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ABSTRACT 

Human fetal liver cells (hFL) are composed of different populations of progenitor cells that are 

responsible for liver development. One of these populations, the hepatic stem cells (HpSCs), are 

pluripotent precursors of hepatoblasts and consequently of hepatocytic and biliary epithelia. Use 

of specific matrix components, along with soluble paracrine signals enables one to maintain 

these hepatic progenitors ex vivo without feeders and under wholly defined conditions. Liver 

decellularized matrix might constitute thence an excellent bioscaffold for the expansion and 

differentiation of hFL progenitor cells. hFL cells seeded in liver bioscaffold disks of 5mm 

diameter and 300um of thickness showed engraftment and considerable expansion after 21 days 

in culture. Several colonies of HpSCs and hepatoblasts could be identified in the bioscaffold 

disks based on their immunophenotype. Moreover, molecular analysis and immunofluorescence 

showed differentiation of primitive HpSCs in hepatoblasts and possibly hepatoblasts into biliary 

committed progenitors. The liver decellularized bioscaffold constitutes then a suitable matrix for 

hFL progenitor cell seeding, opening new possibilities in the generation of hepatocytes in vitro 

for drug discovery and cell therapies and in liver organ engineering. 
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4.1 INTRODUCTION 

In the herculean challenge of organ engineering a whole liver, several components are required 

and vital to successfully assemble a functional organ. One of them is its parenchymal cell 

compartment. 

 

Human parenchymal cells are defined as hepatocytes and cholangiocytes. The first cell 

phenotype is responsible for most of the metabolic functions of the liver and the second to 

generate bile and help transporting it outside of the liver
1
, as mentioned in chapter one of this 

dissertation. Both types of cells are mitotically quiescent under physiological conditions. 

However, the liver is frequently exposed to physical trauma and hepatotoxins, and unexpected 

loss of hepatocytes and cholangiocytes in not uncommon. Perhaps on account of this situation, 

and because maintenance of liver function is necessary to preserve the life of the organism, 

several cellular mechanisms have evolved to replace hepatocytes. This replacement is dependent 

on the proliferative amplification of residual differentiated hepatocytes or by the generation of 

new hepatocyte lineages from the activation of hepatic stem cells
2
. Contribution into new 

hepatocyte lineages has also been reported from extra-hepatic stem/progenitor cells (bone 

marrow derived) in certain physiopathological conditions. Although the evidence that bone 

marrow cells, either hematopoietic stem cells
3, 4

 or multipotential adult progenitor cells
5
, can 

sometimes acquire the hepatocyte phenotype after transplantation into the liver is convincing, 

this event appears to be uncommon, and there is little documentation that the hepatocyte progeny 

of hematopoietic stem cells are amplified sufficiently to replace significant deficits of liver 

tissue
6, 7

. Numerous reports have also indicated that cell fusion is the main mechanisms of 

hematopoietic stem cell generation of new hepatocytes when transplanted into injured livers
8-10

. 

The role of hepatic stem cells in maintenance and regeneration of adult liver becomes then of the 

most capital significance. 
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As mentioned before, it is during embryonic development around E8.25 (in the mouse) that 

ventral endoderm cells gain competence to develop into various tissues as a result of the 

expression of transcription factors in the endoderm and signals (BMPs) that diffuse from the 

adjacent cells of the septum transversum mesenchyme (STM). It is during tissue specification, 

between E8.5-E9.5, that FGF signalling from the cardiac mesoderm and perhaps in conjunction 

with BMP signalling from the STM initiates the liver gene programme in proximal endoderm. 

Finally this portion of the specified endoderm will begin to express hepatic specific genes, and 

then the newly specified cells will proliferate out of the endoderm layer interacting with 

primitive endothelial cells in the STM to form the liver bud, with initiation of morphogenesis
8, 11-

15
. The cells found within the liver bud are recognized as hepatoblasts because of the expression 

of α-fetoprotein and are bipotent, giving rise to hepatocytes and cholangiocytes
8, 15

. These AFP 

positive cells can be isolated and expanded in culture from fetal and adult livers of several 

species. Under defined conditions, these cells are capable of extensive expansion ex-vivo and 

differentiating in hepatocytic and biliary lineages
16, 17

. However, AFP positive cells are rare in 

the normal adult liver which stimulated the search for more primitive and undifferentiated liver 

stem cells. The discovery of Ep-CAM positive cells in the Canals of Hering of human normal 

adult livers and in the ductal plates of human fetal livers defined a novel class of AFP negative 

cells that are precursors to hepatoblasts and have properties consistent with stem cells (i.e. self-

renewal and pluripotency)
18, 19

. 

 

In human fetal livers, the Ep-CAM positive cells represent around 12 % of the entire cell 

population. From these, ~95 % are hepatoblasts co-expressing AFP, albumin, CK19, ICAM1, 

CD44H, CYP3A7 and CD133/1, among other markers. HpSCs constituting ~5 % of Ep-CAM 

positive cells from human fetal livers, had an overlapping, although with distinct, profile; they 

express albumin weakly, CK19, NCAM, CD44H, CD133/1and are negative for AFP and 

CYP3A7. In the adult liver, the Ep-CAM positive cells averaged 1.3 %. These cells can be 
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expanded extensively ex vivo and under defined differentiation conditions (extra-cellular matrix 

and growth factors) they differentiate into hepatoblasts (AFP+) and subsequently to biliary 

and/or hepatocytic lineages
16, 18

. Purified Ep-CAM positive cells transplanted to livers of 

neonatal immunodeficient mice with induced acute liver injury by carbon tetrachloride generated 

mature human liver tissue
18

. The consistency and efficiency, with which Ep-CAM cells can be 

isolated from human livers, expand ex vivo, along with their pluripotency, and the evidence that 

they yield mature liver tissue after transplantation; make these cells the right candidates for liver 

cell therapies and organ engineering. 

 

Of particular interest, is the behavior of these cells with specific matrix components that resulted 

in strikingly different attachment efficiencies, growth rates, morphology, and culture selection of 

liver sub-populations. Zone 1 matrix components (collagen III, IV and laminin) yielded the best 

attachment efficiencies and induced high growth rates, whereas zone 3 matrix components 

(collagen I and fibronectin) elicited growth arrest and lineage restriction or differentiation
20

. This 

will enable precise induction of self-replicative, and differentiation genetic programs on these 

cells. 

 

The use of these cells in conjunction with the decellularized liver bioscaffold, with its true three-

dimensional environment and virtually most of all the matrix components and microarchitecture 

present in an adult liver, might become decisive pieces critical to complete the challenge of liver 

organ engineering. Hence, in this chapter preliminary experimental data is presented on the 

seeding of liver stem cells in liver bioscaffold disks. 
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4.2 MATERIALS AND METHODS 

4.2.1 Bioscaffold Disks Section 

To obtain bioscaffold disks, liver lobes of the decellularized liver were embedded in plastic 

molds in OCT Compound (Sakura Finetek USA, Torrance, CA, USA) and flash froze with liquid 

nitrogen. They were sectioned in 300 um thickness sections at -7 ºC using a cryomicrotome 

(Minotome Plus, Triangle Biomedical Sciences, Raleigh, NC, USA). These sections were 

punched using a biopsy puncher with 5 mm diameter (Miltex Inc., York, PA, USA). The 

bioscaffold disks were put on the bottom of a 2 well chamber slide (Lab-Tek II Chamber Slide 

System, Nalge Nunc International, Naperville, IL, USA) and were allowed to melt and air-dry 

for 30 minutes. 1 ml of PBS was added to each well and the chamber slides were put on petri 

dishes for sterilization. The petri dishes were put on a sterilization pouch and all the samples 

were gamma irradiated with a dose of 1.5 Mrad by a cobalt gamma-radiator (J. L. Shepherd and 

Associates, Inc., San Fernando, CA, USA). 

 

4.2.2 Human Fetal Livers 

Human fetal livers were obtained from fetuses with 16-
 
20 weeks of gestation, from Advanced 

Biological Resources
 
(Alameda, CA). They were processed for isolation of parenchymal cells as 

previously described
19

. Briefly, non-hepatic tissue was removed by scalpel and livers were 

enzymatically digested at 37 °C by collagenase and deoxyribonuclease. Hematopoietic and non-

parenchymal cells were separated from the parenchymal
 
cell fraction by repeated slow-speed 

centrifugations until the pellet only showed minor contamination with
 
red blood cells. The cell 

suspension was then filtered through a
 
70-µm nylon mesh, and after determination of cell 

number in hematocytometer, resuspended at a concentration of 35 x10
6
 cells/ml in 10 µl of 

Kubota’s Medium
16

 (RPMI 1640 supplemented with 0.1%
 
fatty acid-free bovine serum albumin 

(w/v), 30 nM selenium,
 
0.054% niacinamide (w/v), insulin (0.135 USP units/ml), bovine

 
apo-

transferrin (10 µg/ml), free fatty acid mixture (2.36
 
µM palmitic acid, 0.21 µM palmitoleic acid, 
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0.88
 
µM stearic acid, 1.02 µM oleic acid, 2.71 µM

 
linoleic acid, 0.43 µM linolenic acid), 1 µM 

hydrocortizone,
 
50 µM ß-mercaptoethanol (Sigma-Aldrich, Co., St. Louis, MO, USA), 2 mM

  

L-glutamine, and antibiotic-antimycotic mixture (Invitrogen Corp., Carlsbad, CA, USA) 

supplemented with 10 % fetal bovine serum. The cell suspension were seeded directly onto the 

sterilized disks of bioscaffold and incubated in 37 °C and 5 % CO2 for attachment for 2 hours 

before more medium was added. For control, the same amount of cells were plated in 24 well 

plastic dishes (BD Biosciences, San Jose, CA, USA) in the medium described above and 

incubated in 37 °C and 5 % CO2 air incubators. The following day (day 1), the medium was 

changed into Kubota’s Medium without serum. The medium was changed twice a week and the 

grafts were harvested at day 5 for immunohistochemical analysis. 

In a following experiment, the bioscaffold disks were seeded using the same protocol with the 

exception that the following day (day 1) after seeding, the medium was changed either into 

Kubota’s Medium without serum or into Advanced RPMI (Invitrogen Corp., Carlsbad, CA, 

USA) supplemented as above + 0.5 mM CaCl2 (Sigma-Aldrich, Co., St. Louis, MO, USA) and 

20 ng/ml HGF, 10ng/ml bFGF (R&D Systems, Inc., Minneapolis, MN, USA), and 10 ng/ml 

Oncostatin M (R&D Systems, Inc., Minneapolis, MN, USA). Bioscaffold disks were harvested 

respectively at day 1, 7 and 21 for immunohistochemical and molecular analysis. 

 

4.2.3 Immunohistochemistry 

The cultured grafts were rinsed in PBS containing Mg
2+

 and Ca
2+

, fixed in 4 % PFA for 1h00 at 

RT, rinsed in PBS and blocked in blocking solution (0.1  % Triton in PBS supplemented with  

10 % goat serum (Invitrogen Corp., Carlsbad, CA, USA) for 15 min at RT. Primary antibodies 

against human Ep-CAM (1:800, Abcam Inc., Cambridge, MA, USA), α-fetoprotein (1:500, 

Zymed Laboratories, Inc., South San Francisco, CA, USA) and albumin (1:800, Sigma-Aldrich, 

Co., St. Louis, MO, USA) were  diluted in blocking solution and applied over night at 4 °C. 

Primary antibodies were omitted as negative control. After repeated washes in PBS, matching 
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secondary antibodies (all from Invitrogen Corp. and diluted 1:500 in blocking solution) were 

applied with Alexa Fluor 488 goat anti-mouse IgG1, Alexa Fluor 568 goat anti-rabbit, Alexa 

Fluor 647 goat anti-mouse IgG2a, to the sections for 1h at room temperature. The nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI) and the fluorescence stained sections 

were analysed with a Leica SP2 Laser Scanning Confocal Microscope (Leica; Wetzlar, 

Germany).  

 

4.2.4 Molecular analysis 

From the cultured bioscaffold disks, RNA, DNA and protein was extracted according to the 

manufacturer instructions using TRI REAGENT (Sigma-Aldrich, Co., St. Louis, MO, USA). 

After purification the different components were frozen in -80 °C until analysis.  

 

DNA analysis 

The concentration of the DNA was determined using a spectrophotometer (Beckman Coulter 

Inc., Fullerton, CA, USA) and the absorbance was measured at 260 nm.  

 

Protein analysis 

The isolated proteins were dissolved in 1 % SDS in water and analyzed by denaturing SDS-

Polyacrylamide Gel Electrophoresis and Western Blot Analyses as described previously
21, 22

. 

Briefly, 3 ug of total protein extract were separated on an 8 % Tris-Glycine gel (Invitrogen 

Corp., Carlsbad, CA, USA) and blotted onto a 0.45 µm nitrocellulose membrane (Bio-Rad, 

Hercules, CA, USA).
 
The membranes were blocked in Odyssey (LI-COR, Lincoln,

 
NE, USA) 

blocking buffer/PBS (1:1) for 1h00,
 
and incubated with primary antibodies anti-albumin (1:750, 

Biogenesis Ltd., Poole, UK), α-fetoprotein (1:1000, Sigma-Aldrich, Co., St. Louis, MO, USA), 

transferrin (1:1000, Rockland Inc., Gilbertsville,
 
PA, USA), cytokeratin 19 (1:500, Cymbus 

Biotechnology, Hampshire, U.K.), and appropriate secondary antibodies (Alexa Fluor 680 goat 
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anti-rabbit IgG (H+L) (Invitrogen Corp., Carlsbad, CA, USA) or goat anti-mouse 800 (Odyssey - 

LI-COR, Lincoln,
 
NE, USA) in blocking buffer/PBS + 0.1 % Tween-20 (Sigma-Aldrich, Co., St. 

Louis, MO, USA). Membranes
 
were washed four times for 5 minutes with PBS + 0.1 % Tween-

20
 
after incubation with each antibody. Wet membranes were scanned

 
using an Odyssey infrared 

scanner (LI-COR, Lincoln,
 
NE, USA). Quantitative protein

 
expression was done by loading 

protein standards albumin (Research Diagnostics, Flanders, NJ, USA),
 
α-fetoprotein (Fitzgerald 

Industries International, Concord,
 
MA, USA), cytokeratin 19 (Research

 
Diagnostics, Flanders, 

NJ, USA), and transferrin (Fitzgerald Industries International, Concord,
 
MA, USA)

 
of known 

concentration
 
simultaneously on the gel, creating a standard curve that was

 
applied to calculate 

unknown protein concentrations in samples
 
using the ImageJ version 1.38 software (NIH, 

Bethesda, USA). 
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4.3 RESULTS 

Previous studies that sought to determine the behavior of hepatic stem cells in different 

combinations of extra-cellular matrix components found that these cells had remarkably distinct 

attachment efficiencies, growth rates, morphology, and culture selection of liver sub-populations 

directly related with the tested matrix
20

. By using liver decellularized bioscaffold disks, we were 

able to culture hFL cells and isolate and maintain in culture several fetal liver cell sub-

populations. 

 

A preliminary experiment of hFL cells cultured for 5 days in Kubota’s medium in bioscaffold 

disks indicated that HpSCs and hepatoblasts engrafted and visibly proliferated in the bioscaffold. 

Distinct detection of HpSCs colonies with Ep-CAM expression and lack of AFP, and hepatoblast 

clusters expressing Ep-CAM, albumin and AFP were observed throughout the whole bioscaffold 

(Fig. 4.1A and 4.1B). Abundant HpSCs colonies could be observed and the number of clusters of 

hepatoblasts was remarkably high. Considering that the viability of hepatoblasts cultured in 

tissue culture plastic with Kubota’s medium is very low, it is quite significant that large numbers 

of these cells could still be observed engrafted in the liver matrix after 5 days
16

. 

 

 

 

 

A 

B 
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Figure 4.1 | Immunofluorescence analysis of hFL cells seeded in liver bioscaffold disks after 5 

days in culture. Several cell phenotypes could be observed engrafted in the bioscaffold disks. (A) 

Immunofluorescence co-staining of a liver stem cell colony showing intense membrane 

associated Ep-CAM (green) and weaker albumin expression (blue) without α-fetoprotein (red). 

DAPI nuclear staining (grey) shows a high density of cells within the colony. (B) Hepatoblast 

cell cluster showing intense albumin and α-fetoprotein expression. Ep-CAM expression can also 

be observed. 

 

An important advantage of the liver bioscaffold compared with some synthetic scaffolds is its 

specific tissue microarchitecture and liver matrix preservation. The presence of zone 1 to zone 3 

matrix components raises the possibility that different sub-populations of liver cells can be 

maintained and potentially further differentiated in culture. To confirm hFL cell proliferation and 

differentiation in the matrix, additional experiments were conducted. The DNA extracted from 

cells seeded in tissue culture plastic and bioscaffold disks at day 1, 7 and 21, progressively 

increased at day 7 and 21 for cells seeded in bioscaffold disks more obviously with Kubota’s 

medium (Fig. 4.2). The DNA extracted from cells seeded in tissue culture plastic decreased over 

time in both culture media, confirming the specific requirements of various sub-populations of 

hFL cells for defined matrix to survive and proliferate. 

 

Immunofluorescence confirmed the presence of HpSC colonies and hepatoblasts at day 7 and 21. 

However, if at day 7 some AFP+ cells could be observed outside the bioscaffold, at day 21 very 

few AFP+ cells were detected outside of the liver matrix. Surprisingly, a larger amount of 

hepatoblast clusters was observed at day 21 cultured in Kubota’s medium, but with a noticeable 

decrease in the number of hepatoblast clusters from day 7 to 21 (in both culture media). None 

were observed in tissue culture plastic at day 21. These cells in the bioscaffold expressed intense 

Ep-CAM and weaker albumin and AFP, and had a cordlike morphology characteristic of 



 

 

80 

hepatoblasts (Fig. 4.3A). However, in differentiation medium some cells expressed membrane 

associated Ep-CAM and were negative for AFP and albumin (Fig. 4.3B). They also exhibited an 

enlarged morphology and formed less packed cell clusters than HpSC do, suggesting 

differentiation of hFL cells in biliary lineage committed progenitors. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 | Determination of hFL cell proliferation by DNA quantification. Higher quantities of 

DNA could be extracted at day 7 and 21 from bioscaffold disks seeded with hFL cells, when 

compared with DNA extracted from the cells cultured in tissue culture plastic. At day 7, the 

number of hFL cells found in the bioscaffold disks cultured in differentiation medium was 

statistically significantly higher than at day 1 (
*
p=0.03). 

 

 

 

* 
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Figure 4.3 | Immunofluorescence analysis of hFL cells seeded in liver bioscaffold disks after 21 

days in culture. Different cell phenotypes could be observed in the bioscaffold disks. (A) 

Numerous cordlike morphology colonies of liver hepatoblasts could be observed in the 

bioscaffold disks using Kubota’s medium, showing an intense Ep-CAM (green) expression and 

weaker albumin (blue) and α-fetoprotein (red). These colonies were sided in some areas by 

clusters of intense albumin and α-fetoprotein expressing hepatoblasts. (B) Cluster of larger cells 

positive for Ep-CAM (green) with defined membrane associated staining. Several hepatoblasts 

expressing Ep-CAM, albumin (blue) and α-fetoprotein (red) can also be observed. No cordlike 

morphology colonies were observed in the bioscaffold disks using differentiation medium. 

 

Western blot analysis confirmed some of the observations made previously with 

immunofluorescence. AFP expression was only observable in cells cultured in bioscaffold disks. 

Additionally, it was only clearly visible in cells cultured in Kubota’s medium at 21 days (Fig. 

4.4B). However, the highest expression detected during the experiment was in differentiation 

medium at day 7. This is an important indication that growth factors in the medium are 

A A 

B 
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potentially driving the HpSCs towards differentiation into hepatoblasts and allowing these to 

proliferate and probably differentiate further into cholangiocyte committed progenitors. 

Transferrin expression at day 7 in cells seeded in bioscaffold disks and differentiation medium 

(Fig. 4.4D) further confirms the proliferation and differentiation of hepatoblasts in these 

conditions. The absence of transferrin expression at day 21 provides additional indication of 

lineage commitment distinct from hepatocytic progenitors. ALB was not detected at any stage in 

this experiment (Fig. 4.4C). Finally, cytokeratin 19 (Fig. 4.4A) was detected in both tissue 

culture plastic and bioscaffold cultured cells. Intense bands could be observed at day 7 in cells 

cultured in bioscaffold with differentiation medium and in tissue culture plastic with Kubota’s 

medium. Nevertheless, different reasons might explain this pattern of expression. If HpSC 

survival and proliferation are the main reasons for elevated detection in tissue culture plastic, as 

observed by immunofluorescence (data not shown), HpSC and hepatoblast proliferation and 

differentiation explains the increased levels detected in the cell extracts from bioscaffold cultured 

cells with differentiation medium. The presence of cytokeratin 19 at day 21 in cells seeded in 

bioscaffold disks and differentiation medium raises again the possibility of differentiation of 

hepatoblasts in biliary committed progenitors, consistent with the cell morphology and 

immunophenotype observed by fluorescent microscopy. Gene expression analysis is required to 

further confirm this finding. 
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Figure 4.4 | Protein expression of hFL cells seeded in bioscaffold disks. (A) Cytokeratin 19 

expression was observed in both hFL cells seeded in tissue culture plastic and in bioscaffold 

disks. However, higher expression could be detected at day 7 in cells cultured in Kubota’s 

medium and TCP and in bioscaffold with differentiation medium. (B) Higher α-fetoprotein 

expression could always be observed in hFL cells seeded in bioscaffold disks than in tissue 

culture plastic. An intense band can be observed at day 1 after seeding, with lower expression at 

day 7 and 21. Additionally, differentiation medium seemed to sustain a larger number of cells 

expressing α-fetoprotein than Kubota’s medium at day 7. (C) No albumin could be detected in 

any of the protein extracts. (D) Only hFL cells seeded in bioscaffold disks have shown clear 

transferrin expression. An intense band can be observed at day 7 with differentiation medium. 
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4.4 DISCUSSION 

In this study, we demonstrated the feasibility of culturing hFL progenitors in decellularized liver 

bioscaffold inducing cell survival, proliferation and differentiation.  Our data demonstrates 

survival of hepatoblasts in the matrix, despite the lack of essential soluble growth factors (EGF). 

Moreover, proliferating hepatoblasts appeared to differentiate further into biliary committed 

progenitor cells. This approach, providing a bioscaffold containing the distinct matrix zones of 

liver parenchyma, can provide a naturally derived biomaterial with unique properties able to 

induce hFL progenitor proliferation and a more consistent differentiation into adult phenotypes. 

 

Liver repopulation by transplanted adult hepatocytes is a promising approach for many inborn 

errors of metabolism and acute liver failure
23-27

. It has also been reported the use of hepatocyte 

transplantation as a bridge to subsequent auxiliary partial orthotopic liver transplantation
28

. 

However, the benefits from this cellular therapy are in most of the cases transient and cell 

injection limited, due to donor shortage. These short term therapeutic effects of adult hepatocyte 

transplantation rely on the limited proliferative capacity of adult hepatocytes and their inability 

to escape immune surveillance. Nonetheless, ongoing exciting areas of investigation involve the 

study of fetal and adult stem/progenitor cells isolated from respectively human fetal and adult 

livers, and embryonic or umbilical cord stem cells, and hepatocytes conditionally immortalized 

by gene transfer
25

. The in vitro and in vivo expansion of these liver progenitor cells and 

subsequent differentiation into mature hepatocytes and biliary epithelia emphasizes their 

effectiveness and potential in making liver cell therapies available to a wider number of patients, 

constituting an alternative source to hepatocytes and of hepatocytes. 

 

The ability of hFL progenitor cells to engraft, expand and differentiate in the decellularized 

bioscaffold represents an opportunity to effectively stimulate in vitro the expansion of HpSC and 

hepatoblasts and induce their differentiation in hepatocytes and biliary committed progenitors. 
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These cells can be used as functional units within bioartificial devices or cellular therapies. 

Additionally, the combination of hFL progenitor cells and the decellularized bioscaffold 

represent a new opportunity in engineering an entire liver in vitro. A seemingly unreachable 

challenge seems now possible using optimized cell seeding, expansion and induction of 

differentiation of liver stem/progenitor cells seeded in perfusable whole liver bioscaffolds with 

suitable culture media. Thus, generation of three-dimensional liver tissue with a patent vascular 

network able of being directly anastomosed creates a new possibility for patients waiting for 

liver transplant. 
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