt G. (2005)] 
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The phase I CYP enzyme superfamily plays a dominant role in xenobiotic 

metabolism. These enzymes are hemeproteins and belong to the family of 

monooxygenases, which need an external electron donor. Many CYP isoforms (e.g. 

CYP1A2, CYP2B6, CYP2C9, CYP3A4 etc) and their inducers and inhibitors have 

been detected and characterized [Brandon et al., 2003]. Phase I reactions include 

hydrolysis, oxidation and reduction, in which specific functional groups (e.g. –OH,      

-NH, -SH, -COOH) in one molecule are removed or inserted (see figure 2.4). A non-

toxic substance can be turned into a toxic substance by biotransformation [Hewitt et 

al. (a), 2007]. 

 

 

Figure 2.6: Phase I CYP reactions [modified after Eisenbrandt G. (2005)] 

 

Phase II reactions result in the formation of highly polar, generally inactive, 

excretable conjugates. In this process, intermediate metabolites from phase I 

reactions are coupled to other molecules, e.g. glucuronic acid, to form conjugated 

metabolites which can be excreted via kidneys or the bile. Conjugates of high 

molecular weights tend to be excreted in the bile and, low molecular weight 

conjugates are mainly excreted by kidneys [Zhang et al., 2003]. 

 

2.3 In vitro genotoxicity assays 

There are a number of advantages of in vitro test systems over animal studies. For 

example, the conditions can be better controlled; they enable cost-effective, high 

throughput screening; there are no ethical conflicts; and influences from other 

systemic organs are avoided. The comparison of human and animal in vitro cell 
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culture data can be used to select the best animal model for further experiments. This 

means fewer animal experiments are conducted or they can be partly replaced 

according to the 3-R principle (Replace, Refine, Reduce). This is especially important 

since the EU chemicals regulation "Registration, Evaluation and Authorization of 

Chemicals” (REACh) came into effect in June 2007. This obliges manufacturers to 

(re-)test the toxicity of their chemicals and products. On this basis, over the next 11 

years around 30.000 substances need to be tested and this increases further the 

demand for alternative test systems [Mehlman et al., 1989]. 

 

There are a number of routinely used in vitro genotoxicity tests, which are used by 

different industries (chemical, pharmaceutical, cosmetic etc) to make an initial 

assessment of the safety of their compounds. These include the Ames test, the 

mouse lymphoma assay, the chromosomal aberration assay and the in vitro MN 

assay. The in vitro MN assay detects clastogens (compounds, which directly react 

with DNA) and aneugens (compounds which interact with the components of the 

mitotic and meiotic cell division cycle). This assay is reported to exhibit a sensitivity 

(i.e. the ability to detect compounds which are positive in the rodent carcinogenicity 

bioassay) of about 80%. However, one of the disadvantages of these in vitro assays 

is their high “false positive” (FP) rate (i.e. low specificity); the specificity of the in vitro 

MN assay is reported to be approximately 30% [Kirkland et al., 2005].  

 

The high rate of FPs is especially important for the cosmetics industry since the 7th 

amendment of the Cosmetics Directive [EU, 2003, EC - Directive 2003/15/EC] bans 

the use of animals to follow up on positive outcomes from in vitro genotoxicity 

assays. Continuation of the use of the current in vitro genotoxicity tests would lead to 

a substantial number of FPs, which can no longer be followed-up with an in vivo test. 

To address this, a number of projects and workshops were initiated in order to reduce 

FP rates in in vitro assays. Main variables thought to affect the high rate of FPs are 

the selection of the cell type and measurement of cytotoxicity [Fowler et al. (a), 2012]. 

Rodent cells exhibit different metabolic capacities from human cells and may 

therefore not predict outcomes in human cells [Fowler et al. (b), 2012].  
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2.3.1 Cell types used in the in vitro MN assay 

 

The first investigations performed to study chemically-induced toxicity using 

hepatocytes were described by Novicki et al. [1985]. To induce hepatocyte 

replication, Novicki had to use stimulation factors before measuring toxicity using 

DNA synthesis inhibitors. Another assay to study hepatocellular toxicity was 

established by Alati et al. [1989]. In this study, proliferating rat hepatocytes were used 

for the first time in a micronucleus test to examine the enhancement of the oxygen 

exchange after irradiation. This method proved to be simple, fast and sensitive to 

detect radiation damage and is therefore now a standard assay in many laboratories. 

 

The selection of an appropriate cell is crucial for the performance of toxicity assays. 

There are a variety of cell lines derived from different animals and organs which are 

used for in vitro MN assays. These include CHO (Chinese hamster ovary cells), 

V79/CHL (both Chinese hamster lung cell lines), L5178Y (mouse lymphoma cell line), 

and TK6 (a human lymphoblastoid cell line) (Zhang et al., 1995). There is no 

consensus. on which cell line(s) should be used for the routine screening of 

chemicals for possible genotoxicity. The majority of laboratories internationally 

adopted either the V79 or CHO cell lines for routine use [Erexson et al., 2001]. Cell 

lines are well established in toxicology studies because they are readily available, 

have a short generation time and a high cloning efficiency. This makes them suitable 

for genotoxicity assays with low background aberrations. The drawbacks of these 

cells are that they do not express endogenous CYPs and need to be cultured with S9 

fraction (an external metabolic system) [Kalweit et al., 1999].  

 

Until now, MN tests with human primary hepatocytes or hepatocyte cell lines have 

not been established due to a number of drawbacks [Mueller et al., 1993]. There are 

now several alternative models to primary human hepatocytes available, such as the 

human hepatoma cell line HepG2, which has a high availability and easy handling. 

However, most hepatic cell lines exhibit a low expression of drug-metabolizing 

enzymes compared to primary hepatocytes. In routine assays investigating 

promutagens, S9 can be added to reflect biotransformation of the test compound. 

Since S9 is normally derived from Aroclor-induced rat liver, it is not reflective of 

human metabolism, especially if only an NADPH-generating system is used, which 
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will only reflect NADPH-dependent phase I reactions. Cell lines can be genetically 

engineered to generate more metabolically competent cell lines. However, these 

mostly result in over-expression of one gene or feature, which is not representative of 

a typical primary hepatocyte enzyme profile. A second line of investigation has 

focused on stem cell research (e.g. induced pluripotent stem cells, embryonic stem 

cells, and human adult liver stem cells). Stem cells can serve as a good model for a 

wide range of applications for studying metabolism and toxicology; nonetheless, 

problems in re-programming consistent and sufficient amount of cells have been 

reported [Godoy et al., 2013]. 

 

In genotoxicity assays using cell lines, negative compounds were found negative and 

well-known positive compounds were found to be positive [Lorge et al., 2006]. The 

problem is that the current in vitro mammalian cell genotoxicity assays show a high 

rate of positive results, many of which are misleading when compared with their in 

vivo genotoxicity. The case has been seen predominantly in certain cell types, and 

not in others. They were mostly found in V79 cells, frequently in CHL and CHO cells, 

less frequently in TK6 cells and rarely in p53- competent cells such as HepG2. The 

presence of a functional p53 pathway (which is involved in various aspects of the 

cellular response to DNA damage and induced by genotoxicants) has also been 

suggested to cause FPs, since this pathway is lacking in rodent cell lines such as 

CHO and V79 cells [Salazar et al., 2009]. It has been suggested that the use of p53-

competent cells such as TK6 or HepG2 cells would reduce the frequency of 

misleading positive results [Fowler et al. (a), 2012]. However, recent data suggest 

that the species of a cell type was more important than their p53 status in detecting 

MN formation [Honma et al., 2011]. Phase I enzymes, such as CYP1A and CYP1B, 

are known to be involved in the bioactivation of a number of genotoxic chemicals. By 

contrast, phase II conjugation by UDP-glucuronosyltransferases, sulfotransferases or 

glutathione S-transferases generally leads to the detoxification of potentially 

genotoxic agents; therefore, cell models lacking phase 2 enzymes may produce FPs 

[Hewitt et al., 2007].  

 

Several studies show that primary hepatocyte cultures are good models to 

qualitatively predict the in vivo metabolic profile of a drug [Hewitt et al. (b), 2007]. 

Only a few chemicals have been tested regarding their potency to induce MN in 
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human primary hepatocytes, e.g. lipid metabolism products [Esterbauer et al., 1990], 

peroxisome proliferators [Reisenbichler and Eckl 1993], pesticides [Piatti et al., 1994] 

and diverse carcinogens [Cao et al., 1993]. However, it has been shown that the MN 

test is not useful to study chemicals which inhibit mitosis. Hepatocytes and other cell 

types are sensitive to these effects and without mitosis MN cannot be detected 

[Müller-Tegethoff et al., 1995]. A major limitation of the use of isolated primary 

hepatocytes is their short life span, lack of proliferative capacity and progressive loss 

of liver-specific functions, a process known as “dedifferentiation”. In particular, the 

decrease in CYP activities during the first 24 h of hepatocyte monolayer culture is 

known to be a limitation of primary cultured hepatocytes for the study of xenobiotic 

biotransformation and toxicity [Hewitt et al. (b), 2007]. Moreover, some toxicological 

problems, such as the induction or inhibition of biotransformation enzymes, sub-

chronic and chronic toxicity, cannot be addressed in simple monolayer cultures that 

survive for only about a week. They require the use of more sophisticated, long-term 

models to express key liver-specific functions at a level comparable to the in vivo 

situation for at least two weeks [Elaut et al., 2006]. Primary hepatocytes cannot 

survive in culture for more than three weeks unless maintained in a co-culture with 

NPCs [Guillouzo et al., 1985]. Mitogenic stimulation of freshly isolated cells can be 

applied to generate proliferating hepatocytes, such as hepatocyte growth factor 

(HGF) and epidermal growth factor (EGF), but their metabolic functions are still 

limited [Tomiya et al., 2000; Price et al., 2006].  

 

2.3.1.2 Micronuclei testing 
 

The number of MN-containing cells can be used indirectly to measure the induction of 

chromosome aberrations [Fahrig, 1993]. The MN assay shows simplicity of scoring, 

is widely applicable in different cell types, is internationally validated, has potential for 

automation and is predictive for genotoxin-mediated cancer. Implementation of in 

vitro MN assays in the test battery for hazard and risk assessment of potential 

mutagens and carcinogens is therefore fully justified [Kirsch-Volders, 2006].  

 

Validation of the methodology at the European level was achieved by an ECVAM-

directed exercise and led to the recognition as a scientifically valid alternative to the 

in vitro chromosome aberration assay for genotoxicity testing [Corvi et al., 2008]. This 
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and other steps helped to acceptance of the OECD and a development by OECD of 

the in vitro MN test guideline 487 [http://www.oecd.org/env/testguidelines].  

 

MN can be found in dividing cells as small, extranuclear bodies resulting from 

chromosome breaks (leading to acentric fragments) and/or whole chromosomes that 

did not reach the spindle poles during cell division (figure 2.7). At telophase, when 

the nuclear envelope is reconstituted around the two daughter cells, these lagging 

chromosomes or fragments are not incorporated into the main nucleus. They are 

encapsulated into a separate, smaller nucleus, the so called micronucleus with a 

nuclear membrane [Fenech, 2010]. 

 

 

Figure 2.7: Example for micronuclei (red arrows), DAPI staining of upcyte
®
 hepatocytes 

 

MN can either be induced spontaneously or by mutagens. An interesting example of 

spontaneously formed MN occurs when the cell removes extra chromosomal double 

minutes (small fragments of DNA) from the cell as defence mechanism [Kirsch-

Volders, 2011]. MN can also be formed upon damage to the chromosomal subunits, 

changes in the cell physiology and upon mechanical errors during cell division 

[Hamada et al., 2001]. 

 

Mutagens that are detectable in micronucleus tests can be divided into aneugens 

and clastogens (figure 2.8). MN containing whole chromosome/chromatids are mainly 

induced by aneugens. Aneugenic substances damage the mitotic spindle (spindle 

poisons), leading to misattachments of microtubules on kinetochores or other parts of 

the mitotic apparatus. MN containing chromosomal fragments are mainly induced by 

clastogenic substances. The debris has no centromere, therefore attachment to the 

spindle is not possible. MN can result from direct single and double-strand DNA 

breakage after cell replication, or inhibition of DNA synthesis. [Terradas et al., 2010; 
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Fenech, 2000]. MN formation requires a mitotic or meiotic division, and assessment 

of cell division in the presence of the test substance is essential. [Kirsch-Volders, 

2011] 

 

 

 

Figure 2.8: Mechanisms of MN formation. (A) Aneugenic substances prevent the formation 

of the spindle apparatus during mitosis, a whole chromosome is lagging behind at anaphase, 

which form a MN at the end of mitosis going over to a daughter cell. (B) Clastogenic agents 

induce micronuclei by breaking the DNA, thereby forming acentric fragments, that are 

incapable of adhering to the spindle fibres and are thus left behind during mitosis. (C) MN can 

also contain highly amplified gene sequences, derived from extrachromosomal double 

minutes (DM) (yellow dots indicate the presence of a DM). [Figure from Terradas et al., 

2010] 
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2.3.1.3 FACS analysis 
 

One of the major drawbacks of relying on visual scoring of MN in fixed samples is the 

amount of time needed to analyze all the samples. An alternative method is to use 

the flow cytometry method or Fluorescence Activated Cell Sorting (FACS) to quantify 

MN. 

 

 
Figure 2.9: Schematic illustration of a FACS 

[http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=mcb&part=A1129] 

 

Flow cytometry is a technique for counting and examining microscopic particles, such 

as cells or MN by staining and suspending them in a stream of fluid and passing 

them one by one through an electronic detection apparatus. A beam of laser light of a 

single wavelength is directed onto a hydrodynamically-focused stream of fluid. A 

number of detectors are aimed at the point where the stream passes through the light 

beam; one in line with the light beam (Forward Scatter or FSC) and several 

perpendicular to it (Side Scatter (SSC) and one or more fluorescent detectors). Each 

suspended particle passing through the beam scatters the light in some way, and 

fluorescent chemicals found in the particle or attached to the particle may be excited 

into emitting light at a longer wavelength than the light source (figure 2.9). FSC 
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correlates with the number and size of particles and SSC depends on the surface 

properties and granularity (shape and roughness) of the counted particles. With a 

sort module at the end of the capillary tube it is possible to differentiate the cells after 

fluorescence/no fluorescence and after charging [Lottspeich, 2006]. With the FACS it 

is possible to measure many particles and probes within a very short period of time 

and for this reason it is often used to measure MN. 

 

 

2.3.1.4 Test chemicals 

 

The chemicals used to evaluate MN assays are divided into 3 groups. Group 1 

chemicals are the true positives, which should induce MN and have been reported do 

so in vitro and in vivo. These include chemicals that are aneugenic or clastogenic, as 

well as those that may or may not require metabolism. Group 2 chemicals are the 

true negatives, which should not induce MN in vitro and are not genotoxic in vivo. 

Group 3 chemicals are the FPs, which are not genotoxic in vivo but have been 

reported to be positive in one or more in vitro assay.  
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Table 2.1: Chemicals tested and genotoxicity findings. All information on the test chemicals 

were taken from Kirkland et al. [2008] 

 

Chemical (CAS number) Information /mechanism of action 

 

(A) Positive chemicals (group 1) 

Mitomycin C (50-07-7) Clastogen, direct acting genotoxin 

Etoposide (33419-42-0) Clastogen, direct acting genotoxin 

Taxol (33069-62-4) Aneugen, direct acting genotoxin 

7,12-Dimethylbenzanthracene  

(57-97-6) 

Requires metabolic activation by CYP1B1 

Aflatoxin B1 (1162-65-8) Requires metabolic activation by CYP3A4 

Cyclophosphamide  

(6055-19-2) 

Clastogen, requires metabolic activation by CYP2B6 (or 

other CYPs when CYP2B6 is absent) 

Benzo[a]pyrene  

(50-32-8) 

Requires metabolic activation by CYP1A1, CYP1B1, 

epoxide hydrolase 

 

(B) Negative chemicals (group 2) 

Ampicillin trihydrate (7177-48-2) Negative in mouse lymphoma assay up to 5 mg/ml 

Cyclohexanone (108-94-1) Negative in mouse lymphoma assay up to 5 mg/ml 

Melamine  

(108-78-1) 

Causes bladder and ureteral carcinomas due to a non-

genotoxic mechanism (calculus formation) 

Tris(2-ethylhexyl)phosphate  

(78-42-2) 

Produces tumours in female mice by peroxisome 

proliferation (a mechanism which does not occur in human) 

 

(C) False positive chemicals (group 3) 

2,4-dichlorophenol  

(120-83-2) 

Positive results in in vitro assays only at concentrations 

which cause >60% cytotoxicity 

Benzyl alcohol  

(100-51-6) 

Positive results in in vitro assays only at concentrations 

which cause >60% cytotoxicity 

Curcumin  

(458-37-7) 

An anti-carcinogen that only causes MN formation at 

concentrations causing apoptosis 

Urea  

(57-13-6) 

Positive results in in vitro assays only at concentrations 

which cause >60% cytotoxicity 

o-Anthranalic acid  

(118-92-3) 

Caused MN at high concentrations and was positive in mouse 

lymphoma assay and chromosomal aberration assay at toxic 

concentrations 

Sulfisoxazole  

(127-69-5) 

Negative in chromosomal aberration assay but weakly 

positive in mouse lymphoma assay 

Sodium saccharin  

(128-44-9) 

Positive in chromosomal aberration assay at a high 

concentration but negative in mouse lymphoma assay 
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2.4 In vitro co-culture hepatotoxicity models 

 

Due to the rapid dedifferentiation of hepatic parenchymal and NPCs after their 

isolation from the liver, the development of in vitro liver-like tissues has been difficult 

[Kim and Rajagopalan, 2010]. There are different approaches to maintain function of 

the specific cell types in vitro, including the use of collagen sandwich cultures, 

spheroid cultures, 3D liver models on natural or artificial scaffolds, hydrogels and 

microfluidic reactors. There are benefits and drawbacks to each model; however 

there is limited comparability of systems due to different parameters used as 

readouts [Godoy et al., 2013]. 

 

Most of the current activities in developing in vitro test system for hepatotoxicity focus 

on the hepatocyte itself, but the liver consists of other highly specialized cell types, 

such as LSECs, HSCs and KCs. They are tightly organized in the sinusoidal unit 

embedding hepatocytes into a structural-functional organization. It is thus 

questionable whether hepatotoxicity can be sufficiently predicted in vitro by analyzing 

only one cell type. Information about each cell type of NPC is described in Section 

2.1, but it is critical to understand the communication between NPCs and 

hepatocytes and how this contributes to hepatotoxicity [Godoy et al., 2013]. A very 

good example for the difficulty of hepatotoxicity is vinyl chloride, which is 

metabolically activated in hepatocytes to a toxic product. A long-term effect of vinyl 

chloride is not only hepatocellular cancer but it also causes a very rare tumour which 

arises from LSECs (hemangiosarcoma) [Cohen et al., 2009]. 

 

Various approaches have been utilized to design in vitro co-cultures in order to 

maintain phenotype of hepatocytes and NPCs. For instance, hepatocytes cultured in 

co-cultures with NPCs remain stable over an extended period of time. LSECs 

cultured on extra-cellular matrices derived from the liver maintain liver-specific 

characteristics up to 3 days when cultured individually or up to 7 days when co-

cultured with primary hepatocytes. Culturing LSECs with fibroblasts and hepatocytes 

delay the dedifferentiation of LSECs by up to 14 days [Kim and Rajagopalan, 2010]. 
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Co-cultures are also superior to single cell cultures when they are maintained in a 3D 

environment. A combination of these parameters will enable stable systems for many 

applications e.g. for toxicology tests [Godoy et al., 2013]. 

 

 

2.4.1 HeMiBio (hepatic microfluidic bioreactor) 
 

The HeMiBio project was funded by the European Commission and European 

Cosmetics Association (Cosmetics Europe) in January, 2011, under the SEURAT-1 

cluster umbrella (Safety Evaluation Ultimately Replacing Animal Testing). The aim of 

SEURAT-1 is Refinement, Reduction and Replacement of the use of animals in 

toxicity tests. 

 

The aim of the HeMiBio project is to generate a liver-simulating device mimicking the 

complex structure and function of the human liver. Many approaches are 

unsatisfactory due to the shortage of primary human liver cells and especially the 

dedifferentiation of cells in the conditions so far used. The small bioreactor should 

reproduce the heterotypic interactions between the parenchymal (hepatocytes) and 

NPCs (HSCs and LSECs) for over one month in vitro. The cells should retain their 

characteristics, especially their in vivo-like metabolism and transport function. The 

device could then serve to test the effects of chronic exposure to chemicals, including 

cosmetic ingredients, providing a standardized tool for preclinical toxicity testing. 

 

One of the main limitations of liver research is the lack of sufficient quantities of 

primary cells. To address this limitation upcyte® hepatocytes, LSECs and HSC are 

needed within the HeMiBio project. 
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2.5 Proliferation and the upcyte® process 

 

Cell proliferation is controlled by two systems: the first system depends on two 

proteins, RB (retinoblastoma protein) and the p53 transcription factor; and the second 

system depends on the shortening of the telomeres [Agarwal et al., 1998]. The two 

tumor suppressors RB and p53 are most prominent among the regulators disrupted 

in cancer cells. They both can initiate the arrest of the cell cycle, thereby inhibiting 

cell division. One function of pRb and p53 is to prevent the cell from replicating 

damaged DNA by blocking its progression along the cell cycle through G1 (first gap 

phase) into S-phase (synthesis phase). If the cell can be held in that situation for long 

enough, the DNA repair proteins will have time to repair the damage and the cell will 

be allowed to continue the cell cycle. If the DNA damage proves to be irreparable, 

p53 can also initiate apoptosis (programmed cell death) [Sherr and McCormick, 

2002]. Telomeres at the ends of chromosomes shorten with every cell division and, 

once they are critically short, the cell stops proliferating. Activation of the enzyme 

telomerase results in stabilization of the chromosomes by adding nucleotides to the 

ends of the telomeres, thereby inhibiting their shortening and preventing the cell 

arrest. Hence, inactivation of pRB and p53, and activation of the enzyme telomerase 

lead to uncontrolled cell proliferation and immortalization of the cell, and the 

formation of tumour cells and cell lines [Agarwal et al., 1998].  

 

Previously, a novel technique was reported which enabled the generation of non-

transformed proliferating liver cells from primary human hepatocytes with maintained 

adult phenotype, so-called “upcyte® cells” [Burkard et al., 2012]. Upcyte® cells start to 

grow from primary cells after transduction with a defined cocktail of lentiviral vectors 

carrying proliferation inducing genes, bypassing the two control systems of the cell 

cycle [Patent WO 2009/030217]. Upcyte® cells have the ability to proliferate for 

additional cell doublings, depending on the cell type, without losing functional and 

phenotypical characteristics of mature cells (figure 2.10). Theoretically, this upcyte® 

technology can be applied to all types of primary cells, although only human 

hepatocytes [Burkard et al., 2012] and human microvascular ECs [Scheller et al., 

2012] have been published thus far. 
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Figure 2.10: Upcyte

®
 controlled cell multiplication technology. From a pool of cellular and 

viral genes, candidate genes are selected that trigger proliferation of the primary cells. The 

gene combinations are delivered efficiently to the cells by viral gene transfer. Endogenous 

expression of a gene (or certain gene combinations) enable the induction of cell proliferation. 

The proliferating cells are selected and referred to as upcyte
®
 cells. 

 

A comprehensive characterisation of Human upcyte® hepatocytes has been reported 

[Burkard et al., 2012]. These cells express differentiated marker proteins (α-1-

aminotrypsin, cytokeratin-8 and 18, human serum albumin) but not the fetal marker, 

α-fetoprotein, for up to 40 population doublings (PDs). Human upcyte® hepatocytes 

also store glycogen and produce urea. CYP activities (phase I) are comparable with 

activities measured in up to 5 day cultures of primary human hepatocytes and can be 

induced by prototypical inducers. Phase II activities are retained and are comparable 

to levels measured in freshly isolated human hepatocytes  
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2.6 Project aim 

 

The aim of the project was to determine whether upcyte® LSECs, upcyte® HSC and 

upcyte® hepatocytes could be generated using the upcyte® technology. Once primary 

cells of all three cell types were "upcyted", they were characterized to investigate if 

they retain their primary features. 

 

Having generated upcyted cells, the application of these cells to toxicity assays was 

investigated using two endpoints: 

 

1. Hepatotoxicity prediction: A mono- and co-culture model was developed using 

upcyte® LSECs and upcyte® hepatocytes. The aim was to develop a model for 

predicting the hepatotoxicity of a known liver toxin, acetaminophen. 

 

2. Genotoxicity prediction: A main aim was to establish and optimize the use of 

human upcyte® hepatocytes for the in vitro micronucleus test using FACS 

analysis to enable an easily transfer to other laboratories. This project 

extended the number of chemicals from previous investigations to include (a) 

those that are positive in other mammalian cells tests, (b) chemicals that are 

negative and (c) chemicals that should give negative results, but have been 

reported to be positive in in vitro mammalian tests (i.e. false-positives).  
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3. Materials & Methods 

3.1 Materials 

 
3.1.1 General technical equipment and devices 
 

FACS      FACSCalibur IC-Nr.:13060, (BD, Heidelberg) 
Incubator     Type NU-5500E  

(Integra Biosciences GmbH, Fernwald) 
Laminar flow     Type Hera Safe (Kendra, Hanau) 
Milli-Q water conditioning system  NanoPure Infinity 

(Werner Reinstwassersysteme, Leverkusen) 
Microscope     Leica, Type DMIL  

(Leica Microsystems GmbH, Wetzlar) 
Centrifuge     Type 5804R (Eppendorf, Hamburg) 
Water bath     Type GFL 

(M&S Laborgeräte GmbH, Wiesloch) 
SEM      Zeiss Zigma High pressure scanning electron 
      microscope (Zeiss, Oberkochen) 
confocal microscope   ZEISS Axiovert 200M microscope 
      (Zeiss, Oberkochen) 
HPLC      1200 Infinity  
      (Agilent Technologies, Waldbronn)  
 

3.1.2 Disposable material 
 

Falcon tubes     (BD, Heidelberg) 
Pipette     (Eppendorf, Hamburg) 
Stripettes     Costar® (Corning,NY) 
Tips       (Greiner, Frickenhausen) 
Multiwell plates     BD BioCoatTM (BD, Heidelberg) 
Tissue culture dishes   BD BioCoatTM (BD, Heidelberg) 
8-well chamber slides    Permanox (VWR, Darmstadt) 
24 well suspension culture   non-treated (Greiner, Frickenhausen) 
24 well plates (for matrigel)  cell-culture treated (Greiner, Frickenhausen) 
 
3.1.3 Software 

 

CellQuestTM  3.0    fluorescence analysis 
FACS comp     calibration FACS 
      (Becton Dickinson, Heidelberg) 
 
SmartSEM     microscope software 
LSM 510 META     acquisition of confocal pictures 
LSM Image Browser    picture processing 
      (Zeiss, Oberkochen) 
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3.2 Chemicals 

 

* All used chemicals were of analytical grade, unless otherwise stated, and were of 

the highest purity possible. In cell culture, chemicals which were appropriate for cell 

culture were chosen. All water used was free of ionic and organic compounds and 

was from a Milli-Q water conditioning system. 

 

 

 

 

 

 

 

Chemical supplier Cat# 
Albumin fraction V Applichem (Darmstadt) A1391 
Calcein AM Sigma-Aldrich (Deisenhofen) C1359 
Citric acid monohydrate Sigma-Aldrich (Deisenhofen) C1909 
Counting Beads Invitrogen (Karlsruhe) P14828 
DAPI Sigma-Aldrich (Deisenhofen) 32670 
Dispase Sigma-Aldrich (Deisenhofen) D4818 
DMSO Applichen (Darmstadt) A3672 
DRAQ-5 Bio Status, Leicestershire, UK DR50200 
EMA stain Invitrogen (Karlsruhe) E1374 
FACS solutions: Clean; Rinse Invitrogen (Karlsruhe) - 
FBS Gold Eu approved PAA (Kolbe) A15-151 
IGEPAL Sigma-Aldrich (Deisenhofen) CA-210 
Krebs-Henseleit buffer Sigma-Aldrich (Deisenhofen) K3753 
L-Glutamin PAN (Aidenbach) P04-80100 
NaOH Sigma-Aldrich (Deisenhofen) S5881 
Matrigel growth factor reduced BD (Heidelberg) 356230 
Omeprazole Sigma-Aldrich (Deisenhofen) O104 
PBS PAN (Aidenbach) P04-36500 
Penicillin-Streptomycin PAN (Aidenbach) P06-07001 
Phenacetin Sigma-Aldrich (Deisenhofen) 77440 
Salicylamide Sigma-Aldrich (Deisenhofen) 860417 
Saponin Sigma-Aldrich (Deisenhofen) 47036 
RNase A Sigma-Aldrich (Deisenhofen) R5125 
Rifampin Sigma-Aldrich (Deisenhofen) R3501 
Sytox Green stain Invitrogen (Karlsruhe) S7020 
Sucrose Sigma-Aldrich (Deisenhofen) S9378 
Testosterone  Sigma-Aldrich (Deisenhofen) T6147 
Triton X Sigma-Aldrich (Deisenhofen) X100 
Trypsin /EDTA PAN (Aidenbach) P10-024100 
Versene Invitrogen (Karlsruhe) 15040033 
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Antibodies for Immunostaining 

 

Ligands for uptake function (LSECs) 

 

3.2.1 Chemicals used in the MN assay 
Chemical supplier Cat# 
2,4-dichlorophenol  

 
 
 
 
 
 
 
Sigma-Aldrich 
(Deisenhofen) 

120-83-2 
7,12-Dimethylbenzanthracene 57-97-6 
Aflatoxin B1 1162-65-8 
Ampicillin trihydrate 7177-48-2 
Benzo[a]pyrene 50-32-8 
Benzyl alcohol 100-51-6 
Curcumin 458-37-7 
Cyclohexanone 108-94-1 
Cyclophosphamide 6055-19-2 
Etopiside 33419-42-0 
Melamine 108-78-1 
Mitomycin C 50-07-7 
o-Anthranalic acid 118-92-3 
Sodium saccharin 128-44-9 
Sulfisoxazole 127-69-5 
Taxol 33069-62-4 
Tris(2-ethylhexyl)phosphate 78-42-2 
Urea 57-13-6 

Antibody (1st or 2nd) supplier Cat# 
AlexaFluor488-AcLDL Invitrogen (Karlsruhe) 

 
L23380 

AlexaFluor488-Goat anti mouse 11001 
AlexaFluor488-Goat anti rabbit A11034 
AlexaFluor488-Donkey and goat A11055 
Cy3 goat anti-rabbit IgG Dianova (Hamburg) 111-165-144 
Cy3 goat anti-mouse IgG 115-165-062 
Goat anti human MMR/CD206 R&D Systems (Wiesbaden) AF2534 
Mouse anti-AAT (B9) Santa Cruz Biotech 

(Heidelberg) 
Sc-59438 

Mouse anti-AFP(AFB-11)) Sc-51506 
Mouse anti-Ck 8 (C51) Sc-8020 
Mouse anti-Ck 18(DC-10) Sc-6259 
Mouse anti human CD31 Dako (Hamburg) M0823 
Mouse anti human CD32b (FcɣRIIB2) Fitzgerald (Acton, USA) 10R-

CD32EHU 
Mouse anti human vWF Dako (Hamburg) M0616 
Rabbit anti-albumin (anti-HASA) Sigma-Aldrich 

(Deisenhofen) 
A3293 

Rabbit anti human Stabilin-2 Atlas (Stockholm) HPA026871 

FITC-AGG Prepared at University of Tromso; Norway  
by Cristina Ionica Oie FITC-FSA 

FITC-Ovalbumin Invitrogen O23020 
FITC-Ulex europaeus aggluthinin I Sigma L9006 
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3.2.1 Solutions, media and buffers 

 

RPMI 1640       PAN Biotech (P04-17500) 

Promocell Hepatocyte Growth medium   Promocell (C-25010) 

Primary Hepatocyte Maintenance Supplements Life Technologies (CM4000) 

Williams-E medium      Sigma-Aldrich (W4125) 

 

upcyte® hepatocyte growth medium (HGM)  Medicyte (UH0-MG0-K500) 

upcyte® hepatocyte high performance medium  (HPM) Medicyte (UH0-ME0-0100) 

upcyte® LSECs medium (LGM)    Medicyte (UEls-MG0-100) 

 

stellate cell medium 

DMEM high glucoce (P04-03600) PAN (Aidenbach) 
+ FBS     fc. 20% 
+ Penicillin/Streptomycin  fc. 1000 U/ml;100 µg/ml 
+ L-Glutamine   fc. 2 mM 

 

Krebs-Henseleit-buffer (KHB) 

The contents of the Sigma KHB (K3753) and following chemicals were dissolved in 
900 ml distilled water: 
NaHCO3     2,1 g  
CaCl2 2H2O     0,175 g 
HEPES     5,958 g 
Adjust the pH to 7,4 and then make up to 1L. Filter and store up for 1 month at 4°C. 
 

McDowell buffer 

Glutaraldehyde (50%)    2 ml 
Formaldehyde (40%)    10 ml 
NaH2PO4 H2O     1,16 g 
NaOH      0,27g 
Distilled H2O     88 ml 
Filter and store up for 1 month at 4°C. 
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FACS solutions 

 
Stock solutions (storage temperature) 
 
Ethidium Monoazide Bromide (EMA) stock in EtOH (-20°C) 
 EtOH      5 ml  
 EMA dye     5 mg  (fc. 1 mg/ml) 
 
Sytox green in DMSO (-20°C) 
 sterile H2O     10,175 ml 
 Sytox (5mM)    250 µl  (fc. 120 µM) 
 
RNase A in sterile H2O (-20°C) 
 sterile H2O     50 ml  
 EMA dye     50 mg  (fc. 1 mg/ml) 
 
NaCl /Sodium citrate (10x) in H2O (4°C) 

sterile H2O    30 ml 
NaCl     175,2 mg (fc. 5,84 mg/ml) 
Sodium citrate   300 mg (fc. 10 mg/ml) 

 
Sucrose/citric acid (3x) in H2O (4°C) 

sterile H2O    90 ml 
Sucrose    25,68 g (fc. 285 mg/ml) 
Citric acid monohydrate  4,5 g  (fc. 50 mg/ml) 

 
 
Preparation for 12 samples 
 
EMA dye solution (300 µl/well) 

PBS + 2%FBS   3966 µl 
EMA stock    34 µl   (fc. 8,5µg/ml) 

 
Lysis 1 (500 µl/well) 

Milli Q water    2535 µl 
NaCl /Sodium citrate (10x)  659 µl  (fc. 0,584mg/ml / fc. 1mg/ml)  
RNase A stock   3250 µl  (fc. 0,5 mg/ml) 
Sytox green stock   65 µl   (fc. 1,2 µM) 
IGEPAL    2 µl   (fc. 0,3 µl/ml) 

 
Lysis 2 (500 µl/well) 

Milli Q water    4485 µl 
Sucrose/citric acid (3x)  1950 µl  (fc. 85,6 mg/ml / 15 mg/ml) 
Sytox green stock   65 µl   (fc. 1,2 µM) 
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3.3 Methods 

 

Cryopreserved primary HSCs were obtained from University of Brüssel (Belgium), a 

HeMiBio consortium partner. Different primary LSEC donors (sent in culture flasks at 

RT) for the upcyte® process were provided by Bard Smedsrod and Cristina Ionica Oie 

from the University in Tromso (Vascular Biology Research Group, Department of 

Medical Biology, Faculty of Health Sciences, Tromsø, Norway). Cryopreserved 

primary hepatocytes were from Xenotech LLC, Kansas, USA or CellzDirect, North 

Carolina, USA. Hepatocytes and LSECs were isolated from one fresh human liver 

biopsy according to the protocol described in chapter 3.3.1.  

 

 

3.3.1 Isolation of primary hepatocytes and LSECs from a human liver biopsy 

 

The isolation of primary hepatocytes and LSCEs is described briefly in this chapter. 

Cells were isolated from the liver by a 2-step collagenase digestion method. In the 

first step, the liver is perfused with an isotonic solution containing a calcium chelating 

agent to disrupt cell-cell tight junctions. The second step involves the perfusion with a 

solution containing collagenase which completes the separation of the hepatocytes 

from the liver stroma. This process creates a suspension of cells, which can be used 

in either in suspension or culture. The isolation method was based on literature 

references e.g. "Isolation and Culture of Primary Hepatocytes from Resected Human 

Liver Tissue” by LeCluyse and Alexandre [2010]. The liver piece was received on ice 

4 h after a partial hepatectomy (figure 3.1). 
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Figure 3.1 (A): Liver end piece  

The flow hood and all materials 
(buffer, needles, water bath etc) for 
liver perfusion were prepared under 
sterile conditions. The liver was 
received as an end piece, which is 
easier for perfusion. The liver was 
flushed through the visible veins with 
buffer (HBSS buffer containing EGTA 
and BSA) to "clean" the piece of 
remaining blood. 

 
Figure 3.1 (B): Liver perfusion 

The liver biopsy was perfused with a 
warm collagenase buffer via visible 
veins. After 20 – 30 min, indications of 
complete digestion were evident, such 
as softening of the parenchyma when 
probed gently, visual signs of 
structural breakdown (e.g., loss of 
distinctive surface texture and 
development of fissures), and 
enlargement of the tissue. 
 

 
Figure 3.1 (C): Completed liver perfusion 

When perfusion was complete, liver 
was removed from the perfusion 
chamber and transferred to a sterile 
dish. Warm medium was added to the 
dish and the piece of liver was placed 
face down in the medium. Cells were 
released from the tissue into the 
medium by "stroking" the tissue with 
forceps. The remaining tissue piece 
was placed on a filter, flushed and 
again to release as many cells as 
possible. 
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Figure 3.1 (D): Resulting cell suspension 

The resulting cell suspension was 
passed through meshes (1 mm, 500 
µm, 100 µm) several times to obtain a 
single cell suspension and remove 
tissue debris. The resulting cell 
suspension was then divided equally 
into sterile centrifuge tubes and 
centrifuged at low speed (90 ×g). The 
pellet contained the hepatocytes and 
the supernatant the NPCs 
(hepatocytes are much heavier than 
NPCs). These were separated and 
treated as two separate cell 
suspensions. 
 
Hepatocytes and NPC suspensions 
were washed several times and 
centrifuged at different speeds 
(hepatocytes 90×g and NPC 770×g). 
For purification both suspensions 
were passed through Percoll 
gradients. 
 
Hepatocytes were mixed with 50% 
Percoll and centrifuged at 90 ×g. The 
resulting pellet contained hepatocytes 
(the supernatant was discarded). 
 
To purify the NPCs, 50% Percoll was 
added to a tube and then a layer of 
25% Percoll was added. Finally, the 
NPC suspension was carefully layered 
on top of the 25% Percoll. After 
centrifugation at 90 ×g, the LSEC 
enriched fraction was collected from 
the interface between the Percoll 
layers.  
 

 
Figure 3.1 (E):Washing of hepatocytes and 

NPCs 

 
Figure 3.1 (F): Percoll gradient separation 
 

Figure 3.1 (A-F): Isolation of primary hepatocytes and LSECs from a human liver biopsy 

 
Hepatocytes were directly cryopreserved and a control culture (20.000 cells/cm²) was 

seeded out to analyze purity, attachment efficiency and morphology. The NPC 

fraction was seeded into culture plates and cultured overnight, after which, non-

attached cells and debris were washed away. LSECs were purified by FACS sorting 

after incubation with specific endocytosis markers and trypzination.  
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3.3.2 Induction of proliferation of primary cells using upcyte® technology 

 

Cells were genetically modified using upcyte® technology [patent WO 2009/030217]. 

12-15 optimal genes and gene combinations were selected which enable in vitro cell 

proliferation, without resulting in the emergence of tumor cells or cell lines [Burkard et 

al., 2012]. 

 

Briefly, primary hepatocytes were seeded at a density of 20.000 cells/cm² on 

collagen-coated plates in HPM. After 24 h, cells were transduced with viral particles 

containing the proliferation-inducing genes. After a further 24 h, medium was 

refreshed to remove debris from the cultures. The first island of growing upcyte® 

hepatocytes were visible after 4 weeks. During this time, medium was changed 3 

times a week. If the culture contained other cell types (e.g. fibroblasts), these cells 

were carefully removed by scraping  them off the plate (mechanical selection). The 

final purity of hepatocytes was > 95%, according to visual inspection of the entire 

plate. Once upcyte® hepatocytes were clearly evident in the cultures, they were 

trypsinized and re-seeded at a density of 10.000 cells/cm² and allowed to expand up 

to 80% confluence. Subsequent passages were performed using a seeding density 

of 5.000 cells/cm2. 

 

The upcyte® process with LSECs differed from that for hepatocytes. Primary LSECs 

were seeded on collagen-coated plates at a density of 20.000 cells/cm². They were 

transduced and started growing 2-3 days after transduction. They are transduced 3 

times in total; the 2nd and 3rd time after the cells reached confluence and then 

passaged at a density of 5.000 cells/cm². Serum-free medium was used for the 

transduction process; whereas, FBS was added to the medium for growing and 

confluent cultures. A growth curve for LSCEs from each donor was performed to 

evaluate their population doubling time and the stage at which they reach 

senescence. 

 

Primary HSCs were thawed and seeded (a) onto plastic 24-well plates at 10.000 

cells/cm² and 100.000 cells/cm², (b) on top of Matrigel at 10.000 cells/cm² and 

100.000 cells/cm² and (c) in suspension culture at 20.000 cells/ml and 200.000 

cells/ml (to maintain the quiescent state of the cells, which is not achieved with 
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normal cell culture plates). For suspension cultures, the plates were placed on a slow 

swinging tilting table in the incubator to prevent the cells becoming adherent (~1 

round in 2 sec). After 24 h, cells were transduced once. The method for subsequent 

passaging is described in chapter 3.3.3.3. 

 

3.3.3 Handling cell cultures 

 

All cells cultures were incubated at 37°C, under an atmosphere of 5% CO2 and 95% 

air, in a standard incubator.  

 

3.3.3.1 General culture, cryopreservation and thawing procedures 
 

In preparation for passaging, trypsin/EDTA (1x) solution, PBS (w/o Mg and Ca), 

versene (1x) and cell culture media were brought to RT. For upcyte® LSECs and 

hepatocytes, collagen-coated plates and dishes from BD were used. 

 

For cryopreservation, upcyte® cells were re-suspended in their respective culture 

media containing 20% FBS and 10% DMSO. Cells were transferred to cryovials (1 

ml/vial) and then placed in a Nalgene® “Mr. Frosty” freezing container, which was 

then placed in a -80°C freezer overnight before storage in liquid nitrogen. The 

method of freezing and thawing was confirmed to be optimal for upcyte® hepatocytes 

since the viability of the cells after thawing was always higher than 85% and the 

attachment efficiency was above 90%. The method was thus used for the other two 

upcyte® cell types. 

 

For thawing, a cryovial containing cells was taken out of the nitrogen tank and the 

medium and cells were completely thawed in a water bath maintained at 37°C. The 

outside of the cryovial was then wiped with ethanol and the vial transferred to a 

sterile flow hood. The thawed cell suspension was poured into warm (37°C) thawing 

medium and gently mixed. The cells were centrifuged (according to the cell type) and 

the supernatant was removed without disrupting the cell pellet. Cells were suspended 

in 1 ml warm culture medium, counted and diluted to the appropriate cell density and 

then plated. 
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Trypan blue exclusion method was used to assess cell viability and number. Cells 

were diluted in 0.05% Trypan blue solution (1:10 dilution) and added to a Neubauer 

chamber. Cells were counted within 3 to 5 min of mixing with Trypan blue, as longer 

incubation periods will lead to cell death and reduced viability. The unstained (viable) 

and stained (nonviable) cells were counted separately. 

 

The population doubling (PD) was determined as described below: where “seed” 

refers to the number of cells that were seeded and “yield” refers to the number of 

cells counted upon passage. 

2ln

ln
seedcellcount

yieldcellcount

PDlastPD   

 

3.3.3.2 Upcyte® LSECs 

 

When cells reached 80-90% confluence, upcyte® LSECs were rinsed with PBS (10 

ml for a 145 cm² culture dish) and then incubated for 10-15 min with 5 ml versene 

(1x) at 37°C. Versene is an EDTA solution used as a gentle non-enzymatic cell 

dissociation agent. If contaminating fibroblasts were present, they were easily 

removed by a gentle wash with Versene solution, while LSECs remained attached to 

the culture dish. Versene was aspirated and trypsin/EDTA (1x) was added (3 ml for 

145 cm²). After a 3 min incubation at 37°C, the plate was shaken gently to detach the 

cells from the plate. If necessary, the plate was incubated for an additional 5 min. 

Medium containing FBS was added to stop the trypsin activity (15 ml for 145 cm² 

culture dish). The cell suspension was aspirated, transferred to a Falcon tube and 

centrifuged for 5 min at 770 ×g. The supernatant was removed and the cell pellet was 

re-suspended in 1 ml medium. The cells were seeded at a density of 5.000 cells/cm². 

The PD was calculated to evaluate the growth curve. 
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3.3.3.3 Upcyte® HSCs 

 

HSCs were thawed and seeded into either (a) plastic 24-well plates, (b) on top of 

Matrigel or (c) in suspension cultures. 

 

The method using Matrigel was as follows: prior to thawing of the cells, Matrigel 

Matrix was thawed at 4°C on ice overnight and kept on ice until use (since it gels at 

room temperature). Cooled pipettes were used to mix the Matrigel to homogeneity. 

Culture plates were kept on ice and 25 μl Matrigel/cm2 was added to the growth 

surface (to obtain a thin layer of ~250 µm) and solidified for 4 h at 37°C [Gaca et al, 

2003]. For passaging, the medium was aspirated and the cells were released from 

Matrigel by incubating for 25 min in 10 mg/ml Dispase (in KHB) at 37°C. The 

suspension was aspirated and transferred into a 15 ml Falcon tube. Trypsin was 

added to the wells (for 3 min, 37°C) to remove the remaining adherent cells. Medium 

was added to stop the Trypsin activity, and the suspension was aspirated and added 

to the corresponding Falcon tubes. The suspensions were centrifuged at 90 ×g for 5 

min, and the supernatant was aspirated. The cells were then re-seeded at a density 

of 20.000 cells/cm2 to wells containing freshly coated Matrigel. 

 

For suspension culture, cells were centrifuged in a 15 ml Falcon tubes at 90 ×g for 5 

min. After resuspending the cells in fresh medium, they were counted and reseeded 

at a density of 20.000 cells/ml in fresh 24-well plates. HSCs cultured in an adherent 

state were passaged in the same way as upcyte® LSECs and seeded at a density of 

3.000 cells/cm² at each sub-passage. The PD was calculated to evaluate the growth 

curve. 

 

3.3.3.4 Upcyte® hepatocytes 

 

These cells were passaged when they reached approximately 80% confluence. 

Upcyte® hepatocytes cells were washed with 0.1% trypsin/ETDA (7 ml for a surface 

area of 145 cm²). After removing the trypsin immediately, fresh trypsin (3 ml for 145 

cm²) was added to the flasks, which were then incubated for 3 min at 37°C. After 

confirming that all cells were removed by light microscopy, medium containing 10% 

FBS was added to stop the enzymatic action of trypsin. The cell suspension was 
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removed and transferred to a 50 ml Falcon tube and then centrifuged at 90 ×g for 5 

min at RT. The supernatant was aspirated without disrupting the pellet. The cells 

were resuspended in 1 ml warm culture medium and then counted using Trypan blue 

exclusion. The cell suspension was then diluted to an appropriate density and 

seeded onto culture plates (figure 3.2). The population doubling (PD) was calculated. 

 

 
(A) 

 
(B) 

 
(C) 

Figure 3.2: Upcyte
®

 hepatocytes (A) 12 h after seeding, (B) 2 days after seeding with ~60% 

confluence, (C) 3-4 days after seeding with ~. 85% confluence, 10x amplification 

 

3.4 Characterization toolbox 

 

Different characterization tools were used for the three cell types. Upcyte® 

hepatocytes were characterized by immunostaining of cell specific markers and 

metabolic assays. Upcyte® LSECs were characterized by immunostaining of cell 

specific markers, uptake function and scanning electron microscopy. The quiescent 

state of upcyte® HSCs was assessed by RT-PCR.  

 

3.4.1 Growth curves 
 

The PD time of upcyte® hepatocytes has been established previously and was 

calculated to be approximately 48 h for all donors. Therefore, the PD time was not re-

calculated in these studies. 

 

The upcyte® technology was applied to primary LSECs from four donors, after which, 

the cells were passaged a number of times, during which the PD was routinely 

calculated. A culture flask was kept for further sub-culturing while the remaining cells 

were cryopreserved at approximately 0,5x106 cells/vial. The morphology of the LSEC 

cultures was assessed by light microscopy at each passage. The cells were 
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passaged until signs of senescence were evident, and then cryopreserved. The same 

handling was carried out for HSCs. 

 

3.4.2 Immunocytochemistry 
 

Detection of hepatocyte-specific markers 

After applying the upcyte® process and passaging until a PD of 5 was reached, cells 

were seeded into a 96-well culture plate and cultured for 24 h (10 wells, 2 for each 

marker, 50.000 cells/well). Cells were washed twice with PBS and then fixed using 

ice cold 100% methanol (pre-cooled to -20°C) for 2 min. The methanol treatment 

fixes the cells and creates small pores in the cell membrane, allowing the antibodies 

to get access to intracellularly located epitopes. After washing three times with PBS, 

cells were blocked using 3% BSA in PBS for 20 min. For detection of the markers, 

fixed cells were incubated in 0.2% BSA in PBS (washing buffer) for 30-45 min at 

37°C with the respective dilutions of antibodies: anti-HSA (1:500); anti-AAT (1:50); 

anti-AFP (1:50); anti-Ck 8 (1:50); and anti-Ck 18 (1:50). Wells were washed again 

three times with washing buffer and incubated for 30 min at 37°C with the respective 

secondary antibody. Goat anti-rabbit-IgG-Cy3 is used for HSA and goat anti-mouse-

IgG-Cy3 is used for all other markers (at a working solution of 1:200 in 0,2% BSA in 

PBS). The secondary antibody medium contained DAPI (fc. 0,6 µg/ml) to visualize 

nuclei. After washing the cells three times in washing buffer, cells were analysed 

using a fluorescence microscope. 

 

Detection of LSEC-specific markers (confocal microscopy) 

Upcyte® LSECs were seeded into Permanox 8-well chamber slides (0,8 cm²) at a 

density of 5.000 cells/cm². The cells were washed one time with PBS and fixed with 

ice cold 100% methanol for 10 min, followed by three more washes with PBS. Non-

specific binding sites were blocked by incubating the cells for 30 min with 0,4 ml/well 

of 1% PBSA containing 0,3 % Triton X. The same blocking buffer solution was used 

for preparing the working concentrations of the primary and secondary antibodies. 

The cells were incubated for 1 h at RT with the respective dilutions of primary 

antibodies: rabbit anti-human Stabilin-2 (1:100); goat anti human MMR (1:40); mouse 

anti-human CD32b (1:100); Mouse anti-human CD31 (1:150); Mouse anti-human 

vWF(1:300), and with FITC-UEA (1:100). For the negative controls, serum of the non-

immune or pre-immune animal, or secondary antibodies only, were used instead of 
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the primary antibody. The concentration of the substitute was the same as the 

concentration of the primary antibodies. Cells were washed three times for 5 min with 

PBS at RT. From the point of addition of the secondary antibodies all further steps 

were performed protected from light.  

 

Cells were incubated in 1% PBSA with 0,3% Triton X for 1 h at RT with the respective 

dilutions of secondary antibodies (100 µl/well): AlexaFluor488-Goat anti-rabbit 

(1:250), AlexaFluor488-Donkey and goat (1:250) and AlexaFluor488-Goat anti-

mouse (1:250). Cells were then washed three times with PBS for 5 min at RT. The 

nuclei were subsequently stained for 5 min at RT with a solution of DRAQ-5 in PBS 

(1:1000). Cells are washed again two times with PBS and the PBS removed and 

replaced with water. The chambers were detached from the slides, DAKO fluorescent 

mounting medium was added and glass coverslips were placed on top for confocal 

microscopic evaluation. Slides were dried for approximately 30 min and then sealed 

with clear nail polish. 

 

3.4.3 Metabolism studies 
 

The phenotype of upcyte® hepatocytes was analysed using immunohistostaining and 

metabolism studies, as described by Burkard et al [2012]. Briefly, upcyte® 

hepatocytes, PD 5, were seeded at 30.000 cells/cm³ in a 48-well plate in HPM. The 

cells were allowed to grow for 96 h (one medium change) and were either untreated 

(control) or induced with rifampin (f.c. 20µM) or omeprazole (f.c. 50µM). The inducers 

were dissolved in DMSO and the final concentration was 0,1% - concurrent control 

incubations were 0,1% DMSO. The cells were treated 3 times over 72 h with the 

inducers or vehicle controls, adding fresh medium with inducers every 24 h. Activities 

of CYP1A2 and CYP3A4 were measured by incubating cells with the substrates, 

phenacetin (26 µM for 1 h) and testosterone (250 µM for 30 min), respectively, in 

KHB. Supernatant with metabolites were analyzed using HPLC.  After removal of the 

remaining supernatant, cell proteins were dissolved in 0,2 ml 0,1 M sodium 

hydroxide. Protein amount per well was determined using the "Pierce Kit" from 

Thermo Scientific (Cat# 23227). 
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3.4.4 Scavenger receptor-mediated endocytosis (uptake function) 
 

For in vitro receptor mediated endocytosis, adherent upcyte® LSECs were incubated 

with fluorescent-labeled ligands, fixed and determined under confocal microscopy. 

Cells were seeded into Permanox 8-well chamber slides (0,8 cm²) at a density of 

5.000 cells/cm². The cells were starved of FBS for 3,5 h at 37°C prior endocytosis. 

The endocytosis was carried out by incubation the cells for 1 h with a final 

concentration of 20 µg/ml FITC-FSA, FITC-Ovalbumin, FITC-AGG and Alexa488-

AcLDL (prepared in serum-free medium containing 1% HSA). After this time, the cells 

were protected from light. The cells were washed three times with PBS to remove 

excess ligands and then fixed with 4% paraformaldehyde for 10 min at RT. Cells 

were washed twice with PBS, which was replaced with water. The chambers were 

detached from the slides, DAKO fluorescent mounting medium was added and the 

glass coverslips were placed on top of the samples for confocal microscopic 

evaluation. Slides were dried for approximately 30 min and then sealed with clear nail 

polish. 

 

3.4.4 Fenestrations 
 

For fenestration determination, upcyte® LSECs were seeded at a density of 5.000 

cells/cm² in a collagen coated 12-well plate. It is very important to seed the cells at a 

low density to allow full exposure of the cytoplasm expressing the fenestrations. After 

2 days of culture, cells were fixed for at least 2-3 h with McDowell's buffer (a solution 

containing paraformaldehyde and glutaraldehyde). The fixative was removed by 

washing with PBS and the bottom of the wells were cut out using a milling machine. 

The samples were subjected to a series of processes for dehydration and coating 

with gold (specimens must be electrically conductive), performed by the staff at the 

Electron Microscopy department at the University of Tromsø, Norway. Scanning 

electron microscopy was employed for evaluation of the presence of fenestrations.  
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3.4.5 Tube formation assay 
 

Matrigel basement membrane was thawed overnight at 4°C one day prior to the 

experiment. Pre-cooled pipettes and 96-well plates were used and during pipetting, 

all plates and tubes were kept on ice. A volume of 50 µl Matrigel was added to each 

well and care was taken to avoid the formation of air bubbles. The plate was placed 

at 37°C for 30 min to allow the Matrigel to set. Upcyte® LSECs in different densities 

(12.500 cells/cm², 25.000 cells/cm² and 50.000 cells/cm²) were added in 100 µl 

medium on top of the Matrigel. After 7 h, cells were stained with Calcein AM (f.c. 17 

µg/ml in medium), 50 µl/well, for 2-3min. Staining solution was aspirated and 100 µl 

PBS was added. The cellular network structure was visualized using a fluorescence 

microscope (Excitation: 495 nm, Emission: 515 nm) directly after staining.  

 

3.4.6 PCR analysis 
 

For the analysis of GPR91, ACTA1 and PLIN-2 gene expression, RNA was isolated 

from primary and upcyte® HSCs during expansion using the RNeasy Kit from Qiagen 

(Qiagen, Hilden, Germany). The concentration of RNA was determined by measuring 

the absorbance at 260 nm and 280 nm on a Nanodrop. cDNA was synthesized from 

1 to 2 μg RNA using Superscript III RT according to the supplier’s instructions (Life 

Technologies, California, USA). cDNA was mixed with primers and 2x QuantiTect 

SYBR Green master mix according to the protocol from Qiagen. The primers were in 

5′ to 3′ orientation: GPR91; SUCNR1 = forward: CTTCCAACAGAATGGTTATGGT, 

reverse: ACAATGGTATTTCCAAGGACTC, ACTA1; aSMA = forward: 

TGACCCAGATCATGTTTGAGA, reverse: TCATAAATGGGCACGTTGTG, PLIN-2; 

ADRP = forward: TGCACTCACCAAATCAGAGC, reverse: 

TGGCTTCTGAACCAGATCAA and as a reference gene GAPDH = forward: 

CTCTCTGCTCCTCCTGTTCG, reverse: ACGACCAAATCCGTTGACTC. The 

Realtime PCR was run on a Rotor Gene Q (Qiagen) with the following cycling 

conditions: 95°C for 15 min initial denaturation, then cycling 94°C for 15 sec, 55°C for 

30 sec and 72°C for 30 sec. The purity of PCR products was confirmed by melt curve 

analysis. All Ct values were normalized to GAPDH. The relative expression of mRNA 

species was calculated using the delta-delta Ct algorithm [Livak and Schmittgen, 

2001]. 
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3.5 Methods to measure micronuclei formation 

 

The cells were seeded at different densities in 24-wells plates. For the Upcyte® 

hepatocytes in the MN tests, it was important to find a compromise between the 

ability to proliferate and the capacity to metabolize test compounds. Upcyte® 

hepatocytes do not need an exogenous metabolizing system (S9) and a NADPH 

regeneration system like other cells (e.g. V79). Based on the cytotoxicity (using the 

MTT-Test) of the chemical in upcyte® hepatocytes, appropriate concentration ranges 

for each substance were determined for use in the main MN assay. The highest 

concentration recommended for the MN test is the concentration which causes a 

toxicity of 50-60%.  

 

3.5.1 Experimental procedure to measure MN 
 

Upcyte® hepatocytes with a PD of 20-25 were used for these studies, unless 

otherwise specified. The number of PDs was calculated at each passage. Upcyte® 

hepatocytes were thawed according to protocol and seeded at a density of 5.000 

cells/cm² in HGM. The medium was replaced 24 h later and the cells cultured for a 

further 7-9 days. The cells were then trypsinized and seeded into 24-well plates at a 

seeding density of 25.000 cells/cm² (for initial experiments) and 3.000 cells/cm² (for 

all other experiments) in a volume of 0,5 ml medium (HGM, unless otherwise 

specified). 

 

After a 3 day pre-culture period, medium was replaced with HGM medium containing 

test compounds or vehicle control. After 72 h cells were treated with different 

chemicals that are known to be genotoxic (group I), non genotoxic (group II) and 

false positives (group III). The treatment period varied between 8 h and 96 h, and 

treatment durations longer than 48 h consisted of two dosing days (at 0 h and 48 h). 

For some experiments, the cells were allowed to recover for up to 96 h (the medium 

was replaced after 48 h). Stock solutions and serial dilutions of solid and liquid test 

chemicals were prepared in DMSO. The highest concentration of test compound was 

set at 5 mg/ml or 2% (v/v) (final concentration) or the highest concentration not 

exceeding 60% cytotoxicity; and the highest DMSO concentration was 0,5%. After 

the treatment/recovery period cells were prepared for FACS analysis. 
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3.5.2 MN staining and FACS analysis 
 

The required amount of EMA stain, Sytox green and RNAse was thawed and the 

solutions prepared. Flow cytometry was performed according to Bryce et al, [2007, 

2008]: (1) Culture medium was aspirated and the cells were washed with a small 

amount of warm serum-free medium and aspirated again. (2) The closed plate was 

placed on ice for 20 min. It was important to make sure that the complete lower 

surface had contact with the ice. (3) A volume of 300 µl of EMA dye solution was 

added to each well, making sure that the surface was covered with the solution. (4) A 

cool bright white light was placed approximately 15 cm above the open plate to 

photoactive the EMA stain. The plates were incubated for another 30 min, still on ice. 

(5) Light was switched off and 1 ml cold PBS containing 2% FBS was added to each 

well. The solution was aspirated again. (6) A volume of 500 µl of lysis 1 buffer (RT) 

was added to each well. The plate was closed and shaken gently to make sure that 

the solution covered the entire surface. The samples were incubated for 1 h at 37°C 

and 0% CO2 in the dark. From this point on the samples were kept away from light. 

(7) Counting beads solution was vigorously mixed and 1 drop per 10 ml lysis 2 was 

added. The solution was repeatedly mixed to prevent the beads sedimenting. A 

volume of 500 µl was added to each well, the plates were covered, gently mixed and 

incubated for another 30 min at RT in the dark. (8) After 30 min, the samples were 

transferred to FACS tubes. The suspension in the wells was gently mixed by pipetting 

up and down before transferring. Samples were then stored at 4°C until FACS 

analysis, which was carried out within one day of the cell harvest/staining/lysis 

procedures (figure 3.3). 
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Figure 3.3: Preparation scheme for FACS analysis 

 

The staining scheme is a two-step procedure: In the first step, the nuclei of the 

necrotic and apoptotic cells were stained with the dye EMA, this dye easily passes 

through the porous cell membrane (nuclei/cells called EMA positive (EMA+)). In the 

second step, a detergent, IGEPAL, induced the lysis of the cell wall and RNAse 

degraded all RNA, while Sytox Green stained the DNA of the nuclei and MN. These 

are the so-called healthy cells (“nucleated cells”) and the cells with MN (see figure 

3.4). In order to measure the number of cells present and their viability, counting 

beads were added to Lysis buffer 2 (1 drop of counting beads/10 ml Lysis buffer) as 

an internal standard to calculate the ratio of healthy nuclei and beads. 
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Figure 3.4: Staining steps of the cells for the FACS preparation in detail: 

Dye EMA and Sytox Green are used to differentiate between the 

necrotic/apoptotic cells and the healthy cells with or without micronuclei 

[modified after In vitro MicroFlow
®

 instruction Manual, Litron 

Laboratories]. 
 

 

Analysis  

Before the FACS measurements, a template was prepared. In this template, different 

displays and axes were chosen which are important for the analysis. The template 

was made according to Bryce et al. [2007, 2008]. Within each experiment the 

template was adjusted to the medium control (axes and gates) but the one cell type 

normally has the same template throughout all experiments. The template stayed the 

same throughout one experiment so that the results could be compared. A minimum 

of 5.000 events were scored if there were a lot of “healthy” nuclei in the sample and 

up to 20.000 events were counted to obtain a representative result. For the 

measurement, the solution in the FACS tubes was resuspended by vortexing 

immediately before analysis.  
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Data acquisition was accomplished with a single-laser flow cytometer set at 488 nm 

excitation (FACS-Calibur, BD Biosciences, San Jose, CA). Instrumentation settings 

and data acquisition/analysis were controlled with CellQuest software v3.3 (BD 

Biosciences). SYTOX-associated fluorescence emission was collected in the FL1 

channel (530/30 band-pass filter), and EMA-associated fluorescence was collected in 

the FL3 channel (670 long-pass filter). Events were triggered on FL1 fluorescence 

(figure 3.5).  

 

 

Figure 3.5: Bead Count Plot: 

granularity vs intensity EMA (log) 

R1 = all events 

R2 = beads 
 

In this plot all events are seen, including the healthy 

nuclei, micronuclei, beads and nuclei of necrotic/ 

apoptotic cells. 

On the top right are the healthy cells, bottom right the 

beads and down left MN and DNA fragments. 

 

 

Figure 3.5: Plot A 

Size vs. granularity (log) 

R3 = all events without beads 

 
The outside gate (left and down) define the size of the 

nuclei. Nuclei should be > 10
1
 (size) and >10

0
-10

1
 

(granularity). Rest are cells fragments. 

The inside gate (top right) is a guide value of B&D. The 

nucleated cells should lie within this gate (size and 

granularity > 10
2
-10

3
). 

 

 

Figure 3.5: Plot B 

Sytox Green vs. counts (linear) 

R4 = cell cycle 

 
X-axis is sytox green (FL1-A), only nucleated cells and 

MN are shown. The cell cycle is shown with  

G1(left peak), S (middle) und G2M (right peak). 

 

 

Figure 3.5: Plot C 

Sytox Green (log) vs. counts (linear) 

R5 = cell cycle 

 
The cell cycle shown on a logarithmic axis. Every count 

starting from 10
1
 (FL1-H) to the first G1 peak is a MN. 
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Figure 3.5: Plot D 

EMA vs. Sytox (log) 

R6 = EMA positive nuclei (right down) 

 
Healthy nuclei with MN (left top) are separated from the 

EMA+ (right down).  

 

 

Figure 3.5: Plot E 

Sytox Green vs. granularity (log) 

 
Further representation to clean out all events, which are 

not MN or healthy nuclei (outside the gate). 

 

Figure 3.5: Plot F 

Sytox Green vs. size (log) 

 
Further representation to clean out all events, which are 

not MN or healthy nuclei (outside the gate). 

 

Figure 3.5: Plot G 

Sytox Green vs granularity (log) 

 
MN are separated from the healthy nuclei (triangle) with 

a gate. All events in these two gates are counted either as 

healthy nuclei or MN and give the percentage of MN in 

one sample. 

 

Figure 3.5: FACS measurement in detail (Bead count Plot, Plot A- Plot G) 

Legend: 

SSC  sideward scatter (granularity) 

FSC  forward scatter (size) 

FL1  fluorescence 1 (intensity Sytox Green) 

FL3  fluorescence 3  (intensity EMA) 

H   height of a peak 

A   area of a peak 
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For analysis, the number of beads, nucleated cells, EMA+ and the number of MN are 

important. The cytotoxicity was calculated from the ratio of nucleated cells to beads. 

The number of MN in the medium control was set to 100% MN. The medium control 

results were also used to set 100% viability.  

 

3.6 Co-culture liver model 

 

Upcyte® hepatocytes (Donor 422a) and LSECs (Donor 3) were thawed and pre-

cultured for 3 days before adding them to the 96-well plates to give them enough 

time to recover from the freeze-thaw process. Cells were cultured as (a) mono- or co-

cultures on collagen-coated plates or (b) as mono-cultures of LSECs and co-cultures 

in Matrigel. Triplicate samples were incubated in a 96-well plate. Matrigel coating was 

performed the same way as for the tube formation assay. Medium chosen for all 

cultures was serum-free LSEC medium since this was suitable for both cell types; 

whereas, upcyte® LSECs did not grow well in HPM (data not shown). The seeding 

density of upcyte® LSECs in (a) and (b) was 4.000 cells/well; whereas, the seeding 

density of upcyte® hepatocytes in (a) and (b) was 18.500 and 50.000 cells/well, 

respectively. Upcyte® LSECs were seeded in all 3 culture formats one day prior to the 

addition of upcyte® hepatocytes. After both cell types were seeded, they were 

cultured for an additional 3 days to adapt before they were treated for 72 h with 

APAP (single dose treatment). Concentrations of APAP used were 0 (control); 0,1; 1; 

2; 5 and 10 mM. Each stock solution of APAP was dissolved in DMSO and was made 

freshly for the experiment. The final DMSO concentration in the medium was 0,1%. 

 

Endpoint measurements performed after treatment were the following: ATP content 

(CellTiter-Glo Luminescent Cell Viability assay, Promega #G7572) and MTS 

(CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, Promega #G5430). 

The assays were carried out according to the protocols provided by the suppliers. 

The morphology of upcyte® LSECs and upcyte® hepatocytes under light microscopy 

pictures was recorded at the end of the 72 h incubation with APAP. 



RESULTS 

 -60- 

4. Results 

The upcyte® technology was applied to human primary LSECs, HSCs and 

hepatocytes to produce cultures from all three liver cell types with extended 

proliferation capacity whilst maintaining differentiated functions. Upcyte® cells were 

then characterized during expansion with respect to their differentiation markers and 

compared to primary cells. Co-culture experiments with upcyte® LSECs and 

hepatocytes were performed to evaluate their potential as novel and predictive 

culture systems for cytotoxicity. In addition, upcyte® hepatocytes were evaluated for 

their application to the in vitro MN assay, to predict the genotoxic potential of test 

compounds.  

 

4.1 Generation of upcyte® LSECs 

 

Of the 8 batches of primary human LSECs, the upcyte® process was successful with 

cells from 4 donors. The successfully upcyted cells were received directly after 

isolation with a maximal transport time of 48 h. The cells for which the upcyte® 

process was unsuccessful were either a long time in transit between laboratories (2-4 

days) or the pre-culture times were longer than 48 h (figure 4.1). It was therefore 

concluded that a short transport duration and pre-culture period (less than 48 h) were 

needed for the generation of upcyte® LSECs. 

 

 

Figure 4.1: Primary human LSECs in culture showing 

damaged cytoplasm due to delayed transportation (>2 days). 

These cells were not suitable for the upcyte
®
 technology. 
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4.1.1 Upcyte® process 

 

After receiving the cells, their morphology and density were monitored by light 

microscopy. The medium was refreshed and the cultures were incubated overnight to 

recover. The next morning, LSECs were transduced with the growth-inducing genes 

[Burkard et al., 2012]. Control cells were not transduced with growth-inducing genes. 

Non-transduced cells could not be passaged due to lack of proliferation (data not 

shown).  

 

 
(A) LSECs directly after upcyting; arrows 

indicate growing cells between primary LSECs. 

 
(B) upcyte

®
 LSECs in the growing phase (red 

arrows). 

 
(C) upcyte

®
 LSECs at 100% confluence.  

 

 
(D) upcyte

®
 LSEC culture with signs of senesence 

(e.g. flat morphology and a lack of new cells) 

 

Figure 4.2: Morphology of upcyte
®
 LSECs at different stages of expansion: (A) directly after 

application of the growth-inducing genes; (B) in the growing phase; (C) when confluent; (D) 

when senescent. 

 

The primary LSECs had an elongated morphology with extended cytoplasm. 

Proliferation started 1-4 days after the upcyte® process was applied. The new cells 

grew next to the primary cells as an island of smaller cells, with a more compact 
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4.1.2 Characterization of upcyte® LSECs 

 

Upcyte® LSECs from Donors 2, 3 and 6 were characterized during expansion at 

various growth stages.  

 

General endothelial markers, such as vWF and CD31 expression, as well as the 

ability to form tubes in Matrigel were analyzed. The LSEC-specific markers, MR, 

FcɣR and HA/S-R, were measured using immunocytochemistry. The functionality of 

the upcyte® LSECs was tested according to their ability to take up specific ligands by 

endocytosis via the MR, FcɣR2BII (CD32b) and HA/S-R (Stabilin 2) receptors. In 

addition, the presence of stabilin 1 receptor, present on all types of endothelial cells, 

was measured using the uptake of Alexa488-AcLDL. In addition, upcyte® 

microvascular endothelial cells were tested as a negative control for LSEC-specific 

receptor staining and uptake function (data not shown). The presence of 

fenestrations, a typical morphologic characteristic of upcyte® LSECs, was assessed 

by scanning electron microscopy (SEM).  
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4.1.2.1 Endothelial cell marker 
 

vWF was present in upcyte® LSECs cultures from all donors tested. This marker was 

evident as punctate structures that were more intense around the nucleus, indicating 

its presence in the endoplasmic reticulum (represented in upcyte® LSECs from Donor 

2 PD12 in figure 4.4). CD31, a common endothelial cell marker, was also present in 

all cells investigated and showed a typical membrane localization in upcyte® LSECs 

from all three donors (represented in upcyte® LSECs from Donor 3, PD 10,5, in figure 

4.4). Lectin (UEA-1) was strongly expressed in all donors and PDs tested 

(represented in upcyte® LSECs from Donor 6, PD 16,7 in figure 4.4) .  

 

vWF, CD31 and UEA-1 

 
(A) vWF (D2 PD12) 

 

 
(B) CD31 (D3 PD10,5) 

 
(C) UEA-1 (D6 PD16,7) 

Figure 4.4: Representative immunostaining of upcyte
®
 LSECs for (A) vWF in LSECs from 

Donor 2, (B) CD31 in LSECs from Donor 3 and (C) UEA-1 in LSECs from Donor 6  

 

 

The ability to form tubes in Matrigel is another important endothelial cell characteristic 

and this function was analysed in upcyte® LSECs at different densities. A seeding 

density of 12,500 cells/cm² was found to be optimal, since these upcyte® LSECs 

formed tubes from single cells, as shown in figure 4.5. At higher seeding densities, 

tubes were formed from more than one cell. Figure 4.5 shows representative tube 

formation of LSCEs from Donor 6 at doubling PD of 9. Upcyte® LSECs from other 

donors (2 and 3) formed similar tubes under these conditions (data not shown).  
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(A) morphology (left) and Calcein AM staining (right) at a density of 12.500 cells/cm² 

  
(B) morphology (left) and Calcein AM staining (right) at a density of 25.000 cells/cm² 

  
(C) morphology (left) and Calcein AM staining (right) at a density of 50.000 cells/cm² 

 

Figure 4.5: Tube formation assay with upcyte
®
 LSECs from Donor 6, PD9, in Matrigel at 

different seeding densities (A)-(C); left side non stained, right side stained with Calcein-AM. 

 

4.1.2.2 Immunofluorescence staining of LSEC-specific receptors 
 

To test the presence of LSEC-specific endocytosis receptors, upcyte® LSECs from 

Donors 6 and 7 were stained for the presence of three main receptors, FcɣR2BII, 

HA/S-R and MR. Upcyte® LSECs from Donor 3 were also stained; however, there 

was too much non-specific staining, making it difficult to evaluate the presence of the 
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receptors in these cultures (data not shown). There was a high expression of MR and 

Fcɣ-R in upcyte® LSECs from Donors 2 and 6 (figure 4.6). The staining of HA/S-

receptor was visible, but not in all cells. 

 

 
FcɣR2BII (CD32b) 

(A) Donor 2-PD12 

 
FcɣR2BII (CD32b) 

(B) Donor 6-PD16,7 

 

 
HA/S-R (Stab2) 

(C) Donor 2-PD12 

 

 

 
HA/S-R (Stab2) 

(D) Donor 6-PD16,7 

 
MR 

(E) Donor 2-PD12 

 
MR 

(F) Donor 6-PD16,7 

 

Figure 4.6: Immunostaining of the FcɣR2BII (A-B), HA/S-R 

(C-D) and MR (E-F) in upcyte
®
 LSECs from Donor 2 (A,C 

and D) and Donor 6 (B, D and F) 
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4.1.2.3 Scavenger receptor-mediated endocytosis (uptake function) 
 

The functional test of receptor-mediated endocytosis was performed by adding 

fluorescent-labelled ligands to the medium and fixing the cells after incubation in 

order to visualize how much of the label had been taken up. The following ligands 

were used: Alexa488-AcLDL (SR-A), FITC-FSA (HA/S-R), FITC-AGG (FcɣR2BII) and 

FITC-mannan, DTAF-collagen-α-chains and FITC-ovalbumin (all three for MR). 

 

Alex488-Ac-LDL, a ligand of the SR-A, was taken up by upcyte® LSECs from all three 

donors investigated. This receptor is not specific for LSECs but is expressed in all 

endothelial cell types (figure 4.7). 

 

SR-A (Alexa488-AcLDL) 

 
(A) Donor 2-PD12 
(Specific uptake, but also a lot of 

non-specific binding to the plate) 

 

 
(B) Donor 3-PD10,5 
 

 
(C) Donor 6-PD16,7 
 

Figure 4.7: Uptake of ligand Ac-LDL, indicating the presence of the SR-A, a common EC 

receptor, in upcyte
®
 LSECs from three donors (A-C). 
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FITC-FSA is a ligand for the HA/S-receptor and, although uptake was evident in 

upcyte® LSECs from Donor 3, it could not be demonstrated in upcyte® LSECs from 

Donors 2 and 6 (figure 4.8). 

 

HA/S-R (FITC-FSA) 

 
(A) Donor 2-PD12 

 

 
(B) Donor 3-PD10,5 

 
(C) Donor 6-PD16,7 

Figure 4.8: Uptake of ligand FITC-FSA, indicating the presence of the HA/S-receptor (Stab2) 

in upcyte
®
 LSECs from three donors (A-C). 

 

 

To test the functionality of the LSEC-specific MR, three different ligands were used. 

Uptake of FITC-mannan and DTAF-collagen α-chains into upcyte® LSECs from 

Donor 3 was shown in initial experiments (figure 4.9). However, as the staining with 

these ligands was weak, FITC-ovalbumin was used for more extensive studies with 

upcyte® LSECs from Donors 2 and 6. Although not as extensive as in primary LSECs 

(data not shown), all upcyte® LSECs showed functional uptake via MR. 
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MR (different ligands) 

 
(A) FITC-mannan  

Donor 3-PD10,5 

 
(B) DTAF-collagen-α-chains 

Donor 3-PD10,5 

 
(C) FITC-Ovalbumin 
Donor 2-PD12 

 

 
(D) FITC-Ovalbumin 

Donor 6 PD16,7 

Figure 4.9: Uptake of different ligands, indicating the presence 

of the MR in upcyte
®
 LSECs from all three donors. 

 

Very little uptake of FITC-AGG, the ligand for the FcɣR2BII, was evident in upcyte® 

LSECs from Donor 2, while clear, perinuclear staining characteristic for uptake was 

observed in upcyte® LSECs from Donors 3 and 6 (figure 4.10). 

 

FcɣR2BII (FITC-AGG) 

 
(A) Donor 2-PD12 
 

 
(B) Donor 3-PD10,5 

 

 
(C) Donor 6 PD16,7 

 

Figure 4.10: Uptake of ligand FITC-AGG, indicating the presence of the FcɣR2BII (CD32b) 

in upcyte
®
 LSECs from all three donors (A-C) 
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4.1.2.4 Presence of fenestrations 
 

Upcyte® LSECs were seeded at a low density, fixed after 3 days in culture and 

prepared for SEM. Fenestrations in primary LSECs are lost after a maximum of 24 h 

culture in vitro. Therefore, it was not expected that upcyte® LSECs show 

fenestrations or signs of “sieve plates”, which was confirmed by SEM studies (figure 

4.11) 

(A) 

(B) 

Figure 4.11: Scanning electron microscope picture of upcyte
®

 

LSECs from Donor 6: pictures have different magnifications ((A) 

overview) but no sieve plates and fenestrations were visible (B) 
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4.2 Generation of upcyte® HSC 

HSCs are in a quiescent state under physiological conditions in vivo but are activated 

as a result of liver damage. In culture, HSCs are activated upon contact with the 2D 

plastic growth surface. It has been reported that HSCs become quiescent when they 

are cultured in Matrigel or in suspension [Friedman, 1989]. Therefore, the upcyte® 

procedure was performed on cells that were thawed and directly seeded into either 

non-treated dishes, Matrigel or suspension culture. 

 

4.2.1 Upcyte® process 

 

Primary HSCs grew as monolayers on untreated plastic culture plates and exhibited 

the fibroblast-like morphology of activated HSCs (figure 4.12). In some areas, HSCs 

formed aggregates that most likely developed from smaller aggregates of cells which 

were not separated after trypsinization (figure 4.12). Upcyte® HSCs also grew on 

non-treated plastic culture plates. When cultured in Matrigel, HSCs formed spheroids 

of different sizes. There were also cells that had attached and spread out on the 

bottom of the plate, probably as a result of migration through the Matrigel. Control 

non-transduced HSCs did not proliferate in Matrigel, as determined by counting cells 

isolated from the Matrigel after 10 days. Suspension cultures of HSCs behaved in a 

similar fashion to those cultured in Matrigel in that they also formed spheroids of 

different cell densities and sizes but these spheroids did not grow. After 17 days, only 

few viable cells were left in the suspension cultures.  
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(A) HSC on untreated plastic 

culture plates, low density 

(B) HSC on untreated plastic 

culture plates, hight density 

  
(C) HSCs on Matrigel, 

low density 

(D) HSCs on Matrigel, 

high density 

  
(E) HSCs in suspension culture,  

low density 

(F) HSCs in suspension culture,  

high density 

 

Figure 4.12: Primary HSCs 24 h after thawing on normal plastic cell 

culture dishes (a-b), in Matrigel (c-d) and in suspension culture (e-f) with 

low density (left - 10.000 cells/cm² for plastic plates and Matrigel, 20.000 

cells/ml for suspension cultures) and high density (right - 100.000 

cells/cm² for plastic plates and Matrigel cultures, 200.000 cells/ml for 

suspension cultures) 

 

A growth curve was recorded for cells proliferating on non-treated plastic culture 

dishes in order to determine which of the gene combinations selected resulted in the 

highest cell growth. Two of the four upcyte® gene combinations resulted in an 

extended proliferation of transduced HSCs with an average PD time of 124 h (figure 

4.13). 
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4.3 Generation of upcyte® hepatocytes 

Primary human hepatocytes do not grow in vitro; therefore, the upcyte® technology 

was applied, as described by Burkard et al. [2012]. After generation of proliferating 

upcyte® hepatocytes, cells were grown up to PD5 for characterization. 

 

4.3.1 Upcyte® process 

 

 
(A) primary human hepatocytes 

 
(B) cells start to grow after applying the 

upcyte
®
 process 

 
(C) upcyte

®
 hepatocytes after the first passage 

 

 
(D) upcyte

®
 hepatocytes at 100% confluence 

 

Figure 4.15: Upcyte
®

 process with hepatocytes: (A) One day after seeding primary hepatocytes 

at a density of ~20.000 cells/cm
2
 (B) Five weeks after transduction with the upcyte

®
 genes (C) 

After a further 2 weeks, cells were passaged (D) Cells at a 100% confluence showed typical 

cobblestone morphology. 
 

One day after seeding primary hepatocytes at a density of ~20.000 cells/cm2 onto 

collagen coated plates cells showed typical hepatocyte morphology (figure 4.15 (A)). 

Five weeks after transduction with the upcyte® genes, the first island of growing 

hepatocytes were observed (figure 4.15 (B)). After a further 2 weeks, cells were 

passaged and seeded at a density of ~10.000 cells/cm2 (figure 4.15 (C)). Cells at a 

100% confluence showed typical cobblestone morphology (figure 4.15 (D)). After 5 
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PDs, ~5 million cells were generated and characterization was performed. The 

proliferation rate was constant at a PD time of ~ 48 h. 

 

4.3.2 Characterization of upcyte® hepatocytes 

 

Hepatocyte-specific expression and function of upcyte® hepatocytes were measured 

by analyzing a number of markers which have been extensively described in defining 

adult differentiated hepatocytes [Liu et al., 2004]. These included the presence of 

AAT, Ck 8, Ck 18, HSA and the absence of AFP. A requirement of alternatives to 

primary human hepatocytes is that they have sufficient metabolic activities [Burkard 

et al, 2012]; therefore, basal and induced CYP activities were measured.  

 

4.3.2.1 Hepatic markers 
 

As for primary adult hepatocytes, upcyte® hepatocytes at PD5 expressed high levels 

of Ck 8, Ck 18, and AAT, indicating that these cells expressed differentiated markers. 

Likewise, presence of HSA and absence of the foetal marker, AFP, was confirmed 

(figure 4.16). 

 

 
(A) AAT

+
 (α-anti trypsin) 

 

 
(B) Ck 8

+ 
(Cytokeratin 8) 

 
(C) Ck 18

+
 (Cytokeratin 18) 

 
(D) HSA

+
 (Human serum 

albumin) 

 
(E) AFP

-
 (α-feto-protein) 

Figure 4.16:  

Immunostaining of upcyte
®

 

hepatocytes: (A) AAT; (B) 

Ck 8; (C) Ck 18 and (D) 

HSA were positive; (E) AFP 

was negative 
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4.3.2.2 Metabolism 
 

CYP1A2 and CYP3A4 activities were measured in upcyte® hepatocytes using CYP 

selective substrates, phenacetin and testosterone, respectively. In addition, cells 

were also treated with known CYP1A2 (50 M omeprazole) and CYP3A4 (20 M 

rifampicin) inducers to determine whether they were responsive to AhR and PXR 

mediated induction.  

 

Table 4.1: Basal and induced CYP1A2 and CYP3A4 activities 

(pmol/mg/min) of upcyte
®
 hepatocytes. CYP1A2 activity was induced with 

3 daily treatments of 50 µM omeprazole and 3A4 with 20 µM rifampin. 

 
 Basal level 

(pmol/mg/min) 

Induced level 

(pmol/mg/min) 

 

CYP1A2 

 

0.0 0.0 

 

5.8 ± 3.3 

(>5-fold) 

 

CYP3A4 

 

6.84 ± 0.08 

 

33.3 ± 0.5 

(4.9 fold) 

 

The basal rate of CYP1A2 was below the limits of detection but it was induced by 

omeprazole to 5.8 pmol/mg/min. CYP3A4 activity in control cultures of upcyte® 

hepatocytes were readily measureable and were induced (by 4.9-fold) by rifampin 

(table 4.1). 
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4.4 Application of upcyte® hepatocytes: genotoxicity MN assay 

 

Initial experiments indicated that upcyte® hepatocytes may be suitable for in vitro MN 

testing, since they exhibit metabolic activities and proliferative capacity, both of which 

are required for this assay. The experiments in the initial studies were designed to 

compare the prediction of genotoxic potential of chemicals using upcyte® hepatocytes 

with that in V79 cells. Using the initial dosing regimen, true negative and FP 

compounds did not cause an increase in MN formation but out of three true positive 

compounds tested, only two resulted in positive outcomes. The main focus in this 

thesis is the optimization of the dosing regimen and treatment times. Modification of 

the assay design was needed to (a) allow long enough time for conversion of the 

metabolically activated genotoxins to the reactive metabolites and (b) allow the cells 

to undergo sufficient PDs for maximal MN formation. The assay was optimized with 

respect to the pre-culture time, treatment duration and subsequent recovery period, 

by taking into account the PD time (48 h) of these cells. Since these cells can be 

expanded over multiple PDs, the effect of growth stage on the basal and induced MN 

rates was also tested. The suitability of upcyte® hepatocytes from different donors for 

the MN assay was also investigated. In addition, the influence of various 

combinations of basal media (such as RPMI etc) and supplements on basal MN rates 

in vehicle-treated cells was investigated. 

 

During the optimization phase, five concentrations of each compound were tested in 

duplicate. In these assays, the outcome of the assay was calculated as the fold 

increase in %MN over the concurrent control cells. Once the optimal conditions had 

been identified and shown to be reproducible, the assays were re-run with 4 

concentrations of each compound were tested in triplicate (3 wells) and in at least 

one additional experiment. 
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4.4.1 Modification of the treatment regimen 

 

A number of treatment regimens were tested, including variations of treatment time 

ranging from 8 to 96 h and different recovery times ranging from 0 to 96 h. In order to 

prevent the cultures reaching confluence during the incubations too early, the 

seeding density was decreased to 3.000 cells/cm2. Chemicals used for the testing 

were MMC and CPA. 

 

Figure 4.17 shows the effect of the duration of the treatment with MMC and CPA 

(between 8 and 96 h) and recovery times (0 to 96 h), with total culture durations 

between 48 and 144 h. The concentrations used were adjusted from the initial 

experiments used, so that less than 50% viability was lost during treatment. This 

resulted in the concentration ranges to be much lower than those used for the 

original conditions (e.g. MMC was best tested between 12,5 – 100 ng/ml in the 

modified regimen instead of 62,5 – 100 µg/ml in the original regimen).  

 

Increasing the treatment duration from 8 h to 24 h caused a small increase in the 

%MN formed in MMC-treated cells but not CPA-treated cells, even when the 

recovery period was increased to 96 h. Further increases in the treatment duration 

(48 h, 72 h, 96 h) resulted in concomitant increases in %MN in MMC treated cells. 

Although longer treatment durations also led to higher %MN in CPA-treated cells, the 

difference between the 48, 72 and 96 h treatment durations on the %MN were not as 

marked as those for MMC. For both MMC and CPA, a treatment duration of 96 h 

without a recovery period resulted in the highest %MN.  

 

Each of the longer treatment/recovery time combinations resulted in higher MN 

formation in cells treated with both CPA and MMC. With a total culture time of 120 h 

(24 h + 96 h or 48 h + 72 h treatment + recovery), an increase in treatment duration 

of MMC from 24 h to 48 h caused the maximum %MN formed to be increased from 

~22% to ~44%. A longer recovery time increased the formation of MN: cells treated 

with 100 ng/ml MMC for 72 h exhibited higher %MN formation when the recovery 

time was increased from 24 to 72 h (from 35% to 45%). The same was also valid for 

cells treated with 100 ng/ml MMC for 48 h but the increase was not as great, possibly 

due to the overall culture time being increased by 24 h compared to 48 h. In general, 
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increasing the treatment and recovery durations resulted in a more marked 

concentration-dependent increase in MN formation (figure 4.17 (A)). The same high 

increase did not take place when cells were treated with CPA for 24 h (with a 96 h 

recovery), which resulted in similar formation of MN as the same concentrations 

incubated for 8 h + 40 h. Increasing the treatment duration with CPA to 48 h and 

longer caused the formation of MN to markedly increase and, in addition, longer 

recovery durations increased the %MN even further (figure 4.17 (B)). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
8 h treatment and 40 h recovery, 

total = 48 h ( ) 
 
24 h treatment and 96 h recovery, 

total = 120 h( ) 
 
48 h treatment and 48 h recovery,  

total 96 h ( ) 
 
72 h treatment and 72 h recovery,  

total = 144 h ( ) 
 
96 h treatment and 0 h recovery, 

total = 96 h ( ) 
 

Figure 4.17: Effect of the treatment and recovery times up to 96 h on the %MN formed in 

upcyte
®

 hepatocytes from Donor 740 after treatment with (A) MMC and (B) CPA. 

Incubations were as indicated in the legend. Values are a mean of 2 wells ± range from one 

experiment. 
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Since a longer overall culture time tended to result in a higher rate of MN formation in 

MMC and CPA treated cells, a longer treatment time of 96 h (with and without a 96 h 

recovery time) was tested for five compounds. The compounds were selected to 

represent a direct-acting clastogen (MMC, etoposide), a metabolically activated 

clastogen (cyclophosphamide), a FP (curcumin) and a true negative compound 

(ampicillin) to cover all classes (figure 4.18).  

 

 
Figure 4.18: %MN (left) and viability (right) in upcyte

®
 hepatocytes treated with MMC (A and B), 

CPA (C and D) and etoposide (E and F) for 96 h, with ( ) and without ( ) a 96 h recovery period. 

Values are mean ± SD from 4-8 wells from 2-3 experiments (pooled data). 
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The %MN formed in upcyte® hepatocytes treated with 100 ng/ml MMC was increased 

to 59% by increasing the treatment time to 96 h without a recovery period (compared 

to shorter durations). When cells were allowed to recover for an additional 96 h, MMC 

was more toxic, such that 100 ng/ml caused a substantial loss of the cells (figure 4.18 

(A) and (B)). However, at less toxic concentrations, the formation of MN by MMC was 

unaffected by the recovery period. The cytotoxicity of CPA and the %MN formed was 

similar with and without a recovery period (figure 4.18 (B) and (D)). There was a 

marked concentration-dependent increase in %MN formed in upcyte® hepatocytes 

treated with etoposide for 96 h. When cells were allowed to recover for 96 h after 

treatment with etoposide, this compound caused high cytotoxicity, visible as loss of 

cells and MN (figure 4.18 (E) and (F)).  

 

Curcumin did not cause an increase of MN above control at any concentration or 

treatment regimen (data not shown). Likewise, ampicillin trihydrate did not increase 

the rate of MN formation as well but the addition of a 96 h recovery period did cause 

this compound to become more cytotoxic. Viability was only 40% after treatment with 

1 mg/ml compared to ~100% in cells without a recovery period (data not shown).  

 

The testing of treatment regimens showed that the sensitivity of the assay was 

highest when the cells were treated for 96 h with no recovery time. Therefore, all 

following experiments were carried out using this treatment regimen. 

 

4.4.2 Testing of different upcyte® hepatocyte donors and medium optimization 

 

Upcyte® hepatocytes from two additional donors (721B and 422A) were tested 

according to the optimized dosing regimen using HPM. Under these conditions, the 

basal MN formation in donors 721B and 422A was very high: 28,1 ± 0,2% and 25,3 ± 

1,4%, respectively. Culture conditions are known to alter the rate of MN formation; 

therefore, the cells of the two donors were incubated in different basal media (HPM, 

RPMI, Gibco medium and Promocell medium), together with different supplements 

(oncostatin M (OSM) or epidermal growth factor (EGF)) to determine whether these 

could affect the control MN rate (figure 4.19).  
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Figure 4.19: %MN formed in control (DMSO) treated upcyte

®
 hepatocytes in different basal media 

and supplements. White bars are data for upcyte
®
 hepatocytes from donor 721B and grey bars are 

upcyte
®
 hepatocytes from donor 422A. Values are a mean of 3 wells ± SD from one experiment. 

 

The %MN rate was variable in cells cultured in different basal media and was 

dependant on the donor tested, but upcyte® hepatocytes from both donors failed to 

grow in Gibco medium. The addition of OSM to HPM medium decreased the basal 

%MN formed in donor 422A (to 15,1 ± 0,9%) but not in donor 721B. In most cases, 

the addition of EGF to the medium resulted in a further decrease in the %MN (the 

exception being for RPMI in cells from donor 422A). Although Promocell medium 

resulted in low basal %MN, great variability was experienced with this medium, such 

that in some experiments, the cells failed to grow and detached. For this reason, all 

further experiments were performed using HPM medium supplemented with 10 ng/ml 

OSM (HGM) for the pre-culture and recovery periods and HPM medium 

supplemented with 25 ng/ml EGF and 10 ng/ml OSM (HGM) for the treatment period 

(figure 4.19).  
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Upcyte® hepatocytes from a fourth donor (653) were tested using optimized medium 

and the basal MN formation was acceptably low 13,6 ± 0,4%. It was noted in the 

experiments with Donor 653 that the addition of 2% DMSO to the medium resulted in 

a further decrease in the %MN to 8,8 ± 0,4% (data not shown).  

 

The importance of OSM and EGF on the basal rate was tested again with Donor 740. 

The pre-culture of cells (after thawing and before seeding onto 24-well plates) and 

the treatment period were carried out in HPM with a combination of EGF, OSM 

and/or 2% DMSO (table 4.2). 

 

Table 4.2. Effect of medium supplements on basal MN formation. Upcyte
®

 hepatocytes 

(Donor 740) were pre-cultured two different basal media, with and without DMSO and/or 

EGF and then treated in HPM with different combinations of supplements (OSM, EGF and 

DMSO). 

Treatment medium 
Pre-culture with HPM medium ± supplements Pre-culture with HPM medium+OSM ± supplements 

No 

supplement +EGF +DMSO 

+EGF 

+DMSO 

No 

supplement +EGF +DMSO 

+EGF 

+DMSO 

 

Control % MN 

Treatment medium 1 

Control = Same as pre-

culture medium 

24.8 

(9.6) 

 

12.2 

(0.9) 

 

16.8 

(0.2) 

 

10.9 

(0.7) 

 

14.0 

(1.9) 

 

11.7 

(1.4) 

 

15.7 

(0.9) 

 

10.3 

(1.3) 

 

Treatment medium 2 

HPM+OSM 

 

13.5 

(1.2) 

 

15.2 

(1.2) 

 

13.2 

(0.7) 

 

13.6 

(3.3) 

 

16.9 

(2.4) 

 

15.8 

(2.5) 

 

20.0 

(0.6) 

 

17.5 

(1.8) 

 

Treatment medium 3 

HPM+OSM+EGF 

 

14.2 

(1.0) 

 

12.6 

(0.8) 

 

13.3 

(2.0) 

 

12.3 

(0.8) 

 

12.2 

(3.1) 

 

13.5 

(1.2) 

 

12.1 

(0.2) 

 

12.4 

(1.3) 

 

Treatment medium 4 

HPM+OSM+EGF+DMSO 

 

12.4 

(1.0) 

 

10.2 

(0.5) 

 

10.2 

(0.0) 

 

10.8 

(1.4) 

 

8.3 

(1.1) 

 

10.6 

(1.9) 

 

9.5 

(1.2) 

 

10.9 

(0.2) 

 

 

Treatment with MMC (%MN) in HPM+OSM+EGF (Treatment medium 3) 

MMC 25 ng/ml 

 

35.2 

(5.7) 

 

31.2 

(2.8) 

 

33.0 

(0.3) 

 

32.1 

(2.9) 

 

32.1 

(3.5) 

 

31.3 

(2.1) 

 

25.4 

(0.9) 

 

39.8 

(2.5) 

 

MMC 50 ng/ml 

 

55.0 

(3.9) 

 

50.3 

(1.1) 

 

51.5 

(4.8) 

 

54.2 

(3.0) 

 

51.8 

(6.4) 

 

51.1 

(3.7) 

 

46.7 

(6.6) 

 

60.5 

(2.1) 

 

 
 

Values are the mean %MN of 2 wells. The difference between the values is shown in parentheses. 

 

The presence of OSM in the pre-culture medium decreased the MN formation rate. 

When cells were pre-cultured in supplemented HPM containing OSM and then 

treated in supplemented medium with OSM, the %MN was increased compared to 

cells treated in media without OSM. Conversely, if cells were pre-cultured in HPM 

without OSM, the %MN was decreased when they were incubated with OSM during 

the treatment period (Treatment medium 2). Regardless of whether OSM was 

present in the pre-culture medium, inclusion of EGF in the medium (Treatment 

medium 3) or EGF plus 2% DMSO (Treatment medium 4) generally decreased the 

rate of MN formation further. Although there was an effect of the medium 
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supplements on the control MN formation rate, the effect of MMC induced MN was 

very similar between cultures incubated in different media. The exception to this was 

when upcyte® hepatocytes were pre-cultured in HPM+DMSO and then treated with 

medium supplemented with OSM+EGF, for which the %MN in 25 and 50 ng/ml 

MMC-treated cells were approximately 5% lower than the same concentrations in 

other media tested (table 4.2). 

 

Therefore, for pre-culture time HPM with OSM was chosen and for treatment medium 

HPM with OSM and EGF. Since the chemicals are partly solved in DMSO, it was not 

an option that the pre-culture or treatment medium already contained DMSO.  

 

4.4.3 Pre-culture time 

 

The effect of starting the treatment of the upcyte® hepatocytes earlier i.e. 3 days after 

thawing and plating the cells directly into 24-well plates, was investigated to 

determine whether cryopreservation of the cells altered their performance. The %MN 

in control upcyte® hepatocytes (0.5% DMSO) from donors 740 and 721B were higher 

when the treatment was started 3 days after thawing the cells, compared to when 

they were allowed to pre-culture for 13 days (from 11,1 ± 0,8% to 18,7 ± 0,8% and 

from 14,3 ± 1.5% to 21,1 ± 1,0% for upcyte® hepatocytes from donors 740 and 721B, 

respectively (figure 4.20).  

 

  

Figure 4.20: %MN in upcyte
®
 hepatocytes from donors 721B and 422A cultured in HPM media 

supplemented with different concentrations of EGF. Cells were either pre-cultured for 10 days, 

trypsinised and seeded and then treated for 96 h with 0,5% DMSO 3 days later ( ) or they were 

thawed and directly seeded into 24-well plates and treated for 96 h with 0,5% DMSO 3 days later    

( ). Values are a mean of 2 wells ± range (calculated in Prism) from one experiment. 
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Since EGF had been shown previously to decrease the basal MN formation rate in 

control upcyte® hepatocytes, the effect of adding a range of EGF concentrations to 

the treatment medium was also investigated. The addition of EGF to the treatment 

medium in cultures of upcyte® hepatocytes from Donor 740 decreased the %MN in a 

concentration dependent fashion over 1 to 10 ng/ml in the 10 days pre-cultured cells. 

The effect was more profound for cells which had been pre-cultured for only 3 days 

compared to those which had been allowed to recover for 10 days. Concentrations 

higher than 25 ng/ml EGF did not decrease the formation of MN further. There was 

little or no beneficial effect of adding EGF to cultures of upcyte® hepatocytes from 

Donor 721B, regardless of the pre-culture period (figure 4.20).  
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4.4.4 Effect of PD on MN formation 

 

The effect of upcyte® hepatocytes from different PDs was investigated to determine 

whether the response of the cells altered from the initial used PDSs (PD20-25) to 

much later stages up to PD61. Figure 4.21 shows the %MN formed in upcyte® 

hepatocytes from Donor 740 at PDs of 18, 24, 29, 47, 59 and 61, treated with 0,5% 

DMSO (control), 50 ng/ml MMC and 2 mg/ml CPA. Data was compared to historical 

data from experiments done with upcyte® hepatocytes at PD25. Highest and lowest 

%MN for DMSO was 14,1% and 4,7%; for MMC 52,2% and 23,3% and for CPA 

32,4% and 17,2% respectively. Control, MMC and CPA %MN values from upcyte 

hepatocytes at different PDs fell within the historical ranges. 

 

  

 

Figure 4.21: Effect of the PD number of upcyte
®
 

hepatocytes from Donor 740 on the %MN 

formation after treatment with DMSO (A), MMC 

(B) and CPA (C). The dotted lines represent the 

highest and lowest values measured for DMSO 

(highest = 14,1%, lowest = 4,7%); MMC (highest 

= 52,2%, lowest = 23,3%); and CPA (highest = 

32,4%, lowest = 17,2%) in upcyte
®
 hepatocytes 

from Donor 740 at a PD of 25. Values are mean ± 

SD of triplicate wells in two experiments ( = 

experiment 1; = experiment 2). 
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4.4.4 Verification of the test system 

 

In order to show the reproducibility of the upcyte® hepatocyte MN assay, a number of 

compounds from each chemical class were tested at least twice in upcyte® 

hepatocytes from Donor 740 with the experimental design according to optimised 

conditions. All experiments for the verification of the test system were run using 

triplicate wells for statistical analysis. Table 4.3 shows all chemicals tested in the MN 

assay. Although a number of true negative chemicals were included, the focus was to 

ensure the correct prediction of true positive and the false positive chemicals; 

therefore, more of these chemicals were tested than true negative chemicals. 

 

Using these data, a positive outcome was defined as the following: (a) at least two 

concentrations causing a statistical increase in %MN above vehicle control-treated 

cells. If a chemical induced a significant increase in %MN, it was considered positive 

overall if the increase was greater than the upper limit of the historical control range 

(0,5% DMSO = 14,1%) and it was reproducible; (b) if there was a concentration-

dependent increase in the formation of MN and (c) if the increase was above 2-fold of 

the %MN in control cells.  

 

Values are expressed as (A) %MN formed and (B) fold of control %MN and as mean 

± range (using Prism software) of duplicate wells or mean ± SD in at least one 

experiment. Different symbols represent separate experiments: experiment 1 

(circles); experiment 2 (squares); experiment 3 (triangles); experiment 4 (diamonds); 

experiment 5 (inverted triangle) and experiment 6 (crosses). Closed symbols denote 

%MN and open symbols denote % control viability. Statistical analysis on the %MN 

was carried out on experiments (Exp) with triplicates and an asterisk denotes a 

significant difference (P<0.05) between treated and control values within an 

experiment. The dotted line denotes the 2-fold threshold. 

 

 

 

 

 

 



RESULTS 

 -88- 

Table 4.3: Chemicals tested and genotoxicity findings using upcyte
®

 hepatocytes incubated 

under optimized conditions. 

Chemical(CAS number) Concentration range tested Result from reproducibility 

experiments 

Note: 

 

(A) Positive chemicals (group 1) used in MN testing. 

Mitomycin C (50-07-7) 12.5 – 500 ng/ml Positive in 5/5 experiments Used as positive control – direct acting 

Etoposide (33419-42-0) 10 – 100 ng/ml Positive in 3/3 experiments  

Taxol (33069-62-4) 1.56 – 12.5 ng/ml Positive in 4/4 experiments  

7,12-Dimethylbenzanthracene (57-97-6) 6.25 – 200 ng/ml Positive in 4/4 experiments  

Aflatoxin B1 (1162-65-8) 2.5 – 125 ng/ml Positive in 3/3 experiments  

Cyclophosphamide (6055-19-2) 1 – 2 mg/ml Positive in 6/6 experiments Used as positive control - bioactivated 

Benzo[a]pyrene (50-32-8) 6.25 – 62.5 ng/ml Positive in 4/4 experiments  

 

(B) Negative chemicals (group 2) 

Ampicillin trihydrate (7177-48-2) 0.15 – 2 mg/ml Negative in 5/5 experiments Used as negative control 

Cyclohexanone (108-94-1) 0.0125 – 1 % (v/v) Negative in 5/5 experiments Increase in %MN only at top 

concentration which was toxic 

Melamine (108-78-1) 0.125 – 1 mg/ml Negative in 5/5 experiments  

Tris(2-ethylhexyl)phosphate (78-42-2) 0.00625 – 0.1 % (v/v) Negative in 3/3 experiments  

 

(C) False positive chemicals (group 3) 

2,4-dichlorophenol (120-83-2) 0.125 – 2 µg/ml Negative in 3/3 experiments  

Benzyl alcohol (100-51-6) 0.000625 – 0.01 % (v/v) Negative in 4/4 experiments  

Curcumin (458-37-7) 0.25 – 4 µg/ml Negative in 6/6 experiments statistical increase for 2-3 concentrations 

in 2 experiments but never >2-fold of 

control 

Urea (57-13-6) 0.125 – 2 mg/ml Negative in 4/4 experiments  

o-Anthranalic acid (118-92-3) 0.25 – 1 mg/ml Negative in 2/2 experiments higher concentrations precipitated 

Sulfisoxazole (127-69-5) 0.0625 – 1 mg/ml Negative in 3/3 experiments  

Sodium saccharin (128-44-9) 0.0625 – 1 mg/ml Negative in 3/3 experiments  
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4.4.4.1 Positive chemicals (group 1) 
 

Group 1 positive chemicals included: direct acting, namely MMC, etoposide, taxol, 

and metabolically activated genotoxicants, namely CPA, aflatoxin B1 (AFB1), 

benzo[a]pyrene (BaP) and 7,12-dimethylbenzantghracene (DMBA). 

 

The true positive compound, MMC, was clearly positive in all five experiments with a 

dose-dependent increase of the %MN rate up to a concentration of 125 ng/ml. At 

higher concentrations, the cytotoxicity was greater than 60% and the increase in 

%MN was not linear. The increase in %MN rates was significantly increased and 

above 2-fold of control at concentrations of 31,25 ng/ml and higher (figure 4.22).  

 
Figure 4.22: Genotoxic response of upcyte

®
 hepatocytes from Donor 740 to MMC. Values are 

expressed as (A) %MN formed and (B) fold of control %MN and as mean ± range (using Prism 

software) of at least duplicate wells in five experiments. Different symbols represent separate 

experiments. Closed symbols denote %MN and open symbols denote % control viability. Statistical 

analysis on the %MN was carried out on experiments (Exp) with triplicates and an asterisk denotes a 

significant difference (P<0.05) between treated and control values within an experiment. The dotted 

line denotes the 2-fold threshold. 
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The direct acting genotoxicants, etoposide and taxol, were correctly identified as 

positive in all of the experiments (figure 4.23 (1)). Both caused a dose-dependent 

increase in the formation of MN. Cells treated with the highest concentration of 

etoposide (100 ng/ml) caused an increase in MN formation up to 60%, which was 10-

fold higher than control %MN. These increases were evident at concentrations that 

resulted in viabilities greater than 55%. Lower concentrations were less toxic and 

caused less MN formation. Treatment of cells with 6 ng/ml taxol (with a viability over 

50%) resulted in %MN rates between 38% and 59%. Concentrations higher than 6 

ng/ml taxol were toxic to the cells. At least 2 concentrations of each experiment were 

positive, although the variability in the response of cells treated with taxol higher than 

that with MMC.  

 

  

Figure 4.23 (1): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (A) etoposide and (B) 

taxol. Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as mean ± 

range (using Prism software) of triplicate wells in at least 2 experiments. Different symbols represent 

separate experiments. Closed symbols denote %MN and open symbols denote % control viability. 

Statistical analysis on the %MN was carried out on experiments (Exp) with triplicates and an asterisk 

denotes a significant difference (P<0.05) between treated and control values within an experiment. The 

dotted line denotes the 2-fold threshold. 
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The metabolically activated genotoxicants, DMBA and AFB1, were identified as 

positive in all experiments (figure 4.23 (2)). For both chemicals, there was a 

concentration-dependent increase in %MN formation. The final experiment extended 

the highest concentration of AFB1 to 200 ng/ml which caused a significant increase 

in the %MN at a viability greater than 50% (data not shown). There was a good 

reproducibility of the effects of AFB1 across all three experiments; however, when the 

data were expressed as the fold of control, there was a more marked difference 

between the values due to varying control values. Despite the variability of the fold 

control values, at least 3 concentrations were above the benchmark of 2-fold 

increase compared to control. 

 

  

Figure 4.23 (2): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (C) DMBA and (D) 

AFB1. Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as mean ± 

range (using Prism software) of triplicate wells in at least 2 experiments. Different symbols represent 

separate experiments. Closed symbols denote %MN and open symbols denote % control viability. 

Statistical analysis on the %MN was carried out on experiments (Exp) with triplicates and an asterisk 

denotes a significant difference (P<0.05) between treated and control values within an experiment. The 

dotted line denotes the 2-fold threshold. 
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The metabolically activated genotoxicants, CPA and BaP, were identified as positive, 

according to the criteria, in all of the experiments (figure 4.23 (3)). The increase in 

%MN in upcyte hepatocytes treated with CPA or BaP was not as high as that 

observed for MMC but both chemicals caused a concentration-dependent increase 

which was above 2-fold of control values. The highest concentration of 2 mg/ml CPA 

was too toxic in all experiments and the lowest concentration of 1 mg/ml caused an 

increase in MN formation but not above 2 fold of the control value. The highest 

concentrations of BaP causing less than 60% toxicity were between 20 and 30 ng/ml.  

 

  

Figure 4.23 (3): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (E) CPA and (F) BaP. 

Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as mean ± range 

(using Prism software) of triplicate wells in at least 3 experiments. Different symbols represent separate 

experiments. Closed symbols denote %MN and open symbols denote % control viability. Statistical 

analysis on the %MN was carried out on experiments (Exp) with triplicates and an asterisk denotes a 

significant difference (P<0.05) between treated and control values within an experiment. The dotted line 

denotes the 2-fold threshold. 
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4.4.4.1 Negative chemicals (group 2) 
 

For group 2 the following negative chemicals were tested: ampicillin trihydrate 

(ampicillin), cyclohexanone, melamine and tris(2-ethylhexyl)phosphate. 

 

The true negative compound, ampicillin trihydrate, did not increase the %MN in 

upcyte® hepatocytes from Donor 740 up to a concentration of 2 mg/ml. This 

concentration caused the viability to decrease below 50% some cultures. 

Concentrations higher than 2 mg/ml were not used due to toxicity as well as a pH 

shift in the medium towards acidity due to the chemical (the phenol red in the medium 

turned yellow and the pH was measured using a pH strip). None of the 

concentrations tested caused the %MN to exceed 2-fold of the control MN (figure 

4.24).  

 
Figure 4.24: Genotoxic response of upcyte

®
 hepatocytes from Donor 740 to ampicillin trihydrate. 

Values are expressed as (A) %MN formed and (B) fold of control %MN and as mean ± range (using 

Prism software) of triplicate wells in 4 experiments and mean ± SD in one experiment. Different 

symbols represent separate experiments. Closed symbols denote %MN and open symbols denote % 

control viability. Statistical analysis on the %MN was carried out on experiments (Exp) with 

triplicates and an asterisk denotes a significant difference (P<0.05) between treated and control values 

within an experiment. The dotted line denotes the 2-fold threshold. 
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Neither of the additional true negative compounds (cyclohexanone and melamine) 

increased the formation of MN in upcyte® hepatocytes (figure 4.25 (1)). 

Cyclohexanone caused an increase in %MN in one experiment and only at the top 

concentration, which was toxic (<10% viability). Melamine-treated cells also caused a 

small increase in MN formation at top concentrations; however, these concentrations 

greater than 1 mg/ml led to the formation of precipitates in the medium (an effect 

which is known to cause MN formation). 

 

  

Figure 4.25 (1): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (A) cyclohexanone and 

(B) melamine. Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as 

mean ± range (using Prism software) of triplicate wells in at least 3 experiments. Different symbols 

represent separate experiments. Closed symbols denote %MN and open symbols denote % control 

viability. Statistical analysis on the %MN was carried out on experiments (Exp) with triplicates and an 

asterisk denotes a significant difference (P<0.05) between treated and control values within an 

experiment. The dotted line denotes the 2-fold threshold. 
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The negative compound, tris(2-ethylhexyl)phosphate, did not increase the formation 

of MN in upcyte® hepatocytes (figure 4.25 (2)). 

 

 

 
Figure 4.25 (2): Genotoxic response of upcyte

®
 hepatocytes from Donor 740 to tris(2-

ethylhexyl)phosphate. Values are expressed as (top) %MN formed and (bottom) fold of control %MN 

and as mean ± range (using Prism software) of triplicate wells in at least 2 experiments. Different 

symbols represent separate experiments. Closed symbols denote %MN and open symbols denote % 

control viability. Statistical analysis on the %MN was carried out on experiments (Exp) with 

triplicates and an asterisk denotes a significant difference (P<0.05) between treated and control values 

within an experiment. The dotted line denotes the 2-fold threshold. 
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4.4.4.1 False-positive chemicals (group 3) 
 

The FP chemical, 2,4-dichlorophenol, did not increase the %MN in upcyte® 

hepatocytes from Donor 740 up to a concentration of 2 µg/ml (which caused a 

maximal loss of viability of 45%) in any of the three experiments in which this 

chemical was tested (Figure 4.26 (1)).  

 

 
Figure 4.26 (1): Genotoxic response of upcyte

®
 hepatocytes from Donor 740 to 2,4-dichlorophenol. 

Values are expressed as (A) %MN formed and (B) fold of control %MN and as mean ± range (using 

Prism software) of duplicate wells in 2 experiments and mean ± SD in one experiment. Different 

symbols represent separate experiments. Closed symbols denote %MN and open symbols denote % 

control viability. Statistical analysis on the %MN was carried out on experiments (Exp) with 

triplicates and an asterisk denotes a significant difference (P<0.05) between treated and control values 

within an experiment. The dotted line denotes the 2-fold threshold. 
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Two additional FP chemicals tested, namely benzyl alcohol and curcumin, were 

negative in all experiments in which they were tested (Figure 4.26 (2)). Benzylalcohol 

did not cause an increase in the %MN above 2-fold of the control treated cells nor did 

they statistically increase the %MN above control. 

 

An exception in the FP chemicals was curcumin, for which the highest three 

concentrations caused a statistical increase in %MN, but did not exceed an increase 

of 2-fold of the control. The experiment was repeated using DAPI staining and results 

were confirmed (data not shown). A caspase activation assay showed that higher 

concentrations of curcumin induced apoptosis (data not shown), such that apoptotic 

bodies could have been counted as MN in the FACs analysis. 

 

  

Figure 4.26 (2): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (A) benzylalcohol and 

(B) curcumin. Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as 

mean ± range (using Prism software) of duplicate wells in 2 experiments and mean ± SD in at least two 

additional experiments. Different symbols represent separate experiments. Closed symbols denote %MN 

and open symbols denote % control viability. Statistical analysis on the %MN was carried out on 

experiments (Exp) with triplicates and an asterisk denotes a significant difference (P<0.05) between 

treated and control values within an experiment. The dotted line denotes the 2-fold threshold. 
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Two further chemicals tested (urea and o-anthranalic acid) were negative in all 

experiments (figure 4.26 (3)). Neither chemical caused an increase in the %MN 

above 2-fold of the control treated cells nor did they statistically increase the %MN 

above control values.  

 

  

Figure 4.26 (3): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (C) urea and (D) o-

anthranalic acid. Values are expressed as (top) %MN formed and (bottom) fold of control %MN and as 

mean ± range (using Prism software) of duplicate wells in 2 experiments (only urea) and mean ± SD in at 

least two additional experiments. Different symbols represent separate experiments. Closed symbols 

denote %MN and open symbols denote % control viability. Statistical analysis on the %MN was carried 

out on experiments (Exp) with triplicates and an asterisk denotes a significant difference (P<0.05) 

between treated and control values within an experiment. The dotted line denotes the 2-fold threshold. 
 

 

 

 

 

 

 

 



RESULTS 

 -99- 

The FP chemicals, sulfisoxazole and sodium saccharin, were negative in all 

experiments (figure 4.26 (4)). Neither chemical caused an increase in the %MN 

above 2-fold of the control treated cells nor did they statistically increase the %MN 

above control values.  

 

  

Figure 4.26 (4): Genotoxic response of upcyte
®
 hepatocytes from Donor 740 to (E) sulfisoxazole and 

(F) sodium saccharin. Values are expressed as (top) %MN formed and (bottom) fold of control %MN 

and as mean ± range (using Prism software) of duplicate wells in at least on experiment and mean ± SD 

in at least 2 additional experiments. Different symbols represent separate experiments. Closed symbols 

denote %MN and open symbols denote % control viability. Statistical analysis on the %MN was carried 

out on experiments (Exp) with triplicates and an asterisk denotes a significant difference (P<0.05) 

between treated and control values within an experiment. The dotted line denotes the 2-fold threshold. 
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4.5 Application of upcyte® LSECs: cytotoxicity assay 

The cytotoxicity of APAP in monocultures and co-cultures of upcyte® hepatocytes 

and upcyte® LSECs was investigated. In addition, two different culture formats were 

tested, namely conventional 2D monolayers and 3D cultures Matrigel. The viability of 

the cells was determined using MTS metabolism, ATP content and visual 

assessment using light microscopy.  

 

When cultured as conventional monolayers, the sensitivity of monocultures of 

upcyte® LSECs was considerably higher than monocultures of upcyte® hepatocytes 

or co-cultures of both cells. A concentration of 2 mM APAP was moderately toxic to 

upcyte® LSEC monocultures; whereas, this concentration was not toxic to hepatocyte 

monocultures (data not shown). At 5 mM APAP, there was extensive cell death in 

monocultures of upcyte® LSECs but only minimal cell loss in monocultures of upcyte® 

hepatocytes and co-cultures (figure 4.27). 

 

 
(A) upcyte

®
 LSECs 

control 

 
(B) upcyte

®
 hepatocytes 

control 

 
(C) co-culture  

control 

 
(D) upcyte

®
 LSECs 

APAP 5 mM 

 

 
(E) upcyte

®
 hepatocytes 

APAP 5 mM 

 
(F) co-culture  

APAP 5 mM 

Figure 4.27: (A/D) Upcyte
®
 LSECs monocultures and (B/E) upcyte

®
 hepatocytes 

monocultures  and in (C/F) co-culture on collagen coated plates (2D) one week after seeding, 

control (A-C) and treated for 72 h with 5 mM APAP (D-F) 
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Upcyte® LSECs in Matrigel seeded at a low density were able to form tubes within a 

few hours. One day after seeding, upcyte® LSEC tubules were still present but the 

morphology was reversed to a spherical form after a further 4 days in culture (without 

a loss of viability because they still metabolized by MTS). When the cells were co-

cultured with upcyte® hepatocytes, the tubes were still visible and upcyte® 

hepatocytes were clustered around the tubes even after 1 week (figure 4.28). 

 

(A) 

(B) 

(C) 

Figure 4.28: Upcyte
®
 cells seeded onto Matrigel: (A) upcyte

®
 LSECs only 1 day after 

seeding (B) upcyte
®

 LSECs only 4 days after seeding (B) upcyte
®
 LSECs with upcyte

®
 

hepatocytes 4 days after seeding 



RESULTS 

 -102- 

The effect of the incubation of different concentrations of APAP with co-cultures in 

Matrigel is shown in figure 4.29. LSECs were more robust when they were co-

cultured with hepatocytes, since tube formation was still visible up to a concentration 

of 10 mM APAP, although there were fewer tubes and fewer cells at this 

concentration.  

 

 
(A) control-treated upcyte

®
 LSECs 

 
(B) control-treated co-cultures 

 
(C) co-culture, 1 mM APAP  

 
(D) co-culture, 2 mM APAP  

 
(E) co-culture, 5 mM APAP  

 
(F) co-culture, 10 mM APAP  

 

Figure 4.29: upcyte
®

 LSECs (alone and in co-culture) and upcyte
® 

hepatocytes (co-culture) 

one week after seeding onto Matrigel (A-F) treated for 72 h with 1, 2, 5 and 10 mM APAP 

(C-F) 
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To determine the performance of the cells, MTS and ATP assays were carried out. 

The sensitivity of the ATP assay was higher than that of the MTS assay (table 4.4). 

For example, a decrease in viability according to the ATP content of upcyte® LSECs 

monocultures in Matrigel was seen after only 1 mM APAP using ATP but at 5 mM 

using MTS. Upcyte® LSEC 2D monocultures were more sensitive to APAP than 

upcyte® hepatocytes alone or in co-culture. The viability of upcyte® LSECs in Matrigel 

was significantly lower at the highest concentrations of 5 and 10 mM APAP, but in co-

culture there was little (ATP) or no loss (MTS) detectable at the same concentrations.  

 

Table 4.4: Effect of APAP on the viability of monocultures and co-cultures of LSECs and 

hepatocytes cultured as monolayers or in 3D in Matrigel. The viability was assessed using 

MTS metabolism and ATP content. Values are expressed as a percentage of control, mean ± 

SD from triplicates. 

 

MTS - Viability assay ATP - Luciferase Assay

2D LSECs  only co-culture hep. only 2D LSECs  only co-culture hep. only

Control 100 ± 0 100 ± 0 100 ± 0 Control 100 ± 0 100 ± 0 100 ± 0

0.1 mM APAP 97 ± 3 110 ± 7 104 ± 8 0.1 mM APAP 93 ± 12 106 ± 7 103 ± 5

1 mM APAP 74 ± 5 109 ± 5 94 ± 8 1 mM APAP 69 ± 14 100 ± 6 96 ± 7

2 mM APAP 62 ± 2 104 ± 4 88 ± 5 2 mM APAP 52 ± 9 88 ± 7 82 ± 9

5 mM APAP 39 ± 7 81 ± 4 68 ± 7 5 mM APAP 16 ± 7 60 ± 3 47 ± 9

10 mM APAP 26 ± 4 44 ± 3 50 ± 10 mM APAP 3 ± 1 29 ± 2 29 ± 2

Matrigel LSECs  only co-culture Matrigel LSECs  only co-culture

Control 100 ± 0 100 ± 0 Control 100 ± 0 100 ± 0

0.1 mM APAP 105 ± 5 97 ± 15 0.1 mM APAP 114 ± 35 109 ± 12

1 mM APAP 105 ± 3 109 ± 10 1 mM APAP 81 ± 11 112 ± 8

2 mM APAP 125 ± 8 116 ± 16 2 mM APAP 62 ± 21 110 ± 4

5 mM APAP 13 ± 8 128 ± 44 5 mM APAP 50 ± 19 97 ± 10

10 mM APAP 12 ± 3 94 ± 19 10 mM APAP 16 ± 10 74 ± 6  
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5. Discussion 
 

Hepatic cell lines cannot be a stand-alone replacement for primary human cells since 

their properties are often not representative and they are typically genetically 

unstable [Castell et al., 2006]. There is a limited supply of primary human cells along 

with batch-to-batch variations in the quality of the cells [Delgado et al., 2005]. To 

address this problem, upcyte® technology was applied to three primary liver cells to 

determine whether they may represent a suitable alternative to primary cells. 

Hepatocytes and LSECs were successfully generated with an extended, but mortal, 

lifespan, and retained a number of important cell-specific markers and functions. 

Proliferation of HSCs could be extended but these cells were constantly activated 

and therefore were not characterized in depth. 

 

The research field on human primary LSECs is very small compared to the extensive 

amount of research published on primary human hepatocytes; therefore, many of 

their typical cell characteristics are still not identified. Some laboratories culture 

LSECs under conditions that allow cell proliferation and subsequent passaging 

before they are used in experiments several days or even weeks after isolation 

[Rauen et al., 1993]. However, many phenotypic features of LSECs change gradually 

when they are placed in culture and, most importantly, many of the signature 

functions of LSECs, such as scavenger function and fenestration, are also lost rapidly 

during in vitro culture [Elvevold et al., 2005]. The upcyte® process allowed the 

induction of proliferation of LSECs to extend the lifespan compared to non-

transduced cells, which could not be passaged. The lifespan of upcyte® LSECs from 

Donors 2 and 3 was shorter than upcyte® LSECs from Donors 6 and 7. The reason 

for this was thought to be the isolation process, which was modified before isolating 

LSECs from Donors 6 and 7. Cells were cultured an additional night to remove 

damaged and dead cells before they were sorted by FACS. Different growth rates 

and characteristics could also be due to donor-to-donor variation [Burkard et al., 

2012]. However, information regarding the LSEC donors was not available. The 

addition of growth factors, such as vEGF, HGF and PDGF (platelet derived growth 

factor) as used here, can also prolong the loss of LSEC-specific characteristics 

[Smedsrod et al. 1994]. At low densities, upcyte® LSECs showed an elongated 

morphology and became more compact when they reached confluence. As seen with 
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other primary human endothelial cells, upcyte® LSECs stopped proliferating due to 

contact inhibition [Scheller et al., 2012]. 

 

The glycoproteins, vWF and CD31, are reported to be present on different endothelial 

cells [Jaffe et al., 1973] and were also detected in upcyte® LSEC cultures. Another 

EC-identifying feature is UEA I expression, a marker for adult phenotype in ECs. 

Almost all upcyte® LSECs expressed UEA I, supporting the conclusion that these 

cells are differentiated [Jackson et al., 1990]. UEA I was expressed in upcyte® LSECs 

at a level comparable to upcyte® mvECs (microvascular endothelial cells). Likewise, 

CD31 and vWF were expressed in upcyte® LSECs but at a lower level than in 

upcyte® mvECs [Scheller et al., 2012]. In addition to cell-specific markers, upcyte® 

LSECs should also be expected to have functional characteristics of primary cells, 

such as LDL-uptake and tube formation [deGroot et al., 1995]. AcLDL is cleared by 

the scavenger receptors on LSECs but scavenger receptors are also expressed on 

Kupffer cells and a number of other cell types. Endocytosis of AcLDL has frequently 

been used as a functional marker of several types of extrahepatic endothelial cells 

[Smedsrod et al., 2008]. Upcyte® LSECs were able to take up LDL and nearly all of 

the cells in the culture were shown to exhibit this function. Upcyte® LSECs formed 

capillary-like structures within hours when they were plated on top of a basement 

membrane extracellular matrix. Both characteristics are comparable to upcyte® 

mvECs [Scheller et al., 2012]. 

 

Upcyte® LSECs were analyzed for presence of three cell-specific receptors, namely 

the FcR2BII (CD32b), HA/S-R (Stab2) and the MR. None of these receptors were 

present in upcyte® LSECs from Donor 3, which could have been due to the different 

isolation procedure and/or a long transport process. The MR and FcR2BII were both 

expressed in all upcyte® LSEC cultures from Donors 2 and 6. However, the 

expression of the HA/S-R was weaker compared to fresh primary LSECs [Smedsrod 

et al., 2004] and not present in all cells. The pattern of marker staining in upcyte® 

LSECs was similar to the expression of FcR2BII and HA/S-R in human liver 

sinusoids [Geraud et al., 2012]. 

 

The ability of LSECs to carry out receptor-mediated pinocytosis makes these cells 

different and unique from any other type of endothelial cell in the body. The very high 
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endocytic activity is lost after some days in culture [Braet and Wisse, 2002]. 

Therefore, upcyte® LSECs were not expected to have a high endocytosis capacity, 

since the cells had already been cultured for some days before the upcyte® process. 

It is reported that there are special physiological macromolecular ligands that are 

cleared from the circulation by receptor endocytosis, almost exclusively by LSECs 

[Smedsrod et al., 1994; Elvevold et al, 2004]. The ligands used here were FITC-

mannan, FITC-ovalbumin [Malovic et al., 2007] and DTAF-collagen-α-chains 

[VanBerkel et al., 1991] for the MR, FITC-FSA for the HA/S-R [VanBerkel et al., 

1991] and FITC-AGG for the FcR2BII [Skogh et al., 1985]. Since FITC is also 

trapped intralysosomally after internalization of FITC-conjugated ligands, it can be 

traced by fluorescence microscopy [Hellevik et al., 1998].  

 

On the extracellular domain of the MR, the binding site for denatured collagen is the 

FNII domain, while the binding site for sulfated sugars e.g. mannan is the N-terminal 

cysteine-rich domain [East and Isacke, 2002]. Uptake function in upcyte® LSECs 

from Donor 3 was demonstrated with DTAF-collagen-α-chains and FITC-Mannan, 

showing that both binding sites are functional. The uptake function of upcyte® LSECs 

from Donor 3 for both ligands was very low. For this reason, as well as the fact that 

mannan produces only a very light signal and collagen-α-chains are very hard to 

produce, FITC-Ovalbumin was used in further studies to demonstrate the uptake 

function of upcyte® LSECs from Donors 2 and 6. FITC-ovalbumin binds to the same 

cysteine-rich domain as mannan [East and Isacke, 2002]. The uptake of FITC-

ovalbumin into upcyte® LSECs from Donor 6 and 7 was visible but not very strong, 

suggesting that, although presence of the mannose receptor was demonstrated, its 

expression level was not as high as in fresh primary LSECs. The uptake of FITC-

FSA, a ligand for the HA/S-R, was low in upcyte® LSECs from Donor 3 and absent in 

the other two donors. This was expected as the expression of HA/S-R was only very 

low in upcyte® LSECs from Donors 2 and 6. Very little uptake of FITC-AGG, the 

ligand for the FcɣR2BII, was observed in upcyte® LSECs from Donor 2, while clear, 

perinuclear uptake was seen in cells from Donors 3 and 6. This proves the receptor 

staining of Donor 6, but it is unclear why staining did not work well in Donor 2. 

 

Fenestrations represent a specific morphological feature of all mammalian LSECs. 

Using SEM, it was demonstrated that this feature is not detectable in upcyte® LSECs. 
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This may be due to the fenestrations being lost after isolation and/or during the 

upcyte® process and cell passaging. Numerous holes were still visible, but they were 

much smaller than the normal fenestrations and were no longer clustered in sieve 

plates. Fenestrations in LSECs are lost rapidly upon placing into in vitro culture 

[Smedsrod et al., 2004]; therefore, it was expected that the fenestrations would not 

be present in the upcyte® LSECs. Moreover, since the upcyte® process is not a 

rejuvenating process, it should not be expected that applying this process would 

reverse the loss of fenestrations. 

 

The study of LSECs is still a young discipline. Recently they are coming more into 

focus because of their role in liver toxicity. For example, the Food & Drug 

Administration (FDA) in the US approved a drug called Mytolarg (Gemtuzumab 

ozogamicin), an antibody-drug conjugate, for treatment of acute myeloid leukemia. In 

2010, it was withdrawn from the market after liver injury in 23 patients taking 

Mytolarg. This liver injury affected hepatic sinusoids and was accompanied by signs 

of portal hypertension as the dominant clinical feature. It was suggested that this form 

of liver toxicity results from the delivery of drug to CD33 cells that reside in the 

sinusoids of the liver (i.e. possibly LSECs, Kupffer cells and stellate cells). Toxicity 

testing using only hepatocytes did not reveal the danger of this drug [Rajvanshi et al., 

2002]. Therefore, the contribution of LSECs to liver toxicity should be taken into 

consideration in future experiments.  

 

The application of the upcyte® process to primary HSCs was partly successful. 

Although in an activated state, cell proliferation could be extended. It was expected 

that the cells would immediately activate once they were seeded onto plastic culture 

plates, since this process is likely to trigger an injury response similar to that 

occurring in vivo after liver damage [Stanciu et al., 2002]. Upcyte® HSCs exhibited 

the same enlarged fibroblast-like morphology as activated HSCs and the activation 

markers, detected by qt-PCR, were up-regulated. Placing the cells into suspension 

culture, as suggested by Friedman & Arthur [2002], did not improve the performance 

of the cells. Although the cells were initially rounded and formed spheroids, at later 

times, cells started to die. Application of the upcyte® process did not cause HSC 

suspensions to proliferate, possibly because of the loss of viability of these cells. 

HSCs kept their rounded morphology when cultured in Matrigel and formed clusters. 
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Application of the upcyte® process to cells cultured in Matrigel also failed to induce 

proliferation, although the cells were clearly healthier than those maintained as a 

suspension culture. There was some concern that the larger cell clusters consisted of 

too many cells to allow diffusion of gasses and nutrition to reach the inner cells 

causing them to become necrotic. This problem would not be solved by transferring 

the clusters to uncoated plastic dishes because this would cause them to rapidly 

acquire the spread appearance and fibrogenic activity of cells plated initially on 

plastic [Friedman et al., 1989].  

 

Whether or not activated HSCs can revert to the quiescent phenotype is a 

controversial issue. It has been presumed that activated HSCs can at least partly 

reverse the activation process [Friedman and Arthur, 2002]. This is important for 

recovery from liver fibrosis. Gaca and co-workers raised the question whether HSCs 

activated following liver injury may be subjected to deactivation when their normal 

pericellular basement membrane matrix is re-established [Gaca et al., 2003]. There is 

no reported evidence to show that quiescent HSCs can be driven into proliferation or 

activated and expanded and then be brought back fully to their quiescent state [Sato 

et al., 2003]. In order to become quiescent, cells should become nonresponsive to 

RAE-1 (retinoic acid early inducible gene 1) signalling and resistant to natural killer 

cell killing, which could lead to chronic liver fibrosis and disease [Radaeva et al., 

2007]. For these reasons, in future experiments, HSCs should be kept quiescent 

directly after isolation and during the upcyte® process. One method to bring cells 

back to a quiescence-like state is to add media supplements such as valproic acids. 

The exposure of freshly isolated mouse HSCs to valproic acid led to inhibited cell 

proliferation and inhibited the induction of important cell activation markers 

[Mannaerts et al., 2007]. The question is whether the cells can be kept fully in that 

state, while they are proliferating. 

 

It is known that primary hepatocytes are highly specialized and lose many organ-

specific functions after isolation and culture [Hewitt et al. (a), 2007]. At low densities, 

upcyte® hepatocytes were oval shaped but, as the density increased, the morphology 

of these cells were more hepatocyte-like in nature. Cells stopped proliferating when 

they became confluent because they exhibited contact inhibition. When completely 

confluent, upcyte® hepatocytes had the typical “cobblestone” morphology (cuboidal-
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shaped cells) of primary human hepatocytes [LeCluyse et al., 2004]. As for primary 

adult hepatocytes, upcyte® hepatocytes expressed AAT, Ck 8, Ck 18 and HSA, 

indicating that these cells are differentiated [Gómez-Lechón et al., 1990]. In contrast 

to HepG2, upcyte® hepatocytes did not express AFP, suggesting that none of the 

cells in the culture were foetal-like in nature. AFP is highly expressed in foetal 

hepatocytes but is strongly down-regulated shortly after birth [Xie et al., 2008] 

 

In order to qualify upcyte® hepatocytes as a potential alternative to primary human 

hepatocytes, they should have sufficient metabolic activities. Information on CYP 

activities from the primary cells was not available for the donor tested here. 

Therefore, it was not possible to directly compare activities of the upcyte® 

hepatocytes with the primary hepatocytes from which they were derived. Studies 

from Burkard [2012] showed that CYP activities from upcyte® hepatocytes are low but 

within range of the activities exhibited by primary human hepatocytes which had been 

cultured for 4-5 days. As upcyte® process takes place after the cells have been in 

culture for 24 h, it was expected that the activities decrease in this time, thus the low 

basal CYP activities in upcyte® hepatocytes reflect activities at the time of gene 

transduction.  

 

The basal rate of CYP1A2 of the donor generated here could not be detected but it 

was readily induced (5,8 pmol/mg/min), suggesting that the transcription factor that 

regulates this CYP (aryl hydrocarbon receptor, AhR) still functions in these cells 

[Hewitt et al. (b), 2007]. For comparison, the CYP1A2 activity in control treated cells 

from Donor 740 was also under the detection limit. The induced CYP1A2 activity in 

Donor 740 was approximately 30 pmol/mg/min. Primary hepatocytes exhibit average 

CYP1A2 activities of approximately 15,4 pmol/mg/min and these can be induced by 

~12-fold [Hengstler et al., 2000; Burkard et al., 2012]. Basal and induced CYP3A4 

activities of the upcyte® hepatocytes generated here were in the range of the other 

upcyte® hepatocytes. For comparison, Donor 740 the basal rate was ~7 

pmol/mg/min. CYP3A4 activity was induced but only by approximately 2-fold. In 

contrast, CYP3A4 activities in upcyte® hepatocytes from Donor 653 were induced by 

rifampicin by over 50 fold increase [Burkard et al., 2012]. This finding is consistent 

with the known donor-dependent variation in the induction responses of primary 

human hepatocytes [LeCluyse et al., 2004]. The Donor generated in these studies 
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would not be ideal for CYP3A4 induction studies, since the fold-induction would not 

provide a large enough dynamic range with which to compare test compounds. The 

use of upcyte® hepatocytes from this Donor for the MN assay needs to be evaluated. 

 

Future experiments will include measuring levels of CYPs in upcyte® hepatocytes 

cultured in 3D and/or in co-culture with NPCs such as upcyte® LSECs or HSCs. In 

addition, the effect of 3D and co-culture on the responsiveness of upcyte® 

hepatocytes to CYP inducers could also be evaluated. The concept of placing cells 

into a 3D environment in order to improve their performance is not new but has 

received more attention in recent years due to the availability of commercial 3D 

models [Schutte et al., 2011]. Also the effect of such scaffolds to hepatocellular 

structure and function is known to be beneficial [Bokhari et al., 2007].  

 

Since the upcyte® process was fully successful with LSECs and hepatocytes, these 

two cell types were chosen to develop and evaluate a co-culture model. HSCs were 

not used because they were still in an activated state and would have rapidly 

overgrown the culture. Various approaches have been utilized to design in vitro 

monocultures of hepatocytes and LSECs in order to maintain their phenotype. For 

hepatocytes, there are known approaches such as collagen sandwich, Matrigel 

overlays and co-culture with fibroblasts [Kim et al., 2010]. Maintaining the phenotype 

of LSECs has proven to be difficult. Similar to hepatocytes, culturing LSECs on 

Matrigel [Sellaro et al., 2007], as well as co-culturing with fibroblasts and hepatocytes 

[Bhatia et al., 1999] has been shown to delay the dedifferentiation of LSECs. It is 

reported to be extremely difficult to simultaneously maintain the phenotypes of 

LSECs and hepatocytes in vitro. A recent study showed that hepatocytes exhibited 

increased enzymatic activity when co-cultured in a 3D model with rat hepatocytes 

and LSECs in different layers mimicking the space of Disse [Kim et al., 2010]. 

Different studies demonstrate that LSECs are sensitive direct targets for early toxicity 

to APAP. Thirty minutes after the administration of APAP, LSECs become swollen 

and begin to lose their ability to endocytose FITC-FSA (ligand for the HA/S-R). After 

2 h, prior to any effect on hepatocytes, gaps within the LSECs appear and, as a 

result, fenestrae are lost [McCuskey, 2006/2008]. The experiments here were 

designed to determine whether the sensitivity of upcyte® LSECs to APAP toxicity was 

affected when they were cultured together with upcyte® hepatocytes. Upcyte® LSEC 
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monocultures were considerably more sensitive to APAP than when they were co-

cultured with upcyte® hepatocytes (either in 2D or in Matrigel). APAP is detoxified to 

glucuronide and sulfate metabolites by hepatocytes [Hewitt et al. (b), 2007]. 

Therefore, this detoxification mechanism may have a protective effect for both 

hepatocytes and LSECs. As a result, co-culture of these two cell types may cause 

the severity of toxicity to be lower than when LSECs are cultured alone. 

 

One of the disadvantages of using ATP content and MTS metabolism was that these 

are common to both cell types. In order to measure quantitatively the cytotoxicity of 

APAP, a cell specific endpoint should be used in future experiments. In preliminary 

studies, the viability of upcyte® hepatocytes was successfully measured using 

CYP3A4-mediated metabolism of testosterone to 6-hydroxytestosterone (data not 

shown). In contrast to upcyte® hepatocytes, upcyte® LSECs lacked CYP3A4 activity; 

therefore, this endpoint would provide a suitable measurement of viability of upcyte® 

hepatocytes in co-cultures with LSECs. To detect specific cytotoxic effects on 

upcyte® LSECs, the endocytosis capacity with e.g. FITC-FSA (ligand for the HA/S-R) 

could be measured. Future studies could also investigate co-cultures in scaffolds, 

which represent a more standardized and sophisticated 3D model, which is closer to 

the natural environment of the cells. Since LSECs are often the first cell type that 

comes in contact with a drug or toxin, models have to include all features of hepatic 

sinusoids [Smedsrod, 2004]. Models with only hepatocytes may not reflect the unique 

inter-cellular mechanisms that govern detoxification and the subsequent effects on 

other liver structures and pathways.  

 

Since the chemical and cosmetics industries are being encouraged to use in vitro 

assays instead of animals, there is a need for in vitro genotoxic assays which best 

reflect the in vivo circumstances. The in vitro MN assay is a routine test carried out as 

part of the safety assessment of a wide range of chemicals. It has advantages over 

other tests, such as the chromosomal aberration test, since it is less subjective and is 

easier to evaluate. Moreover, it has been accepted by the ECVAM Scientific Advisory 

Committee as a reliable and relevant alternative to the chromosomal aberration test 

[Corvi et al., 2008]. Currently available in vitro genotoxicity assays have a number of 

drawbacks, the most important being the high rate of FPs, which leads to 

unnecessary animal tests or recall of promising chemicals [Fenech, 2000].  
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Ideally, a human derived cell type should be used – preferably with sufficient 

metabolic activities – combined with an inherent ability to proliferate at a rate that will 

produce sufficient MN [Fenech, 2000]. Although these assays require cells which are 

proliferating, primary hepatocytes are unsuitable for this assay, because they are 

essentially quiescent. A disadvantage of “hepatocyte-like” cell lines, such as 

HepaRG, is that, although they exhibit drug metabolizing enzyme activities similar to 

fresh primary hepatocytes, they have low metabolic capacity during proliferation 

[Godoy et al., 2013]. The upcyte® technology has enabled the proliferation of primary 

human hepatocytes to generate large numbers of hepatocytes with differentiated 

functions, including metabolic capacity [Burkard et al., 2012]. Therefore, it was 

investigated whether upcyte® hepatocytes could be applied to the in vitro MN test 

and, if so, optimize the conditions resulting in good sensitivity whilst reducing the 

number of FPs (i.e. specificity). 

 

Initial experiments were designed to compare the MN rates in upcyte® hepatocytes 

with those in V79 cells [Nörenberg, 2010]. Up to now, V79 cells are often used in 

standard in vitro MN tests [Erexson et al., 2001]. There were two major reasons for 

the use of V79 cells in the previous study. First was to confirm that the flow cytometry 

method is an appropriate method to measure MN caused by chemicals from the 

different groups (true positive, true negative and FP). The suitability of the use of 

FACS to analyze MN has been reported [Bryce et al., 2007] and compared well with 

DAPI staining of MN performed in the previous studies. The second reason was to 

use V79 cells to compare with upcyte® hepatocytes. These initial assays with upcyte 

hepatocytes employed a short treatment period, followed by a recovery period that 

allowed for one PD, based on a PD time of ~48 h. Using this regimen, these 

experiments showed that the positive control compounds, MMC and colchicine, 

caused reproducible and concentration dependent increases in the formation of MN; 

however, the metabolically activated compound, CPA, caused only a small increase 

in MN formation (1,2-fold of control). It was therefore concluded that further 

optimization of the MN assay was required, which was performed in this thesis 

[Nörenberg, 2010]. 
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Various permutations of the duration of the treatment and recovery periods were 

tested and, in general, longer total treatment/recovery times resulted in higher %MN 

rates in MMC and CPA treated cells. A longer treatment time or recovery time is 

necessary when genotoxic chemicals, such as MMC and CPA, cause their DNA 

damaging effect during the G- and the S-phases, i.e. cells have to go through mitosis 

to form MN. The MN-inducing effects of these S-phase-dependent chemicals can be 

analyzed during the next interphase [Kalweit, 1999]. Treatment durations shorter 

than 24 h resulted in flat dose-response curves and failed to detect CPA as 

genotoxic. When MMC treatment regimen was changed from 8 h treatment + 40 h 

recovery to 96 h treatment + 0 h recovery, the maximum %MN formed was increased 

from 18% to 73%, thus increasing the dynamic range for this assay considerably. 

Moreover, the concentration resulting in a 2-fold increase in the MN formation was 

much lower when using a 96 h treatment period (12,5 ng/ml) than when using the 8 h 

treatment (500 ng/ml). The effect of an additional recovery period was investigated 

but this caused the compounds to be markedly more toxic to the cells. The optimized 

treatment regimen was therefore concluded to involve a 96 h treatment (2 PDs) with 

the test compound without a recovery period. 

 

Notably, the MN rate is different in different cell types, for example, in one laboratory, 

the mean basal %MN in V79, CHL cells, CHO cells and human lymphocytes were 

0,95%, 0,75%, 0,74% and 0,65%, respectively. Basal %MN in HepG2 cells were 

higher (1,75% with a range of 0,7-3,5%) [Fowler et al. (a), 2007]. The MN tests 

carried out here showed (initial and modified studies) that medium controls had a 

comparatively higher percentage of MN between 5% and 9%. The potential maximal 

increase in the %MN in upcyte® hepatocytes is 14-fold when the basal rate is 7%, if a 

maximum of 100% of the cells contained MN. The basal MN rate is thus very 

important as this determines the dynamic range of this assay and the threshold value 

defining a positive outcome. The 3-fold threshold used by Bryce [2007] for TK6 cells 

(with a %MN rate of approximately 1%) would be considered too high for upcyte® 

hepatocytes, instead a 2-fold threshold was used.  

 

An increased MN rate in hepatocytes is not unexpected. Primary rat hepatocytes 

have been reported to have a MN formation rate in control cultures of between 8% 

[Mueller et al., 1993] and 4% [Hwang et al., 1993]. The existence of such high 
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percentage rates of MN in cells can be caused by liver damage e.g. chemotherapy 

[Eckl et al., 1991]. Also there is the possibility that the hepatocytes are damaged 

during the isolation process [Cesarone et al., 1984]. Another possible cause of the 

high basal %MN rate could be that these cells are more sensitive to the effects of 

Trypsin digestion as well as cryopreservation process. It was also shown that the MN 

frequency in control-treated cultures was affected by the pre-culture period. Cells, 

which had been cultured for 10 days prior treatment, exhibited a much lower %MN 

than those that were treated 3 days after thawing. By contrast, once the cells had 

recovered, the MN rate in control-treated cells was unaffected by the treatment and 

recovery duration. 

 

Interestingly, the MN rate in control treated human hepatocytes was between 0% and 

9,3% from donors older than 60 [Canonero et al., 1997]. The MN rate in human 

lymphocytes is reported to be related to age, such that cells from younger donors 

exhibit lower %MN [Peace & Succop, 1999]. Upcyte® hepatocytes from Donor 740 

were from a very young donor (<1 year); therefore, the higher MN rate in these cells 

is unlikely to be due to donor age. The basal MN frequency in upcyte® hepatocytes 

also varied from donor to donor, such that once optimized conditions were achieved, 

the %MN in control upcyte® hepatocytes from Donors 740, 422A, 653 and 721B were 

7%, 17%, 9% and 23%, respectively. This suggests that each batch of cells will have 

an inherent level of MN formation, which is dependent on the donor age and in vivo 

treatment. This level is altered by their handling and culture conditions. The optimized 

conditions for Donor 740 (i.e. the pre-culture time and treatment times, together with 

the optimized medium) can be considered to be suitable for upcyte® hepatocytes for 

different donors, as shown for Donor 653. However, attempts to decrease the 

inherently high MN formation rate in cells from some donors may need to be 

addressed, if they are to be used in this assay.  

 

The effect of basal culture medium and supplements (EGF, OSM and DMSO) on the 

MN rate in control-treated cells was investigated. Cells grown in commercial medium 

optimized for primary human hepatocytes (MCM+, from Xenotech) caused a 

markedly higher %MN of 27,4%. Hepatocyte medium from Gibco caused the cells to 

detach and die. A low MN rate was observed in cells cultured in Promocell 

Hepatocyte Medium but this medium was inconsistent in quality, causing complete 
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cell death in some experiments and healthy cultures in others. For this reason HPM 

from Medicyte was adapted with additional supplements. In most cases, the addition 

of OSM and EGF to medium resulted in a further decrease in the %MN. OSM is a 

member of the IL-6 family of cytokines and controls the timing of G1/S phase 

transition during liver regeneration, thus providing protective signals important for 

hepatocyte proliferation during stress conditions [Dierssen et al., 2008]. OSM acts via 

gp130, which is essential in providing hepatocellular protection after treatment with 

lipopolysaccharide [Streetz et al., 2003]. Although EGF is used to stimulate 

proliferation of human hepatocytes for use in the MN assay, this was not the reason 

for using this compound in these studies. EGF was chosen because it is known to 

upregulate the nucleotide excision repair pathway and the excision-repair cross-

complementary 1 gene in hepatocellular carcinomas and primary hepatocytes 

[Andrieux et al., 2007], thus leading to lower DNA damage and lower MN rates. 

Therefore, these two supplements were included in the treatment period. The pre-

culture and recovery periods were conducted using HPM containing OSM only since 

the inclusion of EGF for prolonged periods caused the cells to grow too quickly and 

reach confluence before the end of the treatment period. DMSO is reported to protect 

primary hepatocytes against apoptosis [Banič et al., 2011] and increase DNA repair 

[Kashino et al., 2010]. Although 2% DMSO decreased MN formation in control-

treated cells, it was not included in the optimized medium since supplementing the 

pre-culture medium with this solvent caused the %MN in MMC-treated cells to be 

lower. Moreover, the concentration used is high and may affect other functions such 

as CYP activities [LeCluyse et al., 2000]. 

 

All initial experiments and reproducibility of the test system were performed with 

upcyte® hepatocytes between PD 20 and 25. In order to ensure a sufficient supply, 

cells from this donor were expanded to growth stages up to a PD of 61. This could 

potentially have resulted in the cessation of growth of the cells, since normal non-

immortalized cells stop diving after 40 to 60 PDs [Hayflick, 1998]. This was not the 

case with upcyte® hepatocytes from Donor 740, possibly because it was a very 

young donor - the younger the human donor, the more PDs it can achieve [Hayflick, 

1998]. The %MN in control-, MMC- and CPA-treated upcyte® hepatocytes from 

different PDs of this donor were essentially unchanged and fell within the historical 
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ranges observed at PD25. Theoretically, growing cells to this PD would mean more 

than adequate quantity of cells for use in this assay. 

 

Additional experiments were carried out to investigate the reproducibility of the 

upcyte® hepatocyte MN assay using cells from Donor 740 and to extend the set of 

test compounds. Initially, these experiments were carried out using duplicate wells in 

multiple experiments in order to increase the number of compounds which could be 

tested. At least one additional experiment was performed in triplicates in order to 

confirm results using statistical analysis. These experiments enabled a set of criteria 

to be developed to identify genotoxic and non-genotoxic chemicals. A positive 

outcome was defined as following: (a) at least two concentrations causing a statistical 

increase in %MN above vehicle control-treated cells. If a chemical induced a 

significant increase in %MN, it was considered positive overall if the increase was 

greater than the upper limit of the historical control range (0,5% DMSO = 14,1%) and 

it was reproducible; (b) if there was a concentration-dependent increase in the 

formation of MN and; (c) if the increase was above 2-fold of the %MN in control cells.  

 

There were some compounds which were clearly genotoxic and resulted in %MN 

values of up to 75%, compared to 7% in control-treated cultures (10-fold increase). 

These compounds were not only direct genotoxins (e.g. MMC, etoposide) but also 

bioactivated pro-mutagens, metabolized by a range of CYPs (e.g. CPA, B[a]P, DMBA 

and AFB1). This suggests that these cells are suitable for both types of mutagens 

and, unlike many other cell types used in this assay, they do not require an 

exogenous metabolizing system [Erexson et al., 2001]. Using the criteria developed 

during the course of these experiments, all seven true positive compounds were 

correctly identified in all of the experiments in which they were tested (sensitivity). 

The high specificity of the assay meant there were no FP or true negative 

compounds being identified as positive in any experiment. Any increases in MN 

formation were due to the toxicity of the compound exceeding 60%. This is a huge 

advantage compared to e.g. V79 cells, in which two of the FP compounds tested 

here (2,4-DCP and benzylalcohol) led to an over 3 fold increase of MN compared to 

the control [Nörenberg, 2010].  
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The results here support the use of upcyte® hepatocytes as an alternative cell type 

for the in vitro MN assay. These cells offer the unique characteristic of being able to 

proliferate whilst retaining sufficient metabolic function, which is ideal for the MN 

assay. Using optimized conditions for upcyte® hepatocytes from Donor 740, this 

assay was shown to have 100% sensitivity and specificity. Additional chemicals will 

be tested to confirm the very good prediction capacity but initial findings strongly 

support their use in this genotoxicity test. 
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6. Conclusion 

In summary this project contained two major topics. First, upcyte® cells from primary 

LSESs, HSC and hepatocytes were generated and characterized. Second, it was 

investigated whether upcyte® cells could be applied to cytotoxicity assays, namely 

hepatotoxicity and genotoxicity assays.  

 

HSCs could be induced to have an extended life span but were activated as soon as 

they were placed into culture, a finding confirmed by the up-regulation of activation 

markers. Primary human hepatocytes and LSECs could be induced to proliferate by 

at least an additional 20 PDs, depending on the cell type and donor. Upcyte® LSECs 

expressed the three main LSEC-specific receptors and various endothelial cell 

markers, as well as functional uptake via receptors. Upcyte® hepatocytes expressed 

differentiated marker proteins and CYP enzymes, which were inducible. Both cells 

types were used in a cytotoxicity model, which showed that the sensitivity to the liver 

toxin, APAP, of upcyte® LSECs cultured alone is higher than when co-cultured with 

upcyte® hepatocytes. This effect should be taken into consideration for future toxicity 

models, since many only focus on a single cell type. 

 

The successful use of upcyte® hepatocytes for the in vitro MN assay was 

demonstrated. Modification of the culture conditions and treatment regimen resulted 

in an optimal sensitivity. The optimized MN assay design was shown to generate 

reproducible data and correctly predicted direct-acting genotoxicants and 

promutagens without producing any FP results. Although further experiments are 

needed to confirm the suitability of upcyte® hepatocytes in this assay, these initial 

data strongly support the use of these cells as a promising alternative to the cell 

types currently used in the MN assay. 

 

Since upcyte® technology allows for the generation of hepatocytes and LSECs with 

differentiated function, they offer a unique advantage of combining the phenotype of 

human cells with the virtually unlimited availability and ease of handling human 

tumour cells and cell lines. This model could therefore fill the currently existing gap 

for clinically relevant cells in research, drug discovery and drug development. 
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