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One of the most important prerequisites for either an extracorporeal BAL or a BAL for 

transplantation is adequate functional capacities. Both types of BAL should be able to fulfill 

all vital liver functions, such as metabolism, detoxification and synthesis (van Wenum et al., 

2014). Even though currently available extracorporeal BALs exhibit some of the liver 

functions and improve certain clinical parameters in patients, their functions are still below 

those in vivo and the improvement in survival of the patients has not been confirmed 

(Chamuleau et al., 2006). Moreover, most of the BALs applied up to now contain porcine 

hepatocytes or human hepatoma cell lines as biological cell component. This rises certain 

concerns regarding their safe use in the clinic. The use of isolated human hepatocytes from 

donors is hampered by the lack of sufficient availability and of loss of function in the BAL. 

The use of human induced pluripotent stem cells (hiPSC) as a hepatocyte source 

seems to be the most promising option. Even though induction of pluripotency is mostly done 

nowadays by viral transduction and therefore poses risks of tumorigenicity, new viral-free 

methods of pluripotency induction are available and might lead to the production of safer 

hiPSC (Kane et al., 2011). Numerous studies have successfully differentiated hiPSC into 

hepatocyte-like cells. However, even though stem cell-derived hepatocytes express liver 

specific markers and exhibit some of the liver functions, the level of their functionality is 

often not assessed critically. For example, many studies use primary human hepatocytes 

(PHH) cultured for 48-72h as benchmark to characterize their hepatocyte-like cells (Song et 

al., 2009, Iwamuro et al., 2012, Takayama et al., 2012). Taking into account that PHH lose 

their functionality quite rapidly during culture, the obtained comparative results from iPSC-

derived hepatocytes are likely to be highly overestimated (Ulvestad et al., 2013). It is also 

difficult to compare the differentiation grade and liver functions of the hepatocyte-like cells 

obtained by the different research groups due to the incomplete description of methods and 

data, which are often only presented as relative values to cells with unknown functionality or 

even without any comparison but just based on immunohistochemical data (Giobbe et al., 

2015, Luni et al., 2016, Lu et al., 2015, Gieseck et al., 2014). Therefore, in our study we have 

performed hepatic differentiation of hiPSC and assessed their differentiation grade and 

functionality using fresh human precision-cut liver slices (hPCLS). The model of hPCLS 

represent a mini model of the liver in vivo and when used freshly, is the closest model to the 

human liver with respect to functional activities. Hence, the results obtained are credible and 

give a fair assessment of the functionality of the hiPSC-derived hepatocytes.  

Moreover, the hepatic differentiation of hiPSC was induced directly in a 3D bioreactor 

under flow conditions. This format was chosen because it will facilitate the development and 
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future use of the BAL, since it does not require the sensitive step of harvesting matured 

hepatocytes from the classical 2D differentiation systems and transferring them to the 

bioreactor. In Chapter 3, we performed an extensive characterization of hiPSC-derived 

hepatocytes using hPCLS as benchmark. We showed a high grade of hepatic differentiation 

and adequate functional levels of the derived hepatocytes. Activities of the major drug 

metabolism enzymes in the human liver, such as CYP3A4/5, CYP1A, CYP2C19 and 

CYP2C9, were on similar levels to those obtained in hPCLS. This is a great achievement in 

liver tissue engineering, since the expression of a proper activity of Phase I metabolic 

enzymes has always been a challenge and these high functional levels of stem-cell derived 

liver cells in a BAL have not been achieved before. Phase II metabolism enzymes that are 

often responsible for detoxification of metabolites produced in Phase I were functioning on 

similar or higher levels compared to the hPCLS. They are known not only to be involved in 

xenobiotic detoxification, but also in detoxification of endogenous compounds such as for 

example bile acids, the concentration of which is usually increased in patients with liver 

diseases (Woolbright et al., 2015, Alnouti, 2009, Pazzi et al., 2002). Therefore, the high 

activity of sulfotransferases in the BAL might be beneficial and facilitate detoxification of 

bile acids and their removal via urine. 

 Cells in the BAL secreted albumin and urea in somewhat lower amounts compared to 

hPCLS. Insufficiency in albumin secretion is not a major concern in BAL development, since 

this protein can be easily administrated exogenously. Whether this also reflects a lower 

synthesis rate of other proteins such as coagulation factors remains to be studied, but also 

these factors can be administered to the patient separately. Urea production capacity might be 

underestimated in our study since we did not add ammonia (one of the main substrates for 

urea synthesis) to the incubation medium. Ammonia is a neurotoxin and, therefore, its 

detoxification is crucial for patients with ALF to avoid the development of encephalopathy. 

Ammonia detoxification can be accomplished via the urea cycle or by glutamine synthesis 

(van Wenum et al., 2014). The latter route can lead, however, to ATP and glutamate depletion 

in the brain and as a result, hyperexcitation due to decreased GABA synthesis from glutamate 

(Kosenko et al., 2003, Brambilla et al., 2003). Therefore, urea synthesis is an essential route 

of ammonia detoxification. In our study, we demonstrated that the urea cycle is active, 

however, further experiments are needed to show its efficiency in ammonia detoxification. 

The differentiation of hiPSC in the BAL was bidirectional: towards hepatocytes and 

cholangiocytes. This can be beneficial for BAL development since, as we describe in 

Chapter 2, inclusion of various cell types is necessary for the liver to fulfill its functions. 
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Further studies are needed to address the question whether the produced cholangiocytes can 

facilitate the formation of a biliary tree for bile elimination from the BAL. 

Unlike previous studies that showed a beneficial influence of flow on differentiation 

and function of stem-cell derived hepatocytes (Lu J et al., 2015, Yu et al., 2014), in our study, 

the results obtained from the experiments under flow or in static cultures produced similarly 

differentiated cells. This might be due to the optimization of the hepatic differentiation 

protocol applied in this work that resulted in the generation of well-functioning hepatocytes 

even in 2D static conditions. Flow, however, might still be beneficial when endothelial cells 

are introduced to the scaffold and formation of a vascular network is intended. 

High Alpha Foetoprotein (AFP) expression and low CAR expression indicate, 

however, that the hepatic maturation of hiPSC is not complete and further optimization on the 

differentiation medium or culture conditions are needed to improve it. Nevertheless, we 

achieved the generation of well-functioning hepatocytes from hiPSC, the first and one of the 

most important steps in BAL development. 

 

Most of the requirements for an extracorporeal BAL and a BAL for transplantation are 

similar. Some of them, however, might be desirable for an extracorporeal BAL, but are 

crucial for a BAL for transplantation. For example, as we describe in Chapter 2, formation of 

a vascular network defines the success of liver construct engraftment (Du et al., 2014, Cast et 

al., 2015) and therefore is crucial for a transplantable BAL, whereas in the extracorporeal 

BAL a proper cell-formed vasculature can be substituted by 3D-printed artificial channels 

(Hasan et al., 2014, Ma et al., 2016), as we also showed in Chapter 3. These artificial 

channels are sufficient for perfusion with patient plasma. However, the presence of functional 

endothelial cells might still be necessary. Also, separate bile collection and elimination from 

the BAL is still a challenge. We have suggested the use of extra detoxification units at the 

inlet and the outlet of extracorporeal BAL as they might be useful to minimize harmful effects 

of bile components on cells in the BAL. They could also prevent the return of toxic 

components produced by the BAL to the patient’s blood circulation. BAL for transplantation, 

on the other hand, will have to have inner structures that allow separate collection of bile and 

these structures will have to be connected to the patient’s common bile duct.   

One of the important BAL characteristics and the focus of Chapter 2 is the BAL 

multicellularity. So far, none of the BALs have managed to incorporate all the liver cell types 

and none of the available multicellular BALs have been tested in the clinic. Non-parenchymal 

liver cells (NPC) are not passive inhabitants of the liver, but play important roles in fulfilling 
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its functions (Malik et al., 2002). For example, Kupffer cells are necessary to initiate the 

inflammatory and immune responses, whereas hepatic stellate cells and fibroblasts are 

directly involved in liver regeneration. Co-culture of hepatocytes with NPC was shown to be 

beneficial in many studies (Cohen et al., 2015). They did not only help to preserve hepatocyte 

differentiation, but also improved their functions in vitro. Inclusion of NPC in a BAL is 

hampered not only by technical difficulties in co-culturing of different cell types, but also by 

the absence of a proper and infinite source of these cells. Nowadays it is possible to generate 

macrophages and endothelial cells from stem cells (Li et al., 2011, van Wilgenburg et al., 

2013). However, the generated endothelial cells did not possess liver-specific fenestrae and 

the generated macrophages did not express all Kupffer cell specific characteristics. Whether 

these characteristics can be acquired during the co-culture with hepatocytes still needs to be 

established.  

Every organ’s architecture is unique and is crucial for the organ to fulfill its functions. 

Therefore, cells in a multicellular BAL should preferably be well positioned to mimic the 

liver architecture, instead of randomly organized. Even though many techniques have been 

applied to recreate the complex liver structure in vitro, as described in Chapter 2, all of them 

have been done on the microscale. For the production of a BAL that consists of billions of 

cells, the protocols will have to be scaled up and optimized.   

A BAL that includes iPSC-derived cells will be particularly useful also in 

toxicological studies, especially since they can be made with hiPSC-derived hepatocytes from 

a large number of donors. This will allow the variation in the human population to be 

represented and will significantly increase the possibility to detect idiosyncratic drug-induced 

liver injuries, one of the biggest challenges in the drug development process prior to clinical 

trials. 

 

Ex vivo models to predict drug-induced liver injury 
 

Drug-induced liver injury (DILI) remains the leading cause of ALF in developed 

countries (Bernal et al., 2010). It is also one of the main causes for withdrawal of drugs from 

the market or for drugs to be withheld from clinical trials, despite the advantages in drug 

development processes and the availability of various in vitro and animal models for drug 

screening.  This is because animal models do not always predict toxicity for human correctly 

due to species-specific differences in drug metabolism and disposition. Moreover, existing in 

vitro animal- or human-based models do not always represent the in vivo situation correctly 
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due to the lack of functionality or complexity. Overall, drug development is currently 

hampered by several problems: 

‐ Animal to human and in vitro to in vivo extrapolations 

‐ Simplicity of the majority of liver in vitro models  

‐ Absence of highly predictive and specific biomarkers 

Even though it is generally expected that the use of human tissue or cells will become 

the best model for prediction of toxicity in human, the limited availability of human tissue 

material still leaves the necessity to use animal-based in vitro models. The evolvement in the 

field of stem cell research now makes it possible to obtain almost any type of human somatic 

cells in unlimited amounts from hiPSC, which has the potential to contribute significantly to 

the reduction of animal use (Ordovás et al., 2013). The hiPSC-based models, however, still 

need to be fully characterized and standardized before they can be used in drug-toxicity 

screenings.  

The onset and progression of liver injury is a dynamic process, where multiple cell 

types play a role. For example, it was shown that NPC, such as endothelial cells, Kupffer cells 

and cholangiocytes play a crucial role in drug-induced liver injuries (Ganey and Roth, 2001, 

Mccuskey, 2008, Padda et al., 2011). Extracellular matrix (ECM) is an important attribute in 

in vitro liver cell cultures, since it provides a structural framework and helps to maintain the 

hepatocyte differentiation state (Sellaro et al., 2009). Therefore, it is recognized that more 

complex in vitro liver models that contain various liver cell types, extracellular matrix and 

represent the liver architecture in vivo at least to a certain extent, are needed to reliably predict 

drug-induced toxicity and improve the preclinical phase of the drug development process.  

Liver models which represent the liver in vivo most closely are liver-on-a-chip and 

PCLS. Even though liver-on-a-chip technology is still in its early phase of development and 

not many toxicity studies have been done to validate this model, its effectiveness in toxicity 

prediction has already been demonstrated (Usta et al., 2015). Implementation of various 

biosensors to organ-on-a-chip platforms that monitor even the smallest changes in the cell 

environment will give a unique possibility to study the interaction between the drug and tissue 

on a molecular level. Moreover, alteration in tissue physiological functions would be 

monitored, leading to the registration of all elements involved in adverse outcome pathways 

(Bhatia and Ingber, 2014). PCLS, on the other hand, are a validated model for many 

toxicological and pharmacological studies (de Graaf et al., 2007, Elferink et al., 2008). They 

contain different cell types in their natural architecture with intact cell-cell and cell-matrix 

contacts. The main limitation of PCLS is their limited viability in vitro and decline in the 
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activity of metabolic enzymes (in particular phase I) already after 24 hours (Catania et al., 

2003, de Graaf et al., 2010, Lerche-Langrand and Toutain, 2000). Therefore, the use of this 

model is limited to acute toxicity studies. In this thesis, we extended the application of PCLS 

by prolonging their viability and functionality up to 5 days using enriched culture media. 

Since human material is scarce, many preliminary studies have to be done using animal liver 

tissue. Hence, in this thesis we reviewed both animal-derived PCLS (rat PCLS) and human 

PCLS. 

 

Optimization of the PCLS model 

In Chapter 4 and 5 we showed that PCLS can remain viable for up to 5 days and that 

medium composition has crucial effects on the maintenance of liver-specific functions and 

morphological integrity. Moreover, we observed species-specific effects of the medium on 

slice behavior. For example, rat PCLS incubated in RegeneMed® underwent substantial 

morphological changes, such as considerable thickening of the slice and formation of necrotic 

regions in the inner cell layers of the slice, whereas in this medium the increase in thickness 

and occurrence of necrotic regions in human PCLS were minor. Also, conventionally used 

WME medium showed good results on rat PCLS viability, but not on human PCLS, where 

slice viability dropped already after 48h of incubation in WME. In Chapter 4, we showed 

that NPC remain viable and functional in rat PCLS after 5 days of incubation. This is an 

important achievement, as it has been shown that NPC are directly involved in the toxicity or 

pharmacological effects of several compounds (Westra et al., 2014, Hadi et al., 2013). We 

observed substantial fibrosis in rat PCLS after 5 days of incubation, whereas in human PCLS 

it was less pronounced. The development of fibrosis in PCLS during culture has been 

described before, and can be used as a model to study effects of antifibrotic drugs (Westra et 

al., 2014).  

Interestingly, after 5 days of incubation, a new cell layer was formed around both 

human and rat PCLS. Since cells in this outer cell layer were positively stained for both 

mesothelial and mesenchymal markers, we suggested that mesenchymal to epithelial 

transition takes place (Nishioka et al., 2008). This newly formed capsule can have a protective 

function and is possibly a response to the mechanical stress during plate shaking. However, it 

should be taken into account when designing and interpreting kinetic experiments, since the 

capsule might interfere with the uptake of compounds from the medium and their excretion 

from the slice.  



	 	 Discussion	
 

172 
 

The production of glycogen (rat and human) and albumin (human) was better 

preserved in PCLS incubated in enriched media compared to WME. This indicates the 

necessity to include substances in media that are present in physiological fluids in vivo, such 

as, for example, insulin, to maintain liver functions ex vivo for longer periods of time. 

In Chapter 5, we showed for the first time that human PCLS can remain functional 

for a prolonged time. Thus, the activity and the expression of Phase I and Phase II 

metabolism, as well as transporters involved in drug transport, did not decrease over 5 days of 

culture in Cellartis® medium. This is  a major achievement, since none of the previously 

published studies managed to keep slices not only viable, but also fully functional with 

respect to drug metabolism during prolonged incubation. It was shown before that DILI often 

requires more than 24h to develop (Hadi et al., 2012). This stresses the importance of fully 

functional metabolic enzymes, transporters and NPC in the in vitro liver models over 

prolonged periods to avoid obtaining data that are not representative for the in vivo situation. 

Transcriptomics analysis on human PCLS showed that only two pathways involved in liver 

toxicity were significantly regulated after 5 days of incubation: liver fibrosis and oxidative 

stress. The upregulation of genes involved in fibrosis supports the morphological finding on 

collagen deposition and stresses again the suitability of human PCLS to test antifibrotic drugs.  

As was mentioned before, we observed significant differences in the effects of 

different media on PCLS. Unfortunately, the composition of the enriched media is not 

publicly available and, therefore, limits the possibility to explain the observed effects. 

Therefore, in order to obtain better insight into the optimal composition it would be helpful if 

the medium composition is explicitly described. 

 

Application of the PCLS model to study drug-induced cholestasis 

Mouse and human PCLS have been already shown to be useful and predictive in 

studying gene expression changes associated with cholestatic injury (Szalowska et al., 2013, 

Vatakuti et al., 2016). However, direct changes in the intracellular bile acid (BA) pool have 

not been investigated in in vitro experimental settings. For example, Szalowksa et al. did not 

add additional BA to the incubation medium of mouse PCLS and, therefore, did not observe 

any changes in the BA content in the slices upon the exposure to cholestatic drugs (Szalowska 

et al., 2013). As we showed in Chapter 6, the addition of BA to the incubation medium is 

crucial to keep a physiological balance of BA in PCLS during incubation and to detect 

intracellular accumulation of BA. Even though we observed similar changes in the expression 
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of genes involved in cholestasis in groups with or without BA, the accumulation of BA and 

the decrease in slice viability could only be detected in the groups where BA were added to 

the medium. These data are in line with previously shown results on sandwich-cultured 

hepatocytes (SCH), where the toxicity of cholestatic drugs was significantly increased in the 

presence of BA (Chatterjee et al., 2014, Ogimura et al., 2011, Oorts et al., 2016). The BA 

accumulation in SCH, however, has not been measured in these studies. Here, we have shown 

that in order to measure the real intracellular concentration of BA in PCLS, it is necessary to 

remove the BA from the bile canaliculi by a washing step in Ca2+-free buffer. This technique 

will also allow the measurement of the excretion rate of BA by hepatocytes into the canaliculi 

in the future. 

In Chapter 6, we not only demonstrated the possibility to recreate ex vivo the increase 

in total BA concentration upon drug exposure, but also to detect the shift in the absolute 

abundance of the individual BA. For example, we showed that the concentration and absolute 

abundance of the lipophilic and toxic BA, such as DCA and CDCA, as well as their 

conjugates, increases in PCLS treated with the well-known cholestatic drugs, chlorpromazine, 

glibenclamide or cyclosporine A. The analysis of serum profiles of circulating BA was shown 

to be useful in distinguishing between various hepatic diseases in human, including biliary 

tract disease where serum concentrations of DCA, TCA and UDCA were significantly 

elevated (Sugita et al., 2015). In addition, serum GCDCA and TCA were shown to be 

elevated in patients with cholestatic liver injury (Woolbright et al., 2015). This indicates that 

profiling specific BA might help in diagnosing cholestatic liver injury. However, serum 

concentrations of BA do not always reflect the changes in the intracellular BA pool that 

eventually defines the degree of hepatocyte injury. Biopsies of the liver of patients with 

cholestasis are only taken in special cases due to the invasiveness of the procedure. However, 

they are never used to determine BA concentrations, but they are used for histopathology. 

Nevertheless, identification of the intracellular increase in total as well as individual BA 

might help in identifying representative biomarkers for drug in vitro screening for drug-

induced cholestasis (DIC). Our data suggest that it is not the increase in the total BA 

concentration that is responsible for the observed toxicity, but more likely the increase in 

some specific individual BA, such as CDCA, DCA and their conjugates, since no toxicity 

threshold was found for the total BA concentration. In order to support this assumption, 

profiling of intracellular BA pool needs to be done for several concentrations of tested drugs, 

from non-toxic to toxic doses.  
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The difficulty in detecting potential cholestatic drug candidates lies in the uncertainty 

about the mechanisms behind the development of DIC and the absence of predictive 

biomarkers. Earlier studies showed that the inhibition of bile salt export pump (BSEP) by 

drugs plays a major role in the onset of cholestasis. However, recent evidence suggests that 

DIC is a multifactorial process, where BSEP inhibition might be a single element in a chain of 

pathological events (Schadt et al., 2016). Moreover, it has been suggested that processes other 

than BSEP inhibition can lead to disturbances in BA homeostasis in the liver. Examples of 

such processes include interference with intracellular trafficking of transporters via 

modulation of kinases, or inhibition of transporters that mediate phospholipid flux via the 

canalicular membrane, such as MDR3 or ATP8B1 (Rodrigues et al., 2014). The increase in 

hepatic BA might be a primary cause for liver injury initiation as well as a secondary event 

following hepatocyte damage (Schadt et al., 2016). The slight decrease in viability in PCLS 

treated with the drugs without BA in our study, and the concomitant upregulation of toxicity 

pathways associated with inflammation and oxidative stress observed by others (Szalowska et 

al., 2013), suggest that besides BA-mediated toxicity, these drugs induce multiple 

pathological cascades that define eventually overall damage.  

Since this study was done using animal tissue and species differences in response to 

cholestatic drugs have been already reported before (Chatterjee et al., 2014), our findings will 

need to be confirmed using human PCLS to improve the prediction for human. 

 

Introducing new players in drug-induced cholestasis 
 

As was mentioned before, the exact molecular mechanisms involved in cholestatic 

liver injury are not fully elucidated. Given that PCLS contain all liver cell types in their 

natural environment and transporter expression, they represent an ideal ex vivo model to study 

possible molecular pathological events involved in the development of cholestasis. Various 

transporters are known to be involved in bile acid homeostasis and bile formation, such as 

aquaporins. Aquaporins (AQPs) are membrane channels, which can be divided into two 

groups: the orthodox or classical AQPs and the aquaglyceroporins. The orthodox or classical 

AQPs are primarily water selective and transport water across the cell membrane in response 

to osmotic gradients. Aquaglyceroporins transport water and small uncharged solutes, such as 

glycerol and urea (Gregoire et al., 2015). The distribution of the different aquaporins in the 

liver is shown in Figure 2. Since the expression of AQPs by the different liver cells differ 
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the progression of cholestatic injury. Thus, cytokines (e.g. IL-6) secreted by Kupffer cells 

were shown to abrogate cholestatic liver injury in rat shortly after bile duct ligation (Gehring 

et al., 2006). AQP3 inhibition in peritoneal macrophages resulted in their impaired migration, 

phagocytosis and energy metabolism (Zhu et al., 2011). However, whether AQP3 is playing a 

role in Kupffer cell functions has never been investigated. Also, AQP9 was shown to be 

regulated in DIC and obstructive cholestasis in the rat (Lehmann et al., 2008, Hirode et al., 

2009, Calamita et al., 2008). Moreover, AQP7 was included in the Cholestasis signature 

patent (US 7396645 B1) as a biomarker for cholestatic liver injury. However, even though 

some data are available on the regulation of AQP9 and AQP7 in cholestasis, their contribution 

to the development and progression of cholestatic injury is unclear. It is also not clear whether 

aquaglyceroporins are active players in the development of cholestasis or whether they are a 

downstream target of concomitant pathological processes in cholestasis (Calamita et al., 

2008).   

Therefore, we performed some preliminary studies aiming to see whether inhibition of 

aquaglyceroporins in rat and human PCLS can lead to the aggravation of drug-induced 

cholestatic liver injury. We treated rat and human PCLS with Auphen, a blocker for AQP3, 

AQP7 and AQP9 (Martins et al., 2013, Martins et al., 2012, de Almeida et al., 2014) and 

different concentrations of chlorpromazine in the presence or absence of BA. We performed 

the experiments in the presence or absence of glycerol, a substrate for aquaglyceroporins that 

was shown to be important for cell viability and function (Zhu et al., 2011). PCLS incubated 

without Auphen or glycerol were used as control groups. The results are shown in Figure 3.  

Auphen itself was not toxic for rat or human PCLS at a concentration of 10 µM after 

48h of incubation. However, Auphen seemed to aggravate the toxicity of CP36 alone, 

CP18+BA and CP 36+BA in human PCLS but not in rat (Figure 3B). However, due to the 

small sample size and high variation between the donor livers, the differences were not 

significant. Glycerol addition did not seem to have an effect on CP toxicity in human or rat 

PCLS (Figure 3A &B), suggesting that glycerol is a secondary energy source for the liver and 

deprivation from it does not enhance susceptibility of hepatocytes to toxic effects of 

xenobiotics. Also, it suggests the involvement of water rather than glycerol transport in 

toxicity development. 
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Concluding remarks and future perspectives 
 

In this thesis, we have optimized and characterized existing 3D liver models, and 

shown their functionality and suitability for future clinical use or toxicity studies. In order to 

advance existing liver models even more, several possibilities for future research are 

discussed here.  

In the studies described in this thesis we showed the possibility to develop a BAL with 

hiPSC-derived hepatocytes with liver functions that are close to those in vivo. However, in 

order to develop it further to a transplantable BAL or as a model for toxicity studies, other 

liver cell types should be incorporated. Therefore, future research should be focused on the 

generation of functional NPC and their incorporation into the BAL. For example, in our BAL 

model, endothelial cells, Kupffer cells and Stellate cells can be seeded in the 3D-printed 

hexagonal and random channels, closely mimicking the liver microarchitecture. Preliminary 

data already showed that endothelial cells loaded into the scaffold align to the hexagonal 

channels forming tube-like structures (Mohanty et al. unpublished observations). Another 

essential factor for a transplantable BAL is scaffold biodegradability. So far, most of the BAL 

studies have been performed with non-degradable scaffolds that provide good support for the 

seeded cells but are not suitable for transplantation. To our knowledge, none of the available 

biodegradable scaffolds has been tried in liver tissue transplantation yet. However, 

repopulation of decellularized human livers (that are not suitable for transplantation as such) 

with hiPSC-derived hepatocytes and possibly NPC cells might be a good solution for the 

existing problem with the scaffold design and mimicking in vivo liver architecture, and might 

be tried in the future. We believe that the use of safer hiPSC (reprogrammed using non-viral 

techniques) and generation of matured hepatocytes using the protocol described in this thesis 

opens great possibilities and gives good prognosis for stem cell- based BAL to be introduced 

to the clinic in the near future.  

We have shown good performance of the BAL with respect to metabolic functions 

using 7 model compounds, and therefore the next step would be to test whether the BAL can 

predict toxicity of drugs and can be used in drug screening during the drug-development 

process. The effect of perfusion with human plasma should also be investigated. The human 

liver-on-a-chip model is considered to be a better match for human and is expected to improve 

the preclinical developmental phase. Moreover, modern organ-on-a-chip technology with 

medium flow allows in vitro testing of the involvement of different organs in toxicity 

development. For example, apart from the liver itself, the intestine and the gut microbiome, as 
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well as the kidneys, are known to affect the systemic availability of drugs and their toxicity. 

Therefore, platforms that include several organ compartments would be of great value 

(Maschmeyer et al., 2015, Esch et al., 2016). The next step is to obtain readily available well-

functioning organ grafts, since so far either primary human cells or human cell lines were 

used for construction of human-on-a-chip. These cells have poor availability or do not have 

fully representative functionality compared to their in vivo counterparts.  

We have shown that the viability and functionality of liver slices can be greatly 

improved by using enriched media. We have prolonged rat and human PCLS viability and 

functionality up to five days, showing that even longer incubation times can be tested in the 

future. Medium can be further improved by optimizing the composition. A more-than-100-

fold upregulation of CYP1A1 was detected in human PCLS after incubation with Cellartis® 

medium, which could hamper the interpretation of the results obtained in clearance and 

toxicity studies. Moreover, future studies will focus on the validation of long-term cultured 

PCLS for subchronic toxicity studies.  

We obtained some evidence that BSEP inhibition and the resulting increase in 

intracellular concentration of total bile acids might not be the only major player in the 

development of cholestatic liver injury. More research thus needs to be done to find whether 

the increase in individual bile acids or development of oxidative stress and mitochondrial 

damage correlates better with the observed decrease in hepatocyte viability after the exposure 

to cholestatic drugs. Recent studies also showed the involvement of other transporters such as 

aquaporins in the progression of cholestasis, Therefore, changes in their expression and 

activity following the exposure to cholestatic drugs might help to unravel new molecular 

pathways involved in DIC.  

One of the biggest criticisms made about all preclinical models is the use of doses that 

are often much higher than therapeutic doses of the tested drugs. However, this problem has 

not been properly addressed or solved yet, and the reasons for such big differences in 

concentrations have not been explained either. The use of human material and more 

physiologically relevant 3D liver models might improve the correlation between the results 

obtained with concentrations used in in vitro models and in the clinic.  

Another important aspect that in our opinion should be addressed in the near future is 

the standardization and validation of the in vitro 3D liver models. This will help speed up the 

approval of these models for regulatory purposes.  

In conclusion, the results of this thesis show a very good potential of the in vitro 3D 

liver models to be used in tissue engineering and toxicology. The use of human ex vivo and in 
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vitro liver models is fully compliant with 3R’s requirements and has an excellent potential to 

replace animal studies in the drug development process in the near future. 
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