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Abstract 

To this day, liver transplantation is the only effective treatment for end-stage liver failure. 

Unfortunately, the scarcity of liver donors leads to waitlist mortality, pushing the need for alternative 

treatment options. In vitro models are essential tools in research on alternatives for transplantation. 

One of the promising models is the hepatobiliary organoid model because these three-dimensional 

cultures model (elements of) the native tissue structure and function. However, a limitation of these 

models is that they currently resemble only one liver cell type. The aim of this research was 

therefore to combine different cell types, i.e., biliary organoids and mesenchymal stromal cells 

(MSCs), in one culture model. 

The organoids were obtained from liver-biopsy-derived intrahepatic biliary epithelium and are 

therefore named intrahepatic cholangiocyte organoids (ICOs). The liver-specific MSCs (L-MSCs) 

were isolated from perfusion fluid of donor livers collected at liver transplantation procedures. 

Decellularized liver tissue was used to include extracellular matrix (ECM) in the co-culture models. 

To assess the most optimal culture conditions, three experimental setups were tested. In the first 

setup, ICOs were cultured in different concentrations of L-MSC derived conditioned medium (CM) 

in commercially available basement membrane extract (BME) (1A). This setup was also used to 

differentiated the ICOs towards hepatocytes (1B). In the second setup, various concentrations of 

ICOs and L-MSCs were cultured in an indirect (2A) and direct (2B) BME model. The third setup 

included liver-derived ECM to replace the BME. Cells were cultured similar to model 2B (3A) and 

ICOs were added after a pre-culture of L-MSCs (3B). The morphology of both cell types, the visible 

interaction between cell types, and the expression of hepatocyte, cholangiocyte, MSC and 

proliferation markers were analyzed.  

The effect of L-MSCs and L-MSC-derived CM on ICO formation, morphology, and growth patterns, 

was small. Direct cell-cell contact was rare in the BME co-cultures, but instances of close contact 

between two cell types were observed in both the indirect (2A) and direct (2B) setups. In the ECM 

models (3A-B), ICO cells formed polarized monolayers that pushed the L-MSCs aside, indicating 

that the cell types did not mix well. ICOs expressed the cholangiocyte markers cytokeratin (CK) 7 

and 19 in both mono- and co-cultures, whereas L-MSCs were most likely CK7 and CK19 negative. 

Variation in gene expression levels of hepatocyte, cholangiocyte, MSC, and proliferation markers 

was observed, but no statistically significant differences were found between conditions. 

Nevertheless, the down-regulatory effect of CM on the expression of hepatocyte markers in 

differentiated ICOs showed a consistent trend. Additionally, the presence of L-MSCs resulted in a 

higher mean expression of MSC markers CD90, CD105 and Vimentin, and proliferation marker KI-

67. 

Although no clear effects of L-MSCs on ICO growth were observed in this study, the created co-

culture models form a promising base for future research. The models include adult human liver-

derived components and are therefore a step towards the reconstruction of the hepatic 

microenvironment. In addition, if other (liver-derived) cell types were to be introduced to the co-

culture models, L-MSCs have the potential to enhance the cell function of these new cells. Last, 

the models can be used as a base for future ICO co-culture studies, since the L-MSCs can be 

replaced by other cell types.  
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1 Introduction 

The liver is a vital organ, performing processes related to digestion, metabolism, nutrient storage, 

detoxification, and immunity. A diseased liver can cause major health problems and can even result 

in death if the liver is damaged beyond repair (end-stage liver disease). In the past decades, liver 

disease prevalence has increased rapidly. In Europe alone, around 29 million people suffer from 

chronic liver diseases such as liver cancer and liver cirrhosis, often caused by harmful alcohol 

consumption, hepatitis B and C, and fatty liver [1]. Currently, the only treatment option for end-

stage liver disease is liver transplantation. Unfortunately, the shortage of donor organs results in 

waitlist mortality.  

To decrease the burden of (end-stage) liver disease and related deaths, alternative treatments are 

needed. A good understanding of healthy and diseased liver development and function is crucial. 

In vitro liver models play an important role by giving insight into behavior on cellular and tissue 

level. Moreover, models have the potential to be used for several clinical applications, like drug 

development and testing, personalized medicine, and tissue engineering. Because existing in vitro 

models have limitations and often resemble only a part of the liver tissue, research is constantly 

pushed to create physiologically more relevant models. To obtain these models, elements of the in 

vivo liver environment are recreated in vitro. This study focuses on three commonly used methods: 

culturing cells in a 3D environment, combining multiple cell types in one model (co-culture), and 

including non-cellular tissue components, i.e., extracellular matrix (ECM).  

1.1 3D culture models: liver organoids 

3D culture models are widely used to fill the gap between the “simple” 2D monolayer models and 

animal models. Compared to 2D models, 3D models resemble in vivo conditions more closely 

because cells have cell-cell and cell-ECM contact in all dimensions and are more exposed to 

medium concentration gradients [2]. A specific type of 3D model is the organoid model. This model 

is characterized by the capacity of epithelial cells to form self-organized 3D structures that emulate 

(elements of) the native tissue structure and function. Liver organoid models can be initiated with 

cells from varying origins: adult and fetal liver tissue [3,4] and pluripotent stromal cells [5–7]. In the 

presence of specific growth factors, cells can be stimulated to form long-term stable hepatic and 

biliary organoids.  

1.1.1 Intrahepatic cholangiocyte organoids 

A type of hepatobiliary organoid is the intrahepatic cholangiocyte organoid (ICO). ICOs are 

promising candidates for in vitro cholangiocyte modeling [4]. It is important to model the 

cholangiocytes since they form the inner lining of the bile ducts and perform key liver functions. In 

short, bile (produced by hepatocytes) is transported through the biliary tract towards the small 

intestine. The cholangiocytes modify the composition of the bile and protect the surrounding tissue 

[8]. Cholangiocytes are damaged in several chronic diseases, known as cholangiopathies. This 

damage impairs the bile composition and flow and can cause leakage and accumulation of bile. In 

the worst-case, the liver becomes irreparably damaged, and transplantation is needed [9].  

ICOs can be initiated from human liver biopsies with high success rates [10]. The cells are EPCAM 

and LGR5 double-positive and form hollow spheroids when cultured in specialized expansion 

medium (EM) in hydrogel. ICOs maintain their genetic stability, allowing long-term culture. Because 

ICOs can also be derived from patient biopsies that maintain disease characteristics in culture, they 

are suitable to model numerous liver diseases. ICOs express cholangiocyte-specific markers as 

EPCAM and cytokeratin (CK) 7 and 19. In addition, the ICOs can be differentiated towards a 

hepatocyte-like phenotype by altering the growth factor composition of the culture medium.  
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1.2 Co-culture models 

In ICO models, only one cell type is represented: the cholangiocyte. However, in vivo, different liver 

cells work together to create and maintain a functional organ. Therefore, multiple cell types should 

be combined to create a culture model that resembles the native tissue. For liver models, 

hepatocytes, hepatic stellate cells (HSCs), Kupffer cells, and liver sinusoidal endothelial cells 

(LSECs) are promising co-culture candidates since they make up the majority of the liver tissue. 

When cells are cultured together in co-culture models, they will be able to communicate via direct 

and/or indirect cell-cell contact, allowing them to coordinate cell function. Numerous studies have 

shown the effectiveness of co-culture models in terms of improving the cell function of hepatobiliary 

cells. For example, hepatocyte function (assessed by measuring CYP activity and urea and albumin 

synthesis) was improved in co-culture models including non-parenchymal liver cells like HSCs, 

Kupffer cells, and LSECs. Additionally, non-liver-derived cells like 3T3 fibroblasts and human 

umbilical vein endothelial cells (HUVECs) also had the capacity to improve cell function [11,12]. In 

mono-cultures, factors such as culture surface, 2D or 3D growth, and medium composition are 

optimized for one specific cell type. The optimized culture environment often varies between 

different cell types. Therefore, one of the biggest challenges of designing a co-culture model is 

creating culture conditions that allow both cell types to maintain their phenotype and viability. 

1.2.1 Mesenchymal stromal cells  

Besides the aforementioned hepatobiliary cells, mesenchymal stromal cells (MSCs) can be 

considered as a potential co-culture candidate. This multipotent cell can be isolated from a large 

number of tissue sources, including the liver. The cells are plastic-adherent, express the surface 

molecules CD105, CD90 and CD73, lack the expression of CD45, CD34, CD14 or CD11b, CD79α 

or CD19 and HLA-DR, and are able to differentiate into osteoblasts, adipocytes, and chondrocytes 

in vitro [13,14]. Details on how MSCs function in the liver are still unknown. Nevertheless, research 

has shown that the presence of MSCs has a large influence on its environment. When placed in 

damaged tissue in vivo, MSCs will start to produce bioactive factors, regulate the local immune 

response, release anti-inflammatory factors, and activate site-specific stem cells [15–17]. 

Additionally, MSCs are able to downregulate the activation of HSCs in the liver. This is important 

because inflammation in the liver can induce the activation of HSCs with overproduction of ECM 

as a result. Continuous disbalance in the breakdown and production of ECM can cause an increase 

in stiffness, which impairs the functionality of the organ and can ultimately lead to end-stage liver 

failure. By downregulating the HSC activation, MSCs help to reduce fibrosis formation [18,19]. 

Currently, the potential of using MSC therapy to treat liver disease and improve liver transplantation 

is being studied in several clinical trials [20,21].  

In co-culture models, MSCs can help improve the function and viability of other cell types. Studies 

have already demonstrated this effect in hepatocyte-MSC co-culture models [22]. Furthermore, in 

models combining MSCs with other (liver) cell types, spontaneous self-organization of organoid-

like structures was observed. For instance, Takebe et al. showed that induced pluripotent stem 

cells (iPSCs), MSCs, and HUVECs self-organize into liver bud organoids [7]. Cordero-Espinoza et 

al. found that mitogens coming from SCA1+ mesenchymal cells help with ductal organoid formation 

and expansion, with MSC-organoid cell ratios as a regulatory factor [23]. Last, Ramachandran et 

al. combined hepatocytes, LSECs, and MSCs in Matrigel®, and saw self-organized organoid-like 

structures in 24 hours [24]. 

  



 

4 
 

1.3 Extracellular matrix  

The ECM is an important non-cellular component of the liver as it provides strength, shape and a 

surface for cells to adhere to. Cells react to the stiffness of the ECM, influencing cell phenotype 

and behavior, such as cell proliferation, migration, differentiation, and gene expression [25]. 

Besides structure, the ECM plays a role in cell communication since it contains proteins that 

function as signaling molecules and storage depots for growth factors and cytokines [26].  

The majority of organoid culturing is performed in basement membrane extracts (BME) such as the 

commercially available Matrigel® (Corning) and BME (Cultrex). These hydrogels contain a mixture 

of ECM components derived from mouse tumor cells and are non-tissue-specific [27]. Moreover, 

these hydrogels are known to have large batch-to-batch variation and to stimulate cell proliferation 

rather than differentiation [28,29]. Therefore, the use of these hydrogels in hepatobiliary models 

might not be suitable. Alternatives include hydrogels or scaffolds composed of native tissue ECM, 

derived from decellularized livers. This native tissue ECM is organ-specific and therefore suitable 

to recreate the in vivo environment in liver models.  

1.4 Aim of this research 

Studies have shown that 3D culture, co-culture, and culturing on (liver-derived) ECM are successful 

methods to create models that resemble in vivo conditions. The goal of this project was to combine 

these methods to obtain a physiologically more relevant culture model. Human adult liver-derived 

ICOs, MSCs, and ECM were used since they represent components of the native liver 

microenvironment. Donor liver biopsies were collected to initiate ICOs [4] and to decellularize liver 

ECM [30]. Liver-derived MSCs (L-MSCs) were isolated from perfusion fluid of donor livers collected 

at liver transplantation procedures [31]. To assess the most optimal culture conditions, three 

experimental setups were tested. The effect of the L-MSC secretome on ICOs and differentiated 

ICO was analyzed by culturing ICOs in the presence of different types and concentrations of L-

MSC-derived CM in BME (3.1.2). Thereafter, ICOs and L-MSCs were cultured together in different 

concentrations in BME in direct and indirect models, allowing the cells to interact and create direct 

cell-cell contact (3.1.3). For the last step of this study, ICOs and L-MSCs were cultured together in 

different ratios on liver-derived ECM scaffolds to assess recellularization capacity and to allow the 

cells to have cell-ECM interaction in addition to cell-cell interaction (3.2.2). The effect of the 

presence of L-MSCs on ICO culture was studied by analyzing the morphology of cells, visible 

interaction between cell types, and the expression of hepatocyte, cholangiocyte, MSC and 

proliferation markers. 
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2 Methods 

2.1 Used cell types 

2.1.1 Isolating and expanding of L-MSCs 

L-MSCs were isolated from perfusates of donor livers collected during transplantation procedures. 

Donor livers were perfused with University of Wisconsin solution (UW) and human albumin solution. 

These solutions were collected after perfusion and contained many different cell types that can be 

isolated. Mononuclear cells, including L-MSCs, were collected from both types of perfusate using 

Ficoll® Paque Plus density gradient centrifugation (Appendix A). Because MSCs adhere to plastic 

surfaces, they can be separated from the non-attaching cells that are also present in the perfusates. 

Therefore, the cells were cultured in plastic flasks (2D), in Dulbecco’s modified Eagle’s 

medium/Ham’s nutrient mixture F-12 (DMEM/F-12, 1:1 mixture), supplemented with 10% non-heat 

inactivated fetal calf serum (nhi-FCS), 100 IU/mL penicillin and 100 μg/mL streptomycin at 37°C, 

5% CO2. L-MSCs attached to the plastic at day 2, after which non-attaching cells were removed. 

The culture medium was refreshed every 2-3 days. L-MSCs were reseeded to larger surface areas 

when the culture reached 80% confluency, using Gibco™ Trypsin-EDTA (0.05%) (TE) and 

incubating at 37°C for 5 minutes. Cells were reseeded at a density of 15x103 cells/cm2. 

2.1.2 ICO initiation and expansion 

ICOs were established following the protocol of Huch et al. [4]. In short, liver biopsies obtained from 

healthy donor livers during liver transplantation were stored in UW.  Biopsies were minced using 

scalpels and digested in 2.5 mg/ml Collagenase Type A (Sigma) for 20-30 minutes at 37°C. 

Subsequently, the suspension was strained (70um) and washed with cold Advanced DMEM/F12 

++++ (Adv. DMEM/F12 ++++, Appendix B). BME (Cultrex) was added to the cell pellet (the total 

quantity varied based upon the size of the cell pellet) and plated in 25 μl droplets in 24 or 48 well-

plates. BME was solidified by placing the plate upside down (preventing cells from sinking to the 

bottom of the plate) for 30-60 minutes at 37°C. Start-up medium (Appendix B) was added after the 

BME was solidified. After 3 days, the start-up medium was replaced with expansion medium (EM, 

Appendix B). ICOs were passaged every 7-10 days with splitting ratios of 1:4 to 1:6, depending on 

the proliferation rate of the organoid cells. In the passaging process, the organoids were 

mechanically dissociated into small fragments by pipetting up and down with a 200 μl pipet. These 

fragments were reseeded in fresh 25 μl droplets of BME solution (70% BME, 30% Adv. 

DMEM/F12++++) on a 24 or 48 well-plate in EM at 37°C, 5% CO2. The EM was refreshed every 2-

3 days. 

2.2 Preparation  

2.2.1 Preparation of the CM 

To model the effects of the L-MSC secretome on ICO growth, L-MSC-derived conditioned medium 

(CM) was created. Confluently grown T75 flasks with L-MSCs (N=1) were used to create the CM. 

The cells were weaned off serum by lowering the percentage of nhi-FCS with 2% per day for 5 

days, adding fresh medium daily. Thereafter, the medium was replaced by 50 ml of Adv. 

DMEM/F12++++ to create the conditioned medium. The medium was kept with the L-MSCs for 1, 

4, and 7 days, creating three different batches of CM, which will be referred to as CM1, CM4, and 

CM7. All the batches of CM were filtered with a 40 μm cell strainer before use to remove possible 

cellular debris.  
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2.2.2 Liver-derived ECM scaffolds 

Liver-derived ECM scaffolds were obtained from decellularized donor livers and used in two co-
culture setups. A human liver (N=1) was decellularized following the protocol by Willemse et al. 
[30]. A healthy human liver, deemed unsuitable for transplantation purposes, was used. This liver 
was rejected for transplantation by all Eurotransplant centers. The use of rejected human livers for 
research purposes was approved by the Erasmus MC medical ethics committee (MEC-2012-090). 
The liver was flushed with cold saline (0.9%) before storage at -20°C. After the liver was thawed, it 
was connected to the perfusion setup and perfused with dH2O at an average arterial pressure of 
120 mmHG. The rotation of peristaltic pumps was adjusted to maintain this average pressure. The 
liver was perfused with 50L dH20, before being continuously perfused with 4% Triton-X-100 + 
1%NH3 for 120 minutes. Afterward, the perfusate was refreshed with TX100 solution and changed 
to reperfusion. The liver was perfused for 120 minutes, and reperfusion cycles were repeated 9 
times in total. After completion of the TX100 cycles, the liver was perfused with 100l dH2o and 
stored in 10L dH2O for two weeks. The dH2O was refreshed every other day. Finally, the liver was 
treated with DNase type 1 (5mg/L) in 0.9 NaCl + 100mM CaCl2 + 100mM MgCl2 solution. Complete 
decellularization was confirmed based upon DNA content and histology. The liver was stored at -
20°C. 

Round cylindrical biopsies were taken from the frozen liver using a dermal biopsy punch (6mm). 
The punches were cut using a cryotome (200um thickness) and the resulting discs were washed 
subsequentially 3x in 1X PBS, 3x in Adv. DMEM/F12++++ and 3x in Adv. DMEM/F12++++, 
supplemented with 10X primocin and 10x antibiotic-antimycotic. The last wash step was incubated 
overnight at 37°C. Afterward, the discs were washed 3x in Adv. DMEM/F12++++. Washed scaffolds 
were used directly or kept frozen until use.  

2.2.3 Fluorescently labeled L-MSCs 

To be able to track the L-MSCs in co-culture models, two different methods were used to create 

red fluorescent L-MSCs. Cells were genetically stable labeled with a red fluorescent (mCherry) 

protein by performing a lentiviral transduction. After 3 passages, mCherry positive cells were sorted 

using a FACS sorter (BD). As a second method, a red fluorescent lipophilic membrane dye (PKH26, 

Sigma-Aldrich) was used to stain the L-MSCs 1-3 hours prior to the start of the experiment.  

2.2.4 L-MSC mono-culture in BME  

Because L-MSCs are normally cultured in 2D culture flasks, a test mono-culture in BME was 

performed. L-MSCs were harvested from culture flasks using TE as described previously. Cell 

numbers were determined using a disposable plastic cell counter (Kova). The cells were added to 

25 μl BME (100%) droplets and cultured in 48 well-plates in four different concentrations: 10,000, 

7000, 3000, and 1000 cells/dome. Cells were cultured in Adv. DMEM/F12++++ and culture medium 

was refreshed every 2-3 days. After one week of culture, a LIVE/DEAD assay was performed.  

2.2.5 L-MSCs mono-culture on ECM 

Because L-MSCs are normally cultured in 2D culture flasks, a test mono-culture on ECM was 

performed. L-MSCs were harvested and counted as described previously. Frozen liver ECM 

scaffolds were thawed to room temperature, washed in PBS, and placed in a 48 well-plate in Adv. 

DMEM/F12++++. Right before adding cells to the scaffold, the medium was removed and the 

scaffold was made as dry as possible, without letting the scaffold dry out completely.  

L-MSCs were cultured on liver-derived ECM in concentrations of around 10,000 cells/scaffold. A 

small droplet of Adv. DMEM/F12++++ that contained the cells was put on top of the scaffold and 

incubated for 2 hours at 37°C before adding the culture medium. Cells were cultured in Adv. 

DMEM/F12++++ and culture medium was refreshed every 2-3 days. After one week of culture, 

samples were stained with calcein-AM and DAPI and brightfield images were made.  
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2.3 Experiments 

2.3.1 Cultivation of ICOs in the presence of L-MSC derived CM in BME 

To model the effects of the L-MSC secretome on ICO growth and expression of hepatocyte, 

cholangiocyte, MSC and proliferation markers, ICOs were cultured in the presence of L-MSC-

derived CM. Twelve different medium compositions were created by supplementing expansion 

medium (EM) and differentiation medium (DM) with 25% or 50% of one of the 3 different CM 

batches (CM1, CM4, and CM7). The concentrations of the EM and DM medium components 

(Appendix B) were kept constant between all medium compositions (except for Adv. DMEM/F12 

++++).  

ICO cells (N=4, passage 5-7) were cultured in the 6 different medium mixtures of EM and CM, in 

25 μl BME (100%) droplets in 48 well-plates for 3 passages. Organoids were passaged as 

described before with splitting ratios of 1:4 to 1:6, depending on the proliferation rate. As a second 

variant of the experiment, ICO cells (N=2) were differentiated towards hepatocytes. For this, 

organoids were cultured in the mixture of EM and CM for the first 2 passages. Three days after the 

second passage, 25 ng/ml BMP7 was added to the culture medium. From the second to the third 

passage, organoids were passaged with a split ratio of 1:1 and medium was changed to medium 

mixtures of DM and CM (the type and concentration of CM were kept constant).  

The culture medium was refreshed every 2-3 days. At the end of the third passage, cells were fixed 

in 4% paraformaldehyde (PFA) for 10 minutes for histological analysis. Additionally, the cells 

(mixture of 4 wells) were lysed in Qiazol lysis reagent (Qiagen) and stored at -80°C for quantitative 

polymerase chain reaction (qPCR) analysis. A schematic overview of the experiments can be found 

in Appendix C. 

2.3.2 Direct and indirect co-cultivation of ICOs and L-MSCs in BME 

ICOs and L-MSCs were cultured together in different concentrations in BME, allowing the cells to 

interact and create direct cell-cell contact. ICO cells (passage 5-10) were harvested from the BME 

by using cold Adv. DMEM/F12++++ and mechanically breaking down the BME structure into small 

fragments. After removal of the BME, TE was added to the ICO cell pallet and incubated at 37°C 

for 30-60 minutes until a single cell suspension had formed. Cell numbers were determined using 

a disposable plastic cell counter (Kova). Red fluorescent L-MSCs (passage 13), created with 

transduction of a vector containing the mCherry-gene, were harvested from culture flasks and cell 

numbers were determined as described previously.  

ICOs and L-MSCs were cultured in direct and indirect BME co-culture models. Cells were cultured 

in EM in 48 well-plates for 3 weeks (without passaging). For the direct co-culture (ICO N=3, L-MSC 

N=1), a mixture of both cell types was added directly into the BME (100%), and the medium was 

added after solidification of the BME. For the indirect co-culture (ICO N=2, L-MSC N=1), ICO cells 

were added to the BME, and L-MSCs were added in the medium after solidification of the BME, 

allowing the cells to adhere on the plastic surface of the well-plate and on top of the BME. Cells 

were seeded in six different ICO:L-MSC ratios: 1:0, 1:1, 10:1, 100:1, 1:5 and 0:1. The total number 

of cells per BME dome/well was around 5000 cells for all conditions. The culture medium was 

refreshed every 2-3 days. On day 21, cells were fixed in 4% PFA for 10 minutes for histological 

analysis. Cells (mixture of 4 wells) were lysed in Qiazol and stored at -80°C for the qPCR analysis. 

A schematic overview of the experiments can be found in Appendix C. 

2.3.3 Direct and MSC-first direct co-culture on ECM 

ICOs and L-MSCs were cultured together on ECM scaffolds, allowing the cells to have interaction 

with liver-derived ECM in addition to cell-cell interaction. ICOs (passage 5-10) and red fluorescent 

L-MSCs (passage 6 and 7), created by adding the red fluorescent lipophilic membrane dye, were 
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harvested and counted as described previously. Frozen liver ECM scaffolds were prepared for the 

experiment as described before in 2.2.5.  

ICOs (N=4) and L-MSCs (N=2) were co-cultured on decellularized liver ECM in a direct and MSC-

first direct co-culture model in EM for 3 weeks (no passaging). For the direct co-culture, both cell 

types were mixed and placed simultaneously on top of the liver ECM. Cells were seeded in 5 ICO:L-

MSC ratios: 1:0, 1:1, 10:1, 100:1 and 0:1. For the MSC-first direct co-culture, L-MSCs were pre-

cultured for 3 days, adding L-MSCs on day 1 and ICOs on day 4. Two ICO:L-MSC ratios were 

initiated: 1:1 and 10:1. The cells were added to a small droplet of Adv. DMEM/F12++++, placed on 

top of the scaffold and incubated for 2 hours at 37°C before the culture medium was added. The 

total number of seeded cells was constant between conditions at around 25,000 cells per scaffold. 

ICO (1:0) and ICO-L-MSC (ratio 1:1) cultures in BME (5000 cells per dome) were used as extra 

control.  

The culture medium was refreshed every 2-3 days. Around 80% of the old medium was removed 

and supplemented with fresh medium to prevent the scaffold from drying out during the medium 

changing process. At the end of the third week, cells were fixed in 4% PFA for 20 minutes for 

histological analysis. Cells (mixture of 4 wells) were lysed in Qiazol and stored at -80°C for the 

qPCR analysis. A schematic overview of the experiments can be found in Appendix C. 

2.4 Analysis  

2.4.1 Cell viability  

For LIVE/DEAD assessments, the culture medium was supplemented with 100 μg/ml Hoechst, 

12.5 μg/ml propidium iodide (PI), and 0.5 μM calcein-AM, and the cultures were incubated for one 

hour at 37°C in the dark. Hoechst was used to locate cell nuclei, PI (red) was used to locate dead 

cells and calcein (green) was used to identify living cells. Pictures were made with an EVOS® FL 

Cell Imaging System or a Leica SP5 confocal microscope.   

2.4.2 Histology 

Histology was performed to analyze the general morphology of cells. Formalin-fixed (4%) samples 

were embedded in agarose, followed by paraffin embedding. The samples were cut in sections with 

a thickness of 4 μm with a microtome. The sections were placed on glass microscope slides and 

stained with hematoxylin and eosin (H&E). For this, sections were deparaffinized by consecutively 

incubating the section in two changes of xylene and decreasing concentrations of EtOH (100%, 

95%, and 70%) for 5 minutes each. Then, the sections were stained by putting them in filtered 

hematoxylin for 1 minute and in eosin for 10 minutes. Subsequentially, the sections were 

dehydrated by following the deparaffinization protocol in reversed order. Sections were mounted 

with Pertex. Pictures were made using a Zeiss Axiokop 20 microscope and captured with a Nikon 

DS-U1 camera. 

2.4.3 Immunohistochemistry  

Immunohistochemistry was performed on formalin-fixed (4%) samples and formalin-fixed (4%), 

paraffin-embedded and sectioned (4 μm) samples to assess the expression of cholangiocyte 

markers cytokeratin (CK) 7 and 19. 

Formalin-fixed samples were used for whole-mount staining. The samples were incubated at room 

temperature in a 1x PBS 0.1% Triton-X-100 mixture for 20 minutes, followed by incubation in a 1x 

PBS 5% serum mixture for 1 hour. The primary antibody CK7 (DAKO, Mouse anti-human, 1:100) 

was added to samples and incubated overnight at 4°C. The primary antibody was not added to the 

negative control samples. After washing, the secondary antibody (Alexa Fluor 555, goat anti-

mouse, 1:100) was incubated at room temperature for 1 hour. Additionally, the samples were 

stained with Phalloidin Alexa Fluor 488 (actin staining) and DAPI (DNA staining). Imaging was done 
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with a Leica 20X water dipping lens on a Leica DM6000 CFS microscope with a LEICA TCS SP5 

II confocal system. Images were processed using ImageJ to obtain maximum intensity projection 

images.  

The sectioned samples were deparaffinized as described previously and antigen retrieval was 

performed in a TRIS-EDTA buffer (pH 8-9) at around 90 °C for 10 minutes. Primary antibodies CK7 

(Mouse anti-human, 1:100) and CK19 (Mouse anti-human, 1:100) were incubated overnight at 4°C. 

After washing of the sections, secondary antibodies (goat anti-mouse, 1:100) were incubated for 1 

hour at room temperature. DAPI was added before covering the sections with a glass slip. Sections 

were imaged with a Leica SP5 confocal microscope. Images were processed using ImageJ 

software. 

2.4.4 RNA isolation and RT-PCR 

Qiazol lysed samples were used to extract RNA with the NucleoSpin RNA isolation kit (Machery 

Nagel), following the manufacturer’s instructions. The ECM co-culture samples were homogenized 

with a TissueRuptor (Qiagen) before RNA extraction. The RNA content and purity were measured 

with the NanoDrop spectrophotometer. Complementary DNA (cDNA, 400 ng) was made using 5x 

PrimeScript RT Master Mix and a thermal cycler. cDNA (4 ng/µl) was mixed with SYBR select 

master mix and gene-specific primers (GAPDH, HPRT-1, B2M, LGR5, CK7, CK19, EPCAM, KI67, 

Vimentin, Albumin, CYP3A4, CD105 and CD90, Appendix D) and the gene expression was 

measured with a StepOnePlus real-time PCR System (Applied Biosystems). Gene expression 

levels are displayed as 2−∆𝐶𝑇 and normalized to the geometrical average of the housekeeper genes 

GAPDH, HPRT-1, and B2M. The data was analyzed by performing One-way ANOVA and matching 

multiple comparison tests with GraphPad Prism software (version 8.0). A p-value lower than 0.05 

was considered statistically significant. 
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3 Results 

3.1 Cultures in BME  

3.1.1 Culture of ICOs and L-MSCs separately 

Mono-cultures of ICOs and L-MSCs give insight into normal growth patterns and form a baseline 

for co-culture studies. This section focuses on morphology, growth patterns, and viability of ICOs 

and L-MSCs cultured in BME.   

3.1.1.1 ICO morphology and donor variation  

ICOs were cultured in BME in standard expansion medium (EM, Appendix B) [4]. After seeding, 

the organoid cells formed hollow spheroids that grew in size over the culture period of 1-3 weeks. 

Between donors (N=9), a variation in the size and density of the organoids was observed. Figure 

1A-D shows this variation in representable examples of four different donor lines. Moreover, 

differences in the growth rate were observed between donor lines. Figure 1E illustrates three donor 

lines from week 2 to 3 of culture, showing clear differences in the degree of organoid growth. In 

some cultures, more 2D growth (visible as monolayers of cells on the plastic well-plate surface) 

was observed (Figure 1A). This can be caused by a lower stiffness of the BME, which can occur if 

the seeding BME-medium ratio is too low, or when cells are cultured in the same BME dome for 

prolonged periods of time.  

Because culture conditions were kept constant, variations can be explained by donor-donor 

variances. Large variations in organoid number and size caused by differences in proliferation rate 

can be minimized by adjusting the split ratio and frequency of splitting.  

 

Figure 1. Brightfield images showing donor-donor variances of ICO culture. The scale bar represents 2000 µm. 
Images of four representable donor lines show variances in organoid size and denseness after one week of culture 
(A-D). Patches of cells on the plastic well-plate indicate 2D growth (A). Dense organoids are recognizable by their 
darker color and lack of transparency. Images of 3 representable donor lines of week 2 and 3 of culture show 
differences in ICO proliferation rate (E). Initial seeding densities of all three ICO lines were constant at around 5000 

cells per done (E).  
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3.1.1.2 Morphology and viability of L-MSCs  

Conventionally, MSCs are expanded on a plastic surface in 2D, using an MSC specific medium 

(Appendix B). The MSCs form a confluent layer of fibroblast-like spindle-shaped cells (see Figure 

2A). To test the potential of L-MSCs to grow in ICO conditions and ICO basal medium (Adv. 

DMEM/F12++++), L-MSCs were seeded in different concentrations in BME and cultured for a 

period of one week. Cells grew inside the BME and migrated towards the plastic surface of the well 

underneath and around the BME. The L-MSCs inside the BME were either long and elongated 

cells, or smaller and round cells, as can be seen in the calcein staining of Figure 2B and C. The 

proportion of the small, round morphology was higher in conditions with lower concentrations of L-

MSCs (3000 and 1000 cells/dome). Cells growing on the plastic surface had the classic fibroblast-

like morphology and seemed to be slightly wider than the thin, elongated cells inside the BME. 

LIVE/DEAD staining (see Figure 2B and C) was performed after one week of culture. Live cells are 

green (calcein), and dead cells are red (PI). In all different L-MSC concentrations, cells remained 

viable after one week of culture (cell death <5%). This indicated that it is possible to grow viable L-

MSCs in ICO conditions and basal medium.   

 

Figure 2. L-MSCs cultured in 2D on a plastic surface had spindle-shaped, fibroblast-like morphology (A). A 
LIVE/DEAD assay showed little cell death after a week of L-MSC culture in BME (B, C). Scale bars represent 1000 
(A) and 400 (B, C) µm. The red PI signal overlaps with the green calcein signal and is not specifically located at the 
nuclei of the cells, suggesting crosstalk of the channels.  
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3.1.2 Cultivation of ICOs in the presence of L-MSC derived conditioned medium 

CM can be a rich source of biomolecules secreted by L-MSCs, like soluble proteins, lipids, 

extracellular vesicles, and other compounds that aid in tissue repair and regeneration  [32–34]. It 

can be used to relatively easily create an indirect co-culture model since the two cell types are 

cultured in their own “optimized” environment, and CM of the first cell type can simply be added to 

the culture medium of the second cell type. Therefore, the first step of this study was to culture 

ICOs in the presence of different types and concentrations of L-MSC-derived CM to assess the 

effect of the L-MSC secretome on ICO growth and the expression of hepatocyte, cholangiocyte, 

MSC and proliferation markers. In this section, the main results will be discussed. An overview of 

brightfield images of all culture conditions can be found in Appendix E. 

3.1.2.1 Effect of CM on morphology and growth pattern of EM ICOs  

In general, the EM ICOs were able to expand in the different types and concentrations of CM to a 

similar degree as the control condition (0% CM). The time between passages and split ratio were 

constant between all conditions (including the control condition), ranging from 7 to 10 days and 1:4 

and 1:6 depending on the donor line. However, variation in the number of organoids, organoid size, 

organoid density, and 2D growth was observed between the different conditions (illustrated with 

brightfield images in Appendix E). For example, for donor line 4, the control and EM+CM1 

conditions contained noticeably more organoids than the EM+CM4 and EM+CM7 conditions. 

Although variations were observed in all four donor lines, especially in lines 1 and 4, no clear 

repeating trends were observed. Besides the presence of the CM, natural culture variation could 

explain differences between conditions.  

The viability of the ICOs cultured in EM+CM was analyzed using a LIVE/DEAD assay, performed 

at the end of the third passage. For all EM+CM conditions, low numbers of dead cells (0-10 cells 

per organoid) were detected. The control condition revealed an ICO with the highest number of 

dead cells (see Figure 3). 

 

Figure 3. LIVE/DEAD assay of the control condition (0% CM) of the EM+CM experiment revealed a small number 
of dead cells. Dead cells are characterized by amplified PI signal and a lack of Calcein signal. Scale bars represent 
300 µm. 

3.1.2.2 Effect of the CM on gene expression of EM ICOs 

The gene expression of hepatocyte (Albumin and CYP3A4), cholangiocyte (EPCAM, CK7, and 

CK19), MSC (CD90, CD105, and Vimentin), proliferation (KI-67), and stem cell (Lgr5) markers was 

measured in all EM+CM (N=3) conditions by performing a quantitative PCR analysis. The results 

are summarized in Figure 4. In general, no statistically significant differences were found between 

the different conditions.  

Compared to the control (0% CM) condition, mean KI-67 expression was lower in all EM+CM 

conditions (on average 2.2-fold, SD:±1.1), suggesting that cell proliferation is downregulated by the 

presence of the CM. The mean EPCAM expression followed a similar pattern (on average a 1.5-

fold decrease in EM+CM conditions, SD:±0.15). Conversely, the mean expression of Lgr5 and 

Vimentin was higher in the EM+CM conditions (on average 1.8-fold, SD:±0.45, and 4.2-fold, 

SD:±0.98). The mean expression of cholangiocyte markers CK7 and CK19 varied between 
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conditions, showing both upregulation and downregulation compared to the control condition. 

Expression of MSC and hepatocyte markers was low in the samples. CD90 and CD105 expression 

was undetectable for all conditions, and Albumin and CYP3A4 expression was undetectable for a 

number of samples. CM1 in a 25% concentration seemed to increase CYP3A4 expression, whilst 

other CM types and concentrations decreased expression. Overall, no large effects of CM on gene 

expression were observed in these samples.  

 

Figure 4. RNA expression data of EM ICOs cultured with different types and concentrations of CM. Expression of 
hepatocyte (Albumin and CYP3A4), cholangiocyte (CK7, CK19, and EPCAM), stem cell (Lgr5), proliferation (KI-
67), and MSC (Vimentin, CD90, and CD105) markers are shown if detectable. Data is displayed as 2−∆Ct. No 
statistically significant differences were found between the different conditions. The mean KI-67 and EPCAM 
expression were downregulated in EM+CM conditions. Mean LGR5 and Vimentin expression was upregulated in 
EM+CM conditions. CK7 and CK19 expression were both up- and downregulated between the different conditions. 
Expression of MSC markers CD90 and CD105 were undetectable. Hepatocyte markers Albumin and CYP3A4 were 
undetectable for a number of samples.  
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3.1.2.3 Effect of the CM on morphology and growth pattern of differentiated ICOs  

ICOs have the potential to differentiate towards hepatocytes by changing the medium composition. 

Cultured in differentiation medium (DM), the cells will start to express hepatocyte-specific markers 

and morphology [4]. Previous research has shown that hepatocyte function and viability can be 

improved by the presence of MSCs in co-culture models [22]. The efficacy of L-MSC-derived CM 

to enhance the expression of hepatocyte markers in differentiated organoids was investigated by 

culturing ICOs in DM+CM. 

After switching from EM+CM to DM+CM after the second passage, the morphology and 

proliferation rate of ICOs changed significantly. The organoids became smaller and denser, as can 

be seen in Figure 5. Additionally, the proliferation rate was lower in DM than in EM cultures. The 

number of organoids per dome in the second passage (EM) was roughly comparable to the third 

passage of both EM and DM cultures. Because the splitting ratio was 1:1 for DM ICOs, and 1:4 for 

EM ICOs, it can be concluded that the proliferation rate changed. Small variations in organoid 

density were observed between the different DM+CM conditions (see Figure 5). For example, the 

CM4 50% conditions (Figure 5C, F, and Appendix E) contained less dense organoids, 

characterized by defined dark outlines and more transparent middles, compared to other conditions 

like the CM1 25% cultures. 

 

Figure 5. Brightfield images of the DM+CM cultures at the end of the third passage show variation in organoid 
density. In this image, ICO 2 is showed as a representable example. Scale bar represents 2000 µm (A-C) and 1000 
µm (D-F). The CM4 50% condition (C, F) contained less dense organoids, with defined dark outlines and lighter 
middles, compared to other conditions like the control and CM1 25% condition. The CM4 50% condition of the other 
donor line also showed less dense organoids, as can be seen in Appendix E.  

3.1.2.4 Effect of CM on gene expression of differentiated ICOs 

The gene expression levels of one donor ICO line cultured in EM+CM and DM+CM are summarized 

in Figure 6. Contrary to EM cultures, Albumin and CYP3A4 expression was detectable in all 

samples with differentiated ICOs. The expression of Albumin and CYP3A4 in the DM+CM 

conditions was notably lower (on average 95-fold, SD:±5 and 500-fold, SD:±1000) than in the DM 

control condition (0% CM). This indicates that the presence of CM considerably downregulates the 

expression of hepatocyte markers. Additionally, the downregulating effect on CYP3A4 expression 

was stronger in 50% CM concentrations than paired 25% CM concentrations. Compared to EM 

cultures, KI-67, Lgr5, CK7, and CK19 expression dropped and Vimentin expression was higher in 

DM conditions. KI-67 and Lgr5 expression remained stable between different DM conditions. CK7 

and Vimentin expression was upregulated (on average 1.5-fold, SD:±0.25 and 4.2-fold, SD:±2.0) 

and CK19 was downregulated (on average 1.5-fold, SD:±0.26) in DM+CM conditions compared to 

the DM control. Research by Akbari et al. showed that switching from EM to DM downregulates the 
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expression of EPCAM in their organoids [35]. In our model, this effect was not observed, and mean 

EPCAM expression was higher in DM organoids. CD90 expression was undetectable for all 

samples, and CD105 expression was low and undetectable for several samples.  

In conclusion, the gene expression levels showed that the presence of CM did not upregulate but 

downregulated the expression of hepatocyte markers in differentiated ICOs. Additionally, the 

presence of CM did not clearly downregulate the expression of cholangiocyte markers since CK7 

expression was upregulated in DM+CM conditions. Therefore, the differentiated ICOs were not 

included in the next co-culture experiments.  

 

Figure 6. RNA expression data of EM versus DM ICOs, cultured with different types and concentrations of CM. 
Expression of hepatocyte (Albumin and CYP3A4), cholangiocyte (CK7, CK19, and EPCAM), stem cell (Lgr5), 
proliferation (KI-67), and MSC (Vimentin, CD90, and CD105) markers are shown if detectable. Data is displayed as 
2−∆Ct. No statistically significant differences were found between the different conditions. Albumin and CYP3A4 
expression were downregulated in DM+CM cultures compared to the DM control. Compared to EM ICOs, KI-67, 
Lgr5, CK7, and CK19 expression dropped and Vimentin and EPCAM expression increased. KI-67 and Lgr5 
expression remained stable between different DM conditions. The CK7 and Vimentin expression were upregulated 
and CK19 was downregulated in DM+CM conditions. CD90 and CD105 expression were low or undetectable.  
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3.1.3 Direct and indirect co-cultivation of ICOs and L-MSCs 

As the effect of the CM on ICO growth and gene expression seemed to be limited, more complex 

co-culture models were created and studied. ICOs and L-MSCs were cultured together in different 

concentrations in BME, allowing the cells to interact and create direct cell-cell contact. Two different 

variations of BME co-cultures were created: a direct and an indirect co-culture model. In this 

section, the main results will be discussed. An overview of brightfield images of all culture 

conditions can be found in Appendix F. 

3.1.3.1 Effect of L-MSCs on morphology and growth pattern of ICOs 

In general, the presence of the L-MSCs had no visible impact on ICO morphology and growth 

patterns in all culture conditions. ICOs were able to expand in the presence of L-MSCs in both the 

direct and indirect co-cultures for a culture period of three weeks. On day 1, single cells were 

observed. After 7 days of culture, small organoids had formed. The number and size of these 

organoids continued to increase in week 2 and 3. Donor variations (as described before in 3.1.1.1), 

e.g. differences in proliferation rate, were visible between donor lines. Although ICO morphology 

was consistent between all conditions per donor line, the total number of organoids in the ICO:L-

MSC 1:5 cultures was significantly lower than in cultures of other conditions (see Appendix F). This 

difference can be explained by the lower seeding density of ICO cells for this condition, as the total 

ICO + L-MSC number was kept constant at around 5000 cells/dome for all conditions.  

3.1.3.2 Direct cell-cell contact of ICOs and L-MSCs  

In both the direct and indirect BME co-cultures, the majority of the L-MSCs did not have direct cell-

cell contact with ICOs or each other. Nevertheless, instances of direct cell-cell contact were 

observed in the direct co-culture, especially in the conditions with higher concentrations of L-MSCs 

(in the range of 0-2 instances per dome). In the indirect co-cultures, most L-MSCs grew on the 

plastic surface and on top of the BME dome. Several L-MSCs migrated towards and inside the 

BME, growing in close proximity to ICOs. This phenomenon was observed mostly in the 1:1 and 

1:5 ICO:L-MSC conditions of cultures of donor ICO line 1 (in the range of 0-3 instances per dome). 

In a number of cases, it was difficult to detect if the L-MSCs had truly penetrated the BME or were 

growing on top of the BME near an organoid. Nonetheless, multiple examples of L-MSCs in close 

proximity to organoids were observed, as can be seen in Figure 7A-H. The cells were red 

fluorescent in confocal images, confirming that they were L-MSCs (see Figure 7I-K). The red signal 

was detected mostly in the thicker parts of the L-MSCs. Additionally, calcein staining indicated that 

ICOs and L-MSCs remained viable for three weeks in each other’s presence.  

 

 



 

17 
 

 

 

Figure 7.  Brightfield images of the ICO:L-MSC 1:1 or 1:5 condition after 3 weeks of indirect co-culture in BME (A-
H) show MSC-like structures (see arrows) in close proximity to organoids. Images A-F are of donor ICO line 1, and 
images G and H are of donor ICO line 2. Confocal images show three examples of ICOs and L-MSCs in close 
proximity in BME co-culture models (I-K). L-MSCs are red fluorescent. Calcein staining showed that cells remained 

viable after three weeks of culture. Scale bars represent 400 µm (A-H) and 100 µm (I-K).  
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3.1.3.3 CK7 expression  

To assess CK7 expression, immunohistochemical analysis was performed on sections of the BME 

co-culture samples. In all direct and indirect co-culture conditions, ICOs cells were CK7 positive, 

indicating that the presence of L-MSCs did not influence the CK7 expression of these cells. Figure 

8 shows representable examples of the stainings. The monolayer of organoid cells is revealed by 

the green CK7 signal. 

Studies have shown that MSCs are CK7 negative [36]. A visible cell nucleus in combination with a 

lack of CK7 expression could indicate the presence of an L-MSC. Although hardly detected, Figure 

8 shows two examples of CK7 negative cells that are not part of an organoid, indicating a potential 

L-MSC.  

 

Figure 8. Confocal images of sections of the 1:5 and 100:1 condition of the direct co-culture in BME. Scale bars 
represent 100 µm. Sections were stained for the cholangiocyte marker CK7 and nuclei were made visible using 
DAPI. Monolayers of ICO cells were CK7 positive. Cells in the red circles, the potential L-MSCs, were CK7 negative 
and were not part of the ICO monolayer. 
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3.1.3.4 Gene expression  

Gene expression of all direct (N=3) and indirect (N=2) co-culture conditions was measured. The 

data is summarized in Figure 9 and Figure 10. Unfortunately, RNA extraction of the 0:1 condition 

resulted in low concentrations (≤ 10 ng/µL) with questionable purity. Results are included but should 

not be used to draw definite conclusions. In general, no statistically significant differences were 

found between the direct co-culture conditions. Additionally, no major differences in gene 

expression were observed between the direct and indirect co-culture samples.  

The expression of the hepatocyte markers Albumin and CYP3A4 was low and undetectable for a 

number of direct and indirect co-culture conditions. Contrary to CM cultures, expression of MSC 

markers CD90 and CD105 was detectable in both the direct and indirect co-cultures, although not 

for every condition. The expression was highest in the L-MSC-only condition and decreased as the 

L-MSC concentration went down. In ICO-only conditions, the expression was hardly or not 

detectable. Therefore, CD90 and CD105 expression can most probably be ascribed to L-MSCs 

derived RNA. Expression of the third MSC marker Vimentin followed a similar trend. The mean 

expression was on average 1.8-fold and 6.0-fold higher in the 1:1 and 1:5 direct co-culture 

conditions than in the ICO-only condition. The mean expression of cholangiocyte markers CK7, 

CK19, and EPCAM in co-culture conditions varied. Both up- and downregulation was observed in 

co-culture conditions compared to the ICO-only condition. The mean expression of stem cell marker 

Lgr5 was slightly lower in the presence of L-MSCs in direct co-culture conditions (on average 1.3-

fold, SD:±0.02) than in the ICO-only condition. This trend is opposite to the upregulating effect of 

CM observed in EM+CM cultures. For the indirect co-cultures, the Lgr5 expression was stable 

between conditions. Expression of the proliferation marker KI-67 was highest in the 1:5 conditions 

in both the direct and indirect co-cultures. In other co-culture conditions, the expression was lower 

than in the control condition. This could indicate that there is a turning point between the 1:1 and 

1:5 ratio where the presence of L-MSC starts to have an upregulating effect on cell proliferation.  

Overall, variation in gene expression levels between conditions and direct and indirect samples 

was observed. However, these variations were generally small (with exception of MSC markers in 

the L-MSC-only condition) and revealed no clear effects of L-MSC on the gene expression. 
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Figure 9. RNA expression data of the direct co-culture in BME (ICO:L-MSC). Expression of hepatocyte (Albumin 
and CYP3A4), cholangiocyte (CK7, CK19, and EPCAM), stem cell (Lgr5), proliferation (KI-67), and MSC (Vimentin, 
CD90, and CD105) markers are shown if detectable. Data is displayed as 2−∆Ct. Albumin and CYP3A4 expression 
are low or undetectable. The mean expression of MSC markers CD90, CD105, and Vimentin are highest in 
conditions with relatively high L-MSC concentrations. The mean expression of cholangiocyte markers CK7, CK19, 
and EPCAM in co-culture conditions varied. Both up- and downregulation was observed in co-culture conditions 
compared to the ICO-only condition. Lgr5 expression in the direct co-culture conditions was slightly lower in the 
presence of L-MSCs. The mean KI-67 expression is highest in the 1:5 condition.  
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Figure 10. RNA expression data of the indirect versus direct co-culture in BME (ICO:L-MSC). Expression of 
hepatocyte (Albumin and CYP3A4), cholangiocyte (CK7, CK19, and EPCAM), stem cell (Lgr5), proliferation (KI-
67), and MSC (Vimentin, CD90, and CD105) markers are shown if detectable. Data is displayed as 2−∆Ct. No major 
differences in gene expression were observed between the direct and indirect co-culture samples. Albumin and 
CYP3A4 expression were low or undetectable. The mean expression of MSC markers CD90, CD105, and Vimentin 
are highest in the L-MSC-only condition. Mean expression of CK7, CK19, Lgr5, KI-67, and EPCAM of indirect co-
culture samples remained stable between conditions, except for 5 outliers in CK7, CK19, and EPCAM expression.  
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3.2 Cultures on ECM  

After the co-cultures in BME, ICOs and L-MSCs were cultured on adult liver-derived ECM scaffolds 

to recreate the liver microenvironment more closely and to test the recellularization potential of the 

cells. Successful recellularization of these cells is an important step towards creating bioengineered 

liver tissue in the future.    

3.2.1 Culture of ICOs and L-MSCs separately 

3.2.1.1 Recellularization of ECM by ICOs 

Mono-cultures give insight into normal growth patterns and recellularization capacity of ICOs on 

liver-derived ECM. Therefore, around 25,000 ICO cells were seeded onto a scaffold and cultured 

for three weeks. On the first day after seeding, single cells were observed. On days 4-7 of culture, 

the cells formed colonies and blasts that were located on top of the ECM and the plastic (see Figure 

11A). After 10-14 days, the blasts had shrunken, and a monolayer of organoid cells became visible 

on top of the ECM and the plastic. In days 14-21, the blast mostly disappeared, and the organoid 

monolayer became the dominant growth pattern. This monolayer can be hard to detect with a 

brightfield microscope but is recognizable by the semi-transparent rim located at the borders of the 

ECM and by the polygonal cell pattern on top of the ECM (see Figure 11B and C). H&E staining 

showed that the cells did not penetrate the scaffold, but only grew on top of the ECM (see Figure 

11D). F-actin staining in whole-mount confocal images revealed the polygonal shape and 

honeycomb-like structures of the monolayer of cells (see Figure 11E). 

3.2.1.2 Morphology and viability of L-MSCs cultured on liver-derived ECM 

As L-MSCs are normally expanded on a plastic surface in 2D, the recellularization capacity had to 

be tested before designing the direct co-culture models on ECM. Therefore, L-MSCs were cultured 

on liver-derived ECM scaffolds in EM. After one week of culture, L-MSCs were spread out on top 

of the ECM as can be seen in Figure 12B. Calcein staining (see Figure 12A and B) showed that 

cells remained viable after three weeks of culture. Compared to L-MSC culture in BME, the cells 

appeared to be slightly thicker and they maintained their fibroblast-like morphology for the culture 

period of three weeks. Similar to ICOs, L-MSCs grew on top of the ECM and did not seem to 

penetrate the ECM (see Figure 12C).  
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Figure 11. Brightfield images (A, B, C) and H&E staining (D) of ICO culture on ECM. Scale bars represent 200 µm 
(A, B, E), 100 µm (C, E), and 500 µm (D). Blast forming of organoid cells was visible after a week of culture (A). 
After two weeks of culture, a monolayer of organoid cells covered the ECM surface, visible by the transparent rim 
(B) and polygonal cell pattern (C). H&E staining of sections showed that organoid cells grew on top of the ECM, not 
penetrating the ECM (D). F-actin staining of whole scaffolds showed the polygonal shapes and honeycomb-like 
structures of the organoid cells (E). 
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Figure 12. Calcein staining of the scaffolds after one (A) and three (B) weeks of culture and H&E staining of a 
section after 3 weeks of culture (C). Scale bars represent 100 (A), 400 (B, C) µm. Calcein staining showed that cells 
remained viable and revealed the fibroblast-like morphology of the cells (A, B). Nuclei were made visible using DAPI 
and L-MSCs were stained with the red cell dye. H&E staining revealed that cells only grew on top of ECM, not 

penetrating the scaffold (C).  
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3.2.2 Direct and MSC-first direct co-culture 

ICOs and L-MSCs were cultured together in different ratios on liver-derived ECM scaffolds, allowing 

the cells to have cell-ECM interaction in addition to cell-cell interaction. In the direct co-culture 

model, where both cell types were added to the ECM simultaneously, ICO cells overtook the ECM 

surface, making it hard to detect L-MSCs in later stages of culture. Therefore, a second variant was 

tested: the MSC-first co-culture model. In this model, L-MSCs were seeded three days prior to the 

ICO cells, in the assumption that the L-MSCs would be more resilient and better detectable after 

three weeks of culture. In this section, the main results will be discussed. An overview of brightfield 

images of all culture conditions can be found in Appendix F. 

3.2.2.1 Effect of L-MSCs on morphology and growth pattern of ICOs 

In general, no large differences in ICO growth patterns were observed between the ICO-only and 

co-culture conditions. However, there was a clear difference in the amount of blast forming after 7-

10 days of culture between the 1:1 and other conditions. The cultures of all donor ICO lines 

contained noticeably more blast-like structures than the ICO-only condition (1:0), as can be seen 

in Figure 13 and Appendix H. For two out of four donor ICO lines, increased blast forming was also 

observed in the 10:1 condition. Remarkably, the MSC-first 1:1 conditions did not contain an 

increased number of blasts compared to the ICO-only condition. 

Between the direct and MSC-first direct co-culture samples, a difference in recellularization degree 

of the scaffolds was observed. In the direct co-culture samples, scaffolds were completely 

recellularized by confluent monolayers of ICO cells. The MSC-first direct co-cultures, on the other 

hand, contained small areas that were not covered by ICO cells. In these areas, L-MSCs were 

detected. Aside from the earlier seeding of L-MSCs in the MSC-first direct co-culture, the difference 

in recellularization degree might be explained by the shorter ICO culture time of 3 days. 

 

Figure 13. Brightfield images of scaffolds after a week of co-culture. Scale bars represent 1000 µm. The number 
of blast-like structures in the 1:1 condition was noticeably higher than in the control and MSC-first 1:1 conditions. 
For the MSC-first condition, day 11 is included to keep total ICO culture time constant, as the ICO cells have been 
seeded at day 4 and not day 1 for this condition. Images of other donor ICO lines can be found in Appendix H.  
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3.2.2.2 Interaction of ICO cells and L-MSCs 

Direct cell-cell interactions in cultures on ECM were visibly distinct from those in BME cultures. In 

the early stages of culture, a mixture of L-MSCs and ICO cells was spread on the scaffold surface. 

Once the ICO cells began to form monolayers, L-MSCs started to disappear from these areas and 

clusters of L-MSCs were observed at the borders of the ICO monolayer. This is illustrated by the 

representable examples in Figure 14. Especially in the last week of culture, clumps of L-MSCs had 

detached from the scaffold surface and were floating in the medium. Based on these observations, 

ICO cells seem to be more dominant, pushing away L-MSCs during colonization of the ECM and 

the plastic surface around the scaffold. 

 

Figure 14. Confocal images of the 1:1 condition of the direct co-culture on ECM at day 12. Scale bars represent 
200 µm. L-MSCs are red fluorescent. Monolayers of ICO cells appear smoother than the ECM in images and have 
a wave-like pattern. In A, the organoid monolayers are visible at the left border, in the right bottom corner, and in 
the oval shapes in the right upper part of the image. Large clusters of L-MSCs (red) were visible at the edges or 
floating on top of ICO monolayers. In B, the entire surface is covered by an ICO monolayer. Only small numbers of 
L-MSCs were present in between the ICO cells of monolayers. The large L-shaped red signal comes from multiple 
L-MSCs that have clustered together.   
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3.2.2.3 CK19 expression  

To assess CK19 expression, immunohistochemical analysis was performed on sections of the co-

cultures on ECM. The presence of the L-MSCs did not affect the CK19 expression of ICO cells. In 

all conditions of the direct and MSC-first direct co-cultures, ICO cells were CK19 positive. Figure 

15A and B show representable examples of sections of the 1:0 and 1:1 conditions of the direct co-

culture. In addition, CK19 staining shows the polygonal shape of the ICO cells, with a lack of signal 

in the cell nuclei.  

Literature shows contradictory results regarding CK19 expression of L-MSCs [37]. Unfortunately, it 

was hard to detect cells in sections of the L-MSC-only condition. The few cells that were detected, 

were CK19 negative (see Figure 15C). In the co-culture conditions, it was also hard to detect 

(potential) L-MSCs. In some of the sections, it was possible to identify nuclei of cells that were 

CK19 negative and were not part of the organoid monolayer (see Figure 15D).  
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Figure 15. Confocal images of sections of the 1:0, 0:1, and 1:1 direct co-culture on ECM. Scale bars represent 100 
µm. Sections were stained for the cholangiocyte marker CK19 and nuclei were made visible using DAPI. ICO cells 
were CK19 positive and grew in polygonal-shaped cell layers. CK19 negative cells, indicated by the red circles, are 
potential L-MSCs. 
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3.2.2.4 CK7 expression  

To assess CK7 expression, immunohistochemical analysis was performed on whole scaffolds of 

the direct and MSC-first direct co-culture. During imaging, the scaffolds did not lie flat and folding 

was observed. This folding impacts the way the shape and number of cells are perceived in 

confocal images, especially when calculating nuclei count or areas. By focussing on the flatter parts 

of images, the impact of folding on these calculations was kept as limited as possible. Between the 

direct and MSC-first direct co-culture samples, a difference in ICO recellularization degree was 

observed after three weeks of culture, as described before. In short, in the direct co-culture, the 

ICO cells were able to completely recellularize the ECM and no L-MSCs were observed. In the 

MSC-first direct co-culture model, samples contained small areas that were not covered by ICO 

cells, and patches of L-MSCs were visible. As a result, the CK7 expression of only ICO cells was 

analyzed in confocal images of the direct co-culture samples. In the MSC-first direct co-culture 

samples, CK7 expression of both cell types was assessed.  

All direct co-culture samples showed large numbers of CK7 positive cells (see Figure 16A-E). 

Confocal images of the 100:1 condition were notably different, as can be seen in Figure 16D. More 

stretched cells were visible, cells were larger, and less CK7 signal was visible than the other 

conditions. Calculating the CK7 positive area in images of samples (N=1) showed that the CK7 

expression in the 100:1 condition was 16-21% lower than in the other conditions (see Figure 16E). 

Calculations on the same images revealed that the nuclei density varied between conditions (see 

Figure 16F). The lowest nuclei density was observed in the 100:1 condition, which is in line with 

the previous observation that cells appeared larger than in other conditions. Variance within one 

sample was observed, and therefore there will most likely be variance across samples of the same 

condition as well. Because only one sample per condition was imaged, the divergent results for the 

100:1 condition could be an outlier. Additionally, a difference in scaffold alignment between 

samples could explain the divergent result of the 100:1 condition. 

In MSC-first direct co-culture samples, both confluent layers of ICO cells and patches of the larger, 

fibroblast-like L-MSCs were observed (Figure 17). In the 1:1 condition sample, monolayers of ICO 

cells alternated with clusters of L-MSCs (see Figure 17A and B). In the 10:1 condition sample, ICO 

cells with cyst-like structures instead of honeycomb-like structures were found. Within one of these 

structures, CK7 negative cells were detected that could be L-MSCs (see Figure 17C). The red 

signal from L-MSCs was speckled and mostly located around the cell nuclei. However, signal of 

CK7 positive cells is expected to come from the whole plasma membrane, not only from the nuclei 

or the area around it. Therefore, the L-MSC signal is probably caused by leftover red cell dye, and 

the cells are most likely CK7 negative, especially in comparison to the CK7 positive ICO cells.   
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Figure 16. Whole-mount imaging of the direct co-culture samples. Scale bars represent 200 µm (A-D). Samples 
contained confluent monolayers of CK7 positive organoid cells (A-D). The 100:1 condition (D) showed slightly lower 
numbers of CK7 positive cells. Calculation of the percentage of CK7 positive area in images (E) showed difference 
in CK7 positivity of around 16-21% between the 100:1 and other conditions (1:0 ~ 92%, 1:1 ~ 97%, 10:1 ~ 94%, 
100:1 ~ 76%). Nuclei count (F) varied between different conditions. (1:0 ~ 16, 1:1 ~ 19, 10:1 ~ 13, 100:1 ~ 10). 
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Figure 17. Whole-mount imaging of the MSC-first direct co-culture samples. Scale bars represent 100 (A) and 200 
(B, C) µm. Both monolayers of ICO cells and L-MSCs were present. The ICO cells were smaller than L-MSCs and 
CK7 positive. L-MSCs had a fibroblast-like morphology and were most probably CK7 negative. The flecked red 
signal around the cell nuclei of L-MSCs is likely caused by leftover cell dye. In the circles (C), potential L-MSCs are 
visible. The two cell types did not seem to mix but were growing close to one another.  
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3.2.2.5 Gene expression of co-culture models on ECM  

Gene expression was measured of all direct and MSC-first direct co-cultures (N=4), including a 1:0 

and 1:1 (ICO:L-MSC) BME control condition. The data is summarized in Figure 18. Unfortunately, 

RNA extraction of the 0:1 conditions resulted in low concentrations (≤ 10 ng/µL) with questionable 

purity. Results are included but should not be used to draw definite conclusions. Matching multiple 

comparison tests showed statistically significant differences between the mean Vimentin and Lgr5 

expression. However, post hoc tests were not able to detect statistically significant differences 

between two conditions.  

In the majority of the samples, expression of the hepatocyte marker CYP3A4 was not detectable. 

Albumin expression was better detectable, though the expression was generally low. The highest 

Albumin expression was found in ECM samples containing ICOs and L-MSCs, with higher L-MSCs 

concentrations resulting in higher Albumin expression (on average 3.1-fold and 2.4-fold higher in 

the direct 1:1 and MSC-first direct 1:1 conditions compared to the ECM ICO-only condition). The 

mean expression of MSC markers CD90, CD105, and Vimentin, proliferation marker KI-67, and 

stem cell marker Lgr5 followed similar trends. Expression of these markers was highest conditions 

with high L-MSC concentrations. Remarkably, the mean expression of the MSC-first direct 1:1 

condition was higher than the direct 1:1 condition (CD90: 3.9-fold, CD105: 3.3-fold, Vimentin: 2.3-

fold, KI-67: 1.3-fold and Lgr5: 2.0-fold higher). Additionally, the mean Lgr5 and KI-67 expression in 

the BME 1:1 condition was notably higher than in the direct 1:1 and MSC-first direct 1:1 conditions 

(on average 2.9-fold and 4.3-fold higher than the direct 1:1 condition). The mean expression of the 

cholangiocyte markers was both up- and downregulated in co-culture conditions compared to the 

ECM ICO-only condition. Mean EPCAM and CK19 expression were slightly higher in direct and 

MSC-first direct co-culture conditions (on average 1.4-fold, SD:±0.24 and 1.5-fold, SD:±0.5). On 

the other hand, mean CK7 expression was lower in co-culture conditions (on average 1.3-fold, 

SD:±0.1), except for the MSC-first direct 10:1 condition. Contrary to the immunohistochemistry 

results, expression of CK7 and CK19 was observed in the L-MSC-only condition (0:1). Moreover, 

the mean CK7 expression of the direct 100:1 condition was slightly higher than the direct 1:1 and 

10:1 conditions. 

In conclusion, the expression of hepatocyte markers was low for all conditions. L-MSCs did not 

have a clear effect on the expression of cholangiocyte markers, since both up- and downregulation 

was observed. On the contrary, L-MSCs did have a clear effect on the expression of MSC markers 

CD90, CD105, and Vimentin, proliferation marker KI-67, and stem cell marker Lgr5. Mean 

expression was highest in conditions with high L-MSC concentrations and went down as the L-

MSC concentration went down. 
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Figure 18. RNA expression data of direct, MSC-first direct co-culture on ECM and control conditions in BME (ICO:L-
MSC). Expression of hepatocyte (Albumin and CYP3A4), cholangiocyte (CK7, CK19, and EPCAM), stem cell (Lgr5), 
proliferation (KI-67), and MSC (Vimentin, CD90, and CD105) markers are shown if detectable. Data is displayed as 
2−∆Ct. Expression of hepatocyte markers was low or undetectable. Expression of MSC markers CD90, CD105, and 
Vimentin, proliferation marker KI-67, and stem cell marker Lgr5 was highest in conditions with high L-MSC 
concentrations and went down as the L-MSC concentration went down. L-MSCs did not have a clear effect on the 

expression of cholangiocyte markers, as both up- and downregulation was observed. 
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4 Discussion 

Although existing in vitro liver models give insight into liver function and development, they are still 

too simplistic and unable to model the full liver function. Therefore, improvement of in vitro models 

is essential to enhance the understanding of healthy and pathological liver function and to develop 

new treatments for end-stage liver disease. In this study, adult human liver-derived ICOs, L-MSCs, 

and decellularized ECM were combined in co-culture models as a step towards complex liver 

models that include the relevant components of the native tissue. 

4.1 Cultivation of ICOs in the presence of L-MSC derived CM 

MSC-derived CM can be a rich source of biomolecules like soluble proteins, lipids, extracellular 

vesicles, and other compounds that aid in tissue repair and regeneration [32–34]. For this reason, 

the first step of this study was to assess the effect of the L-MSC secretome on ICOs by culturing 

ICOs in different types and concentrations of L-MSC-derived CM. These experiments showed that 

the presence of CM had no clear effect on ICO growth patterns and expression of hepatocyte, 

cholangiocyte, MSC, and proliferation markers. This result was unexpected, as similar experiments 

performed by Cordero-Espinoza et al. showed that CM of both freshly isolated and in vitro 

expanded SCA1+ periportal MSCs enhanced organoid formation and proliferation of mouse-derived 

EPCAM+ ductal cells significantly. In the second variant of the CM co-culture setup of this study, 

ICOs were differentiated towards hepatocytes. In these cultures, the expression of hepatocyte 

markers Albumin and CYP3A4 was downregulated in the presence of CM. This result was also 

unexpected, as previous research has shown increased function and viability of primary 

hepatocytes when co-cultured with MSCs [22,38].  

The different effects of MSC-derived CM could be explained by a difference in (basal) culture 

medium composition. The study of Cordero-Espinoza et al. compared organoids cultured in basal 

medium (Adv. DMEM/F12 supplemented with Hepes, Penicillin/Streptomycin, Glutamax, 1% B27, 

1% N2 and 1.25mM N-acetylcysteine) to organoids cultured in a mixture of this basal medium and 

SCA1+MSC-derived CM. For the CM co-cultures of this study, CM was mixed with a growth factor 

supplemented medium (EM). Therefore, the L-MSC-derived CM might have enhanced organoid 

formation and proliferation similarly as in the experiments of Cordero-Espinoza et al., but since the 

EM is already optimized to promote organoid expansion, this effect could have been undetectable. 

In future experiments, L-MSC-derived CM could be mixed with a growth factor depleted medium to 

test the capacity of the CM to promote organoid formation and proliferation. 

Another explanation for the different effects of CM is a difference in CM composition. The type and 

quantity of growth factors and cytokines secreted by MSCs depend on several factors, like culture 

conditions and the growth phase of the cells. These factors were most likely not constant between 

this study and the study of Cordero-Espinoza et al, resulting in different CM compositions and 

biological activity. In addition, the biomolecules released by MSCs in mono-culture can differ from 

those released in co-culture conditions. This can explain why L-MSC-derived CM downregulated 

the expression of hepatocyte markers, while other studies show increased hepatocyte function in 

co-culture models. Because the composition of the CM used in this study was not analyzed, it is a 

“black box”. However, other studies have shown that important biomolecules secreted by MSCs 

include VEGF, PEDF, TGF‐ β1, FGF‐2, HGF, IGF‐1, SCF, and IL‐6 [39,40]. This suggests that 

there is an overlap between the growth factors that are present in L-MSC-derived CM and EM, 

which contributes to the assumption that L-MSCs could enhance organoid formation and 

proliferation. Future studies could identify the composition of the L-MSC-derived CM. This will aid 

in confirming this assumption and explaining the effects of CM that were observed in this study. 

Moreover, this analysis will make comparisons with other CM types easier, and can also be used 

to measure batch-to-batch variation between CM of one and different donor L-MSC lines. In 

addition, the functional activity of the CM could be tested with a variety of assays, like the scratch 

wound healing assay that measures the effect of CM on cell migration.  
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4.2 Co-cultivation of ICOs and L-MSCs in BME 

Because of the limited effect the L-MSC-derived CM had on ICO growth and gene expression in 

this study, more complex indirect and direct BME co-culture models were created that allowed the 

cells to interact and create direct cell-cell contact. Cordero-Espinoza et al. created similar direct 

and indirect (transwell) co-culture models. They found that organoid formation and proliferation was 

stimulated by the presence of MSCs in indirect co-culture models, similarly as in the CM models. 

Remarkably, direct co-culture models showed divergent results depending on the organoid:MSC 

ratio. Ratios of 10:≤1 increased organoid formation, similar to CM and indirect culture. On the other 

hand, higher MSC ratios decreased the organoid formation efficiency. Combining these 

observations, they concluded that paracrine MSCs signals (indirect cell-cell contract) enhance 

organoid proliferation, and juxtacrine signals (direct cell-cell contact) decrease proliferation. In this 

study, however, only small differences in ICO formation and gene expression were observed 

between the direct and indirect co-culture models and different ICO:L-MSC ratios. Moreover, in 

both direct and indirect BME culture models, conditions with high ratios of L-MSCs (1:5 conditions) 

showed the highest mean expression of proliferation marker KI-67. Lower L-MSC concentrations 

(1:1, 10:1, and 100:1 conditions) resulted in downregulation of the proliferation marker compared 

to the ICO-only condition. However, little direct cell-cell contact was observed in these cultures, 

suggesting minimal juxtracrine signaling. This could explain why no decrease in organoid formation 

efficiency was observed in conditions with high L-MSCs concentrations in the culture models of this 

study.  

Although this study and the study of Cordero-Espinoza et al. included liver-derived MSCs, the cells 

originate from different species and are not necessarily collected from the same site in the liver. 

Cordero-Espinoza et al. isolated mesenchymal cells specifically from periportal sites, ensuring that 

these MSCs are in close proximity to cholangiocytes in vivo. On the other hand, it is difficult to 

determine the original location of the L-MSCs derived from liver perfusate. Therefore, the L-MSCs 

are possibly not in close proximity with cholangiocytes in vivo. Unfortunately, it is hard to compare 

both MSC types since analyzed markers hardly overlap. Nevertheless, it is known that both MSC 

types lack the expression of CD45, and literature shows that perfusate-derived L-MSCs are CD34 

negative, whereas the SCA1+ MSCs do express CD34 [31]. This suggests that the MSC types are 

distinct from one another and might have different functionality. Because the MSCs used by 

Cordero-Espinoza et al. are located in the periportal site of the liver and express SCA1 and CD34 

but lack the expression of CD45, it might be interesting to include oval markers A6 and α-fetoprotein 

in future analyses [41].  

4.3 Co-cultivation of ICOs and L-MSCs on ECM 

For the first co-culture models of this study, ICOs and L-MSCs were cultured in BME. However, 

BME is made up of compounds derived from mouse tumor tissue, limiting the clinical applications 

of BME based models [27]. ECM, on the other hand, has the protein composition, and 3-

dimensional and physiological properties of the original tissue and can potentially be used for 

clinical applications. Therefore, the recellularization capacity of ICOs and L-MSCs was assessed 

by culturing both cell types on liver-derived ECM scaffolds.  

The recellularization of ICOs on liver-derived scaffolds has already been established before. For 

example, Willemse et al. recellularized EBD with intra- and extrahepatic liver organoids (IDO and 

EDO) [42]. They found that EDO cells formed a confluent monolayer with a “honeycomb”-like 

structure on top of the scaffold and expressed CK7 and CK19. The observations in this study are 

in line with the observations of Willemse et al., as the ICOs in the direct and MSC-first direct cultures 

showed similar growth patterns and were also CK7 and CK19 positive.  

MSCs have been used to recellularize all different types of scaffolds, including heart, kidney, and 

lung-derived ECM. MSCs attached to the periphery of the scaffolds, and some studies also show 

infiltration of the ECM [43]. In this study, L-MSCs seemed to only grow on the periphery of the ECM. 

Cells were probably CK7 and CK19 negative on protein level, although it was difficult to determine 
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CK19 expression in stained sections. Wei-Cheng et al. recellularized liver ECM with MSCs, and 

found that cells started to express CK19 after 4 weeks of culture [44]. Additional experiments should 

be performed to determine if L-MSCs also start to express CK19 after multiple weeks of culture. 

The distribution and migration of the MSCs on scaffolds is influenced by factors like composition 

and stiffness of the ECM, medium composition, and static and dynamic culture. Therefore, cell 

distribution results can differ depending on the used culture conditions [45]. Additionally, Liver-

derived ECM can influence the differentiation of MSCs and (induced) pluripotent stem cells towards 

cholangiocytes or hepatocytes [46,47]. For example, the studies of Jiang et al. and Li et al. have 

shown that liver-derived ECM improves MSC differentiation efficiency towards hepatocytes [44,48]. 

In this study, L-MSCs remained their elongated fibroblast-like morphology after three weeks of 

culture on scaffolds. In the L-MSC-only conditions, gene expression of hepatocyte markers Albumin 

and CYP3A4 was undetectable. In co-culture conditions, the expression was very low or 

undetectable. Overall, no indication of differentiation towards hepatocytes was observed. Gene 

expression of CK7, CK19, and EPCAM was detectable in ECM MSC-only conditions, whereas no 

detection was seen in the BME MSC-only conditions. This could indicate that MSCs differentiate 

towards cholangiocytes or hepatic progenitor cells in the presence of liver-derived ECM. However, 

RNA extraction of the MSC-only conditions resulted in low concentrations with questionable purity, 

and gene expression results can therefore not be used to draw definitive conclusions.      

In both the direct and MSC-first direct co-culture conditions of this study, ICO cells were able to 

recellularize the scaffold. However, a difference in the recellularization degree of ICOs was 

observed. In MSC-first models, scaffolds were not completely covered by ICOs, indicating that 

these conditions were less ideal for recellularization of ICOs. In direct cultures, the presence of the 

L-MSCs had no clear effect on the recellularization capacity of ICOs. In mono-culture, L-MSCs 

were capable of recellularizing liver-derived ECM and remained viable for three weeks. However, 

in combination with ICOs, L-MSCs were not able to repopulate the scaffolds since they were 

pushed away. Although L-MSC did not successfully recellularize the ECM in co-culture conditions 

and no clear beneficial effects on the recellularization capacity of ICOs were observed, L-MSCs 

should not be disregarded in future tissue engineering experiments. The cells can potentially 

improve the success rates of bioengineered liver tissue as biliary constructs in clinical settings by 

improving cell function of secondary cell types (e.g., cholangiocytes and hepatocytes) or by 

releasing anti-inflammatory factors. Zhang et al. tested the safety and potential of using MSCs in 

combination with engineered bile stents in pigs [49]. The immersion of the tissue around the stent 

in an MSC suspension during the procedure showed promising results. MSCs engrafted the bile 

duct wall, prevented anastomotic fibrosis, and promoted neoangiogenesis.  

Because the ICOs and L-MSC grew only on the periphery of the scaffolds, the cultures are more 

two-dimensional than three-dimensional. To create 3D models, liver-derived ECM hydrogels can 

be used. Research has shown that these hydrogels are promising biomaterials since tissue-specific 

ECM helps to maintain cell phenotype and promote proliferation [50]. Moreover, they can promote 

organoid formation and induce the formation of more complex three-dimensional biliary networks 

[51,52]. Similar to decellularized scaffolds, liver-derived ECM hydrogel models have the potential 

to be used for clinical applications.   

4.4 General remarks on MSC activities  

Overall, L-MSCs had no clear effect on growth patterns and gene expression of ICOs in the 

experiments performed in this study. Furthermore, very little visible cell-cell contact was observed 

in BME models, and cells did not mix well in ECM models. Aside from the aforementioned reasons, 

there are more possible explanations for the limited visible effect on ICO growth and gene 

expression. In vivo, MSCs seem to be primarily active in damaged tissue, where they help to repair 

this damage and regulate the immune response. In our models, the L-MSCs probably do not get 

signals similar to those found in damaged tissue. As a result, the cells might not be activated, hence 

the accompanying combination of biomolecules, e.g., growth factors and cytokines, are not 

released. This could explain why no clear effect of the L-MSCs on ICOs was observed in this study.  
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MSCs have a high differentiation potential, which is regulated by the transcription and growth 

factors in the environment. Factors like medium composition, culture surface, and in vitro aging can 

alter the phenotype and differentiation potential of the MSCs [53,54]. Therefore, it is possible that 

the MSC function varied amongst the different co-culture models of both this and comparable 

studies since the culture environment was not constant between the models. The presence of the 

ECM, for example, might enhance the hepatic commitment of L-MSCs, as liver-derived ECM has 

been shown to improve MSC differentiation efficiency towards hepatocytes [44]. The change of 

MSC to EM medium can also significantly alter the L-MSC phenotype. Because the focus of this 

study was on ICO growth, organoid-specific culture medium was used in the BME and ECM co-

culture models. However, L-MSCs thrive best in medium that contains serum (MSC medium). 

Although the morphology of L-MSCs was similar in EM and MSC medium cultures, studies have 

shown that changing the culture medium composition can significantly affect the phenotype of cells. 

For example, Hagmann et al. discovered that different expansion media compositions had a 

significant impact on CD90 and CD105 expression of MSCs [55]. To assess whether the lack of 

visible effect of L-MSCs on ICOs is related to the choice of culture medium, different medium 

compositions could be tested in future studies. To enhance L-MSC functionality, EM can be 

supplemented with WNT CM (like in the study of Cordero-Espinoza et al.) and/or (low percentages 

of) serum. An alternative method is to supplement serum-free MSC media formulations such as 

the PPRF-msc6 medium with the desired medium components [56].  

Overall, it would be beneficial to assess the phenotype and viability of L-MSCs in future studies. 

This will allow for the comparison of L-MSC function between different models and donor lines. 

Additionally, the effects of different culture environments on L-MSC phenotype and viability could 

be determined. This information is valuable for finding optimal culture conditions for future co-

culture models. Gene expression profiling can contribute to the global picture of cellular function. 

Assessing the metabolic activity, differentiation capacity, and immunoregulatory features of cells 

will also provide useful information on cellular function. 

4.5 General optimizations of future co-culture models 

Several studies focused on mesenchymal-ductal cell interaction of various cell types like HSCs and 

portal (myo)fibroblasts. However, no studies were found that included perfusate-derived L-MSCs. 

Because there is no in-depth understanding of the interaction between L-MSCs and the ductal 

environment, the limited effect of L-MSCs on ICO culture could indicate that these cells have also 

little interaction in vivo. If this would be the case, optimizing the co-culture model will not result in 

an increased effect of L-MSC on ICOs. The focus can be shifted to other co-culture candidates to 

achieve more cell-cell contact. Cells such as hepatocytes, HSCs, Kupffer cells, and LSECs are all 

promising candidates because they perform key roles and make up the majority of the liver tissue. 

The co-culture models created in this study can be used as a base for future ICO co-cultures, as 

L-MSCs can be replaced by other cell types. However, finding culture conditions that allow both 

cell types to maintain their phenotype and viability will remain a big challenge. In addition, the co-

culture models can be optimized to improve future models. Besides the aforementioned 

suggestions (e.g. assessing the composition of the CM, using growth factor depleted medium, and 

liver-derived ECM hydrogels), more optimizations can be thought of.  

First, the RNA derived from ICO and L-MSC could be kept separate. In this study, the gene 

expression was measured using a mixture of ICOs and L-MSCs derived RNA. Therefore, it is not 

possible to determine the ICO and L-MSC related contribution. For a number of genes, expression 

was relatively high in conditions with high L-MSC ratios. Since these conditions presumably include 

relatively more L-MSC-derived RNA than conditions with low L-MSC concentrations, this effect 

could be attributed to L-MSC-related expression. However, this cannot be confirmed for the 

performed experiments. Therefore, it would be beneficial to split the cells in future experiments to 

prevent the RNA from mixing. This can be achieved by keeping the cells separated during culture 

by using indirect co-culture techniques like transwell systems, or cells can be sorted (with a FACS-

sorter) before RNA isolation.  
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Tracking and identifying both cell types is essential in co-culture models. The lentiviral transduction 

to integrate a red fluorescence protein gene and the red fluorescent lipophilic membrane dye were 

both functional methods to track the L-MSCs. However, in future research, both cell types should 

be labeled to prevent confusion in case of low detectability of stainings. Cells could also be 

identified by using cell-specific markers.  

Last, in addition to analyzing the morphology of cells, visible interaction between cell types, and 

the expression of hepatocyte, cholangiocyte, MSC, and proliferation markers, it would be 

interesting to include more cell function assays. Cholangiocytes dilute and alkalinize the bile that is 

produced by hepatocytes. To execute these activities, cholangiocytes use several channels, 

transporters, and exchangers. Assays like the forskolin-induced swelling assay to test the cAMP-

activated CFTR channel activity are available to test the ion-channel activity, and thus cell function 

of the ICOs.  
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5 Conclusion  

In this study, co-cultures including ICOs and L-MSCs were created as a stepping stone towards 

complex models that represent the (complete) liver microenvironment. In the co-culture models in 

this study, the presence of the L-MSCs had no clear effect on ICO growth and the expression of 

hepatocyte, cholangiocyte, MSC, and proliferation markers. Recellularization experiments showed 

that both cell types were capable of repopulating the ECM. However, L-MSCs had no clear 

beneficial effect on ICO repopulation and cell types did not mix well on the scaffolds. Previous 

studies (e.g., the study of Cordero-Espinoza et al.) have shown that MSCs have the potential to 

promote cell function and organoid formation in co-culture models. Including a wider range of 

markers and functional assays might help to clarify why no clear effects were observed in this study.  

Although no clear effects of L-MSCs were observed, the co-culture models developed in this study 

provide a valuable base for future co-culture research. In future experiments, the L-MSCs could be 

replaced with other liver-derived cell types that potentially have a beneficial effect on ICO growth 

and viability. The models have to be adjusted to the “new” cell type to create the optimal co-culture 

environment, but similar setups can be used to analyze the effects of secreted factors, indirect and 

direct cell-cell contact, cell-ECM contact, and the recellularization potential of cells.  

In the ultimate liver model, all relevant components of the microenvironment are included and 

functional bioengineered liver tissue is created. These models can be used for multiple applications, 

like disease modeling and drug screening. Moreover, bioengineered tissue has the potential to 

replace diseased tissue in patients. The recellularization setups of this study form a valuable basis 

since only human-derived cells and ECM were included. This opens the doors for personalized 

medicine approaches and autologous transplantation in the future. The setups can be expanded 

with additional components of the liver microenvironment as a step towards creating complex liver 

models. This can be done by adding additional liver-derived cell types, like combining hepatocytes, 

ICOs, and L-MSCs, in which L-MSCs could enhance hepatocyte function or differentiate towards 

hepatocyte-like cells. Another option is to culture the cells in organ-on-a-chip systems. In these 

systems, numerous parameters including dynamic flow, mechanical stimulation, and concentration 

gradients can be controlled. 

Although there remain many challenges to overcome in order to create a “complete” liver model, 

this study has taken an important step by combining L-MSCs and ICOs in co-culture models. 

Especially the recellularization setups form a promising basis for the development of complex liver 

models since native tissue-derived ECM is included. Future studies should expand the setups with 

additional components of the liver microenvironment like adult liver-derived cells, and optimize 

culture conditions for all included cell types.  
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Appendix A - Protocol isolation of L-MSCs  

This protocol is based on the original protocol described in the book ‘Animal Models for Stem Cell 

Therapy’, chapter 9: Support of Hepatic Regeneration by Trophic Factors from Liver-Derived 

Mesenchymal Stromal/Stem Cells [57] 

Materials: 

• Culture medium  

• Ficoll 

• PBS 

 

Procedure: 

• Collect perfusate in 50 ml tubes and centrifuge 5 min, 1500 rpm, 4 C 

• Discard the supernatant and resuspend the cell pellets from all the tubes in 30ml final volume PBS 

• Layer the cell suspension on top of 13 ml Ficoll. Drip de cell suspension slowly onto the Ficoll to 

prevent mixing the two. 

• Centrifuge 20 min, 1800 rpm, 20 C, acc. 9, brake 1 

• Harvest the enriched cell fraction (ring of cells on the Ficoll) into a new 50 ml tube (with disposable 

pipette)  

• Add PBS to a total volume of 40 ml and centrifuge 5 min, 1500 rpm, 4 C 

• Resuspend pellet in medium and count the cells with Trypan Blue (to make a distinction between 

life and dead cells).  

• Seed the cells with a density of 1 - 3.5 cells/cm2.  

• After a few days, some cells will be attached, and a lot of cells will be floating in the medium. Wash 

away the dead cells and add fresh medium. 

• Cells that attach to the plastic and start growing are the MSC. Usually, they have a spindle-like 

shape and can grow like a normal cell line.  
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Appendix B - Medium compositions   

Advanced DMEM/F12 ++++ 
 

Component Concentration 

Advanced DMEM/F12  

HEPES 1M 

L-Glutamin 1% 

Primocin 500mg/ml 

Pen/Strep 10000 U/ml 
 

Start-up medium 
 

Component Concentration 

Advanced DMEM/F12 ++++  

N2 1% 

B27 2% 

Gastrin I 10 nM 

FGF10 100 ng/ml 

HGF 25 ng/ml 

EGF 50 ng/ml 

A8301  5 µM 

Nicotinamide 10nM 

Forskolin 10 µM 

N-Acetylcystein 1,25 mM 

R-Spondin 10% 

WNT 30%  

Noggin 25 ng/ml 

Y27632 10 µM 

hES cell cloning recovery solution  1:1000 dilution 
 

Expansion medium (EM) 
 

Component Concentration 

Advanced DMEM/F12 ++++  

N2 1% 

B27 2% 

Gastrin I 10 nM 

FGF10 100 ng/ml 

HGF 25 ng/ml 

EGF 50 ng/ml 

A8301  5 µM 

Nicotinamide 10nM 

Forskolin 10 µM 

N-Acetylcystein 1,25 mM 

R-Spondin 10% 
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Differentiation medium (DM) 
 

Component Concentration 

Advanced DMEM/F12 ++++  

N2 1% 

B27 2% 

Gastrin I 10 nM 

FGF10 100 ng/ml 

HGF 25 ng/ml 

EGF 50 ng/ml 

A8301  5 µM 

DAPT 10 µM 

BMP7 25 ng/ml 

Dex 30 µM 
 

MSC medium 
 

Component Concentration 

DMEM/F12  

Non-heat inactivated fetal calf serum (FCS) 10% 

Pen/Strep 10000 U/ml 
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Appendix C - Schematic overview experiments 

Schematic overview EM+CM and DM+CM experiments   
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Schematic overview of the direct and indirect co-culture in BME 
 

 

 

Schematic overview of the direct and MSC-first direct co-culture on liver derived ECM 
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Appendix D - PCR primers  

Primer Forward sequence 5' to 3' Reverse sequence 5' to 3' 

GAPDH CTTTTGCGTCGCCAGCCGAG CCAGGCGCCCAATACGACCA 

HPRT-1 ACCAGTCAACAGGGGACATAA CTTCGTGGGGTCCTTTTCACC 

B2M GTGTCTGGGTTTCATCCATC GGCAGGCATACTCATCTTTT 

LGR5 GTCAGCTGCTCCCGAATCCC TGAAACAGCTTGGGGGCACA 

CK7 GGGGACGACCTCCGGAATAC CTTGGCACGCTGGTTCTTGA 

CK19 GCACTACAGCCACTACTACACGA CTCATGCGCAGAGCCTGTT 

EPCAM GACTTTTGCCGCAGCTCAGGA AGCAGTTTACGGCCAGCTTGT 

KI67 CTACGGATTATACCTGGCCTTCC AGGAAGCTGGATACGGATGTCA 

Vimentin CGGGAGAAATTGCAGGAGG TGCTGTTCCTGAATCTGAGC 

Albumin CTGCCTGCCTGTTGCCAAAGC   GGCAAGGTCCGCCCTGTCATC 

CYP3A4 AGCAAAGAGCAACACAGAGCTGAA CAGAGGTGTGGGCCCTGGAAT 

CD105 CCACTAGCCAGGTCTCGAAG GATGCAGGAAGACACTGCTG 

CD90 ATGAACCTGGCCATCAGCA GTGTGCTCAGGCACCCC 



 

50 
 

Appendix E - Brightfield images of CM co-cultures  

Brightfield images of EM+CM ICOs  
 

 

 
Brightfield images of EM+CM versus DM+EM ICOs 
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Appendix F - Brightfield images of BME co-cultures 

Brightfield images of day 21 of the direct co-culture in BME 
 

 

 

Brightfield images of day 21 of the indirect co-culture in BME 
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Appendix G - Brightfield images of ECM co-cultures 

Brightfield images of day 21 of the direct and MSC-first direct co-culture on ECM 
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Appendix H - Brightfield images of blast forming 

Brightfield images of blast forming in the direct co-cultures on ECM 
 

 

 

 

 

  


