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Abstract

Background: Clinical use of bioartificial livers (BAL) relies heavily on the development 
of human liver cell lines. The aim of this study was to assess the potential of the recently 
developed human fetal liver cell line cBAL111 for application in the AMC-BAL.
Methods: Laboratory-scale AMC-BAL bioreactors were loaded with 20 or 200 million 
cBAL111 cells and were cultured for 3 days. Parameters for hepatocyte-specific function 
and general metabolism were determined daily using tests with culture medium or 100% 
human serum. The bioreactors were also analyzed for mRNA levels of liver-specific 
genes and histology. 
Results: cBAL111 eliminated ammonia at a rate up to 49% of that in primary porcine 
hepatocytes (PPH), despite a low (1.1%) urea production. Transcript levels of glutamine 
synthetase (GS) were 570% of that in human liver, whereas genes of the urea cycle 
showed low expression. GS expression was confirmed immunohistochemically, and 
glutamine was produced by the cells. cBAL111 eliminated galactose (90.1% of PPH) 
and lidocaine (0.1% of PPH) and produced albumin (6% of PPH). Human serum did not 
increase function of cBAL111.
Conclusions: cBAL111 showed liver-specific functionality when cultured inside the 
AMC-BAL and eliminated ammonia mainly by the activity of GS, and not through the 
urea cycle. 
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Introduction

While liver transplantation is the only treatment option for patients with terminal liver 
failure, its use is restricted by the limited number of donor organs. Bioartificial liver 
(BAL) support systems have been developed to widen the therapeutical window for these 
severely ill patients. These systems, however, heavily rely on the type and functional 
characteristics of the applied cells. Whereas primary porcine hepatocytes have been 
the most common cells used in BAL systems, clinical application is restricted, because 
it is regarded as xenotransplantation. Therefore, immortalized human liver cell lines 
with sufficient in vitro hepatic functionality are considered the most suitable cells for 
application in cell-based, liver support treatments.1

Recently, we have developed a new cell line by immortalization of a human fetal liver 
cell clone after lentiviral transduction with the human telomerase reverse transcriptase 
gene. This immortalized human fetal cell line, entitled cBAL111, has shown hepatic 
functionality in vitro and has shown full differentiation into mature hepatocytes in an 
in vivo murine model.2 Importantly and in contrast to the HepG2 cell line, cBAL111 
did not form colonies in soft agar and no proliferation was detected up to 34 days after 
transplantation of cBAL111 into immunodeficient mice, suggesting that cBAL111 is not 
tumorigenic. 

To evaluate the potential of cBAL111 for application in BAL, we conducted a study 
in which cBAL111 was cultured in the three-dimensional configuration of the perfused, 
laboratory-scale AMC-BAL for 3 days.3,4 Since cell-cell and cell-matrix contact are 
essential for hepatic differentiation in vitro, we investigated in the present study, general 
metabolic and hepatocyte-specific functions of cBAL111 in bioreactors seeded at low 
and high density (i.e. 20 x 106 or 200 x 106 cells). We tested the cells in culture medium 
supplemented with 4% fetal bovine serum and, to approximate the clinical setting, we 
additionally assessed the function in 100% human serum. Histological analysis was 
performed to assess possible morphological adaptation of cBAL111 to a perfused BAL 
system.

Material and Methods

Bioreactor

We used the laboratory-scale AMC-BAL bioreactor, which is a 55x down-scaled 
bioreactor of the second generation AMC-BAL with an internal volume of 10 mL.5 The 
general configuration of the bioreactor3,4 consists of a polycarbonate housing containing 
a three dimensional non-woven hydrophilic polyester matrix circularly wound around a 
polycarbonate core. Between the matrix layers, hydrophobic polypropylene gas capillaries 
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are situated in a parallel fashion of which the ends are embedded in polyurethane resin 
and fitted with gas inlet and outlet caps.

Experimental set-up

Two variables were investigated: 1. the effect of cell density by loading bioreactors with 
20 x 106 (low density bioreactors; LDB) or 200 x 106 (high density bioreactors; HDB) 
cBAL111 cells; and 2. the effect of human serum (HS) and culture medium (CM) on 
the cBAL111 cells during function tests. Twentyfour bioreactors were divided into four 
groups: 1. LDB-CM, 2. LDB-HS, 3. HDB-CM and 4. HDB-HS. Bioreactors were tested 
at d1 (day 1), d2 and d3 after cell loading. Two HDB-CM bioreactors were used for 
histological analysis and were fixed in 10% formalin after 13 hours and 3 days of culturing, 
respectively. RNA for RT-PCR analysis was isolated from one LDB-CM bioreactor and 
one HDB-CM bioreactor at d2. 

Monolayer culture and cell isolation 

Large-scale expansion of cBAL111 was performed in CellSTACK® culture chambers 
(5-stacked; Corning, NY, USA) using DMEM culture medium (Dulbecco’s modified 
Eagle’s medium) containing 10% (v/v) heat-inactivated fetal bovine serum (HI-FBS) as 
described previously.6 Cells were detached with 0.25% trypsin / 0.03% EDTA, centrifuged 
at 50x g for 5 min and washed 2x with ice-cold DMEM culture medium and once in cold 
Williams’ E (WE) culture medium supplemented with 4% (v/v) HI-FBS. Cell quantity 
was determined by using a Bürker Bright line cytometer (Optik Labor). From each isolate, 
a sample was analyzed for LDH, AST and DNA content per cell.

Bioreactor culture

Laboratory-scale AMC-BAL bioreactors were loaded with 8 ml cell suspensions, cultured 
at 37oC and oxygenated with air/CO2 (95:5; 50 mL/min). After a 4-hour attachment 
period, dead and unattached cells were removed by a flush of 60 mL WE culture medium 
after which the bioreactors were continuously perfused with 76 mL recirculating culture 
medium at 5 mL/min. 

Bioreactor tests

Daily test sequence consisted of an oxygen consumption test (OCT-pre), an XTT test (see 
below), a function test (see below) and a second oxygen consumption test (OCT-post).

OCT was used to assess general metabolic activity inside the bioreactor, as 
described previously.5 Briefly, oxygen consumption was determined by the difference in 
oxygen tension over a 20 min period after closing the oxygen supply to the bioreactor. 
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No OCTs were performed on LDBs, since total cell amount was too low for accurate 
measurements. 

Tetrazolium salt 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT; Cell Proliferation Kit II, Roche, Mannheim, Germany) is metabolized 
into formazan inside the mitochondria and was used to estimate total cell amount (XTT 
test). At d1 and d3, culture medium (26 ml) was bypassed from the bioreactors and 
was recirculated with 5 ml XTT for LDBs and 20 ml XTT for HDBs. Bioreactors were 
re-connected to the recirculating medium after all XTT was homogeneously distributed 
(t = 0). Between t = 4 min and t = 18 min, samples (250 μl) were taken every 2 min from 
the medium outflow port. Conversion rate of XTT was calculated as formazan absorbance 
at 490 nm/min. Bioreactors were flushed with 100 ml WE culture medium to remove all 
XTT/formazan after each test.

Function tests were performed with test medium composed of WE culture medium 
or human serum (Cambrex, Verviers) supplemented with 500 μg/ml lidocaine HCL, 
2 mM L-lactate, 2.75 mM D-galactose and 5 mM NH4Cl. Bioreactors were first flushed 
with 30 ml test medium, followed by a 3-hour period of recirculation with 36 ml of 
test medium. Samples (2.5 ml) were taken at 30, 60, 120 and 180 min and analyzed for 
concentrations of urea, lidocaine, glucose, lactate, a selection of amino acids as well 
as activities of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) as 
reported earlier.5 The concentration of ammonia was determined with an enzymatic 
L-glutamate dehydrogenase assay (Ammonia Assay Kit, Sigma, St. Louis, MD, USA). 
The concentration of galactose was determined by the absorbance of nicotinamide-
adenine dinucleotide (NADH) at 340 nm after enzymatic reaction with galactose 
dehydrogenase (Roche). Aminograms were obtained by gradient reversed-phase HPLC 
system.7 Albumin concentrations were determined in CM samples at t=0 and t=16 hr by 
ELISA using goat-anti-human serum albumin antibody (1:100, Abcam, Cambridge, UK, 
ab8940) and horseradish peroxidase (HRP) conjugated rabbit-anti-human serum albumin 
(1:5000, Abcam, Cambridge, UK, ab7394). Urea and albumin concentrations were not 
determined in HS bioreactors, because of high initial concentrations. Function parameter 
rates were determined by calculating the changes in concentration in medium per hour 
per bioreactor.

After completion of OCT-post at d3, bioreactors not used for histology or mRNA 
analyses were flushed with 100 ml phosphate-buffered saline (PBS), emptied from excess 
PBS and stored at -20oC for total DNA determination. 

Total DNA determination

Bioreactors and cell isolate samples were incubated with 0.2 mM NaOH at 37oC for 3 
days. The samples were analyzed for DNA concentration with Hoechst DNA assay. 
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Gene primer 5’ - 3’

RT GCATCGCCGGTCGGCATCG
18S rRNA S TTCGGAACTGAGGCCATGAT

AS CGAACCTCCGACTTTCGTTCT
RT GGGGGATAGACATGGGTATGG

AAT S ACAGAAGGTCTGCCAGCTTC
AS GATGGTCAGCACAGCCTTAT
RT CGTTTTGTCTTCTCTTCCCC

AFP S TKCCAACAGGAGGCYATGC
AS CCCAAAGCAKCACGAGTTTT
RT ACTTCCAGAGCTGAAAAGCATGGTC

Albumin S TGAGCAGCTTGGAGAGTACA
AS GTTCAGGACCACGGATAGAT
RT TGTGATTACCCTCCCGAGCAAGTC

Arginase I S TTGGCAAGGTGATGGAAGAAACA
AS CCTCCCGAGCAAGTCCGAAACAA
RT CTGCAGTGACAGCTGGTTGAGG

ASL S CTGGAGCCACTGGATTCTGAG
AS GCCCCAAAGTTGAGTTCTGCT
RT CCTGAGGGAATTGATGTTGATGAA

ASS S CGTGGGCCGTATTGACATCGTG
AS CCGGTGGCATCAGTTGGCTCATA
RT AGGACCCGCACTGCTGGAGAAG

CK7 S CTGGGAAGCATGGGGACGACCTC
AS CAATGCCACCGCCACTGCTACTGC
RT CTGTACTGCCTGTAGTGGAA

CPS I S CATCAGACTGGCTCAAAC
AS CAGCTGTCCTCCGAATCAC
RT CCCGTGAGAAGCAGAGGA

Cyp3A4 S AGCTTAGGAGGACTTCTTCAACC
AS AGCCAAATCTACCTCCTCACACT
RT TTGGCAGAGGGGCGACGAT

GS S GCCTGCTTGTATGCTGGAGTC
AS GGCGCTACGATTGGCTACAC
RT AGCAGGTCCAGCAGGTTG

GSTπ S GCCAGAGCTGGAAGGAGG
AS TTCTGGGACAGCAGGGTC
RT CACTCCAACCCCGCCCCTC

HNF4 S TCCGGGCTGGCATGAAGAAGG
AS CCAGGGGGAGCTCGCAGAAAG
RT CAGCTGCTGGGAAATGGTG

HNF6 S CCGGCCGGGAGACCTTC
AS AGAGTTCGACGCTGGACATC
RT GTCAGAGGCAGCAACTTTAGCAG

OTC S GCCGGATGCTAGTGTAACCAA
AS AGCCGCTTTTTCTTCTCCTCTTC
RT GGCAAATCCCACCAACTCCAC

Ornt1 S GGGGCCTCACCGACTGC
AS GCCACCGAAGAAGAAGAAATAGC
RT CATGTGGGGCAGCAGGGAGAAG

PXR S CGCCTGCGCAAGTGCCTGGAG
AS GTCGGCTGGGGGTTTGTAGTTC
RT CCAGACCACACTTGCCCGCTATG

TF S GAAGGACCTGCTGTTTAAGG
AS CTCCATCCAAGCTCATGGC

RT, reverse transcriptase primer; S, sense PCR  primer; AS, anti-
sense PCR primer. AAT, α-1-antitrypsin; AFP, α-fetoprotein; 
ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; 
CK7, cytokeratin 7; CPS, carbamoyl-phosphate synthetase; Cyp, 
cytochrome P450; GS, glutamine synthetase; GST, glutathione 
S transferase; HNF, hepatic nuclear factor; OTC, ornithine 
transcarbamylase; Ornt1, ornithine transporter 1; PXR, pregnane 
X receptor; TF, transferrin.

Table 1. Primer sequences.
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RT-PCR

Solutions, conditions and calculations for gene-specific RT-PCR analyses were used 
as described previously.6,8,9 RT and PCR primer sequences are presented in Table 1. 
Transcript levels were normalized for 18S ribosomal RNA and expressed as a percentage 
of the mean starting levels of two human liver samples.

Immunohistochemical analysis

Immunostaining was performed on complete transverse 8 μm sections of 4% 
paraformaldehyde-fixed and paraplast embedded bioreactors, as described previously.9,10 
Primary monoclonal GS antibody was used (1:1000; Transduction Laboratories, 
Lexington, KY, G45020) and visualized with goat-anti-mouse IgG, alkaline phosphatase 
conjugated (Sigma).

Statistical analysis

Repeated measurement ANOVA tests were used to compare daily differences within one 
bioreactor group as well as differences between the four bioreactor groups over 3 days. 
SPSS 12.0.1 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Prism version 
4.0 (GraphPad Prism Inc, San Diego, CA, USA) was used for graphical presentation of 
the data. Average values (± SE) are reported. Significance was reached if P < 0.05.

Results

Metabolic analysis

Liver specific functions

Ammonia elimination remained stable during the 3-day culture period with a mean rate 
of 3.4 ± 0.2 μmol/h for low density bioreactors tested with test medium composed of WE 
culture medium (LD-CM), 3.3 ± 1.0 μmol/h for low density bioreactors tested with test 
medium composed of human serum (LD-HS), 9.2 ± 1.9 μmol/h for high density bioreactors 
tested with test medium composed of WE culture medium (HD-CM) (P = 0.027 vs. LD-
CM, P = 0.030 vs. LD-HS) and 7.8 ± 1.9 μmol/h for high density bioreactors tested with 
test medium composed of human serum (HD-HS) (Fig. 1A). No differences were found 
between CM and HS for LDBs or HDBs. cBAL111 eliminated ammonia at a rate up 
to 49% of that in primary porcine hepatocytes (PPH) in HD-CM bioreactors (Table 2). 
Urea production was low (1.1% of urea production of PPH) (Table 2), with no difference 
between LDBs and HDBs (Fig. 1B). In LD-CM bioreactors, a 5-fold increase in urea 
production was observed from d1 to d3 (P = 0.035). Lidocaine elimination was low or not 
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detectable in bioreactors cultured in CM and differed significantly from HS bioreactors 
(Fig. 1C) (0.8% of PPH in HD-HS bioreactors; Table 2). Lidocaine elimination of 
HD-HS bioreactors was 2.4-fold higher than LD-HS bioreactors at d1. HD-HS bioreactors 
showed a tendency to decrease, whereas LD-HS tended to increase with respect to 
lidocaine elimination. Galactose elimination in HDBs was 5.2-fold higher than in LDBs 
over 3 days (P < 0.001) with no difference between CM and HS tests (Fig. 1D) (90.1% of 
PPH in HD-CM bioreactors; Table 2). Galactose elimination in HDBs, however, showed 
a tendency to decrease with ± 25% from d1 to d3, whereas no apparent changes were 
observed for the LDBs. Albumin production initially decreased from d1 to d2, and then 
increased 3.2-fold for LD-CM and 1.7-fold for HD-CM from d1 to d3 (P = 0.016 for 
LD-CM) (Fig. 1E). cBAL111 produced albumin up to 6% of albumin production of 
PPH in HD-CM bioreactors (Table 2). These results demonstrate that cBAL111 has liver 
specific functions when cultured in a BAL device. Urea and albumin concentrations were 
not determined in HS bioreactors, because of high initial concentrations.

Figure 1. Hepatocyte-specific functions of LD-
CM (white bars), LD-HS (light striped bars), HD-
CM (black bars) and HD-HS (dark striped bars) 
bioreactors. LD, low density (20 x 106 cBAL111); 
HD, high density (200 x 106 cBAL111); CM, 
culture medium test; HS, human serum test. (A) 
ammonia elimination, (B) urea production, (C) 
lidocaine elimination, (D) galactose elimination 
(expressed as μmol/hour), and (E) albumin 
production (expressed as ng/hour). Average 
values (± SE) are reported. P values indicated at 
the legends apply to the 3 days culture period. nd: 
not detectable. 
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Amino acid metabolism

Glutamine levels were increased in all bioreactors when tested at d1 and d3, except for 
LD-HS at d1 (Fig. 2). Average synthetic rates of glutamine were 4.9-fold higher for HDBs 
than for LDBs (P < 0.05), and 1.8-fold higher for CM HDBs than for HS HDBs. Synthetic 
rates of glutamate showed similar trends, except that the rates were lower in LD-CM 
compared to LD-HS. Changes in arginine, aspartate, citrulline and ornithine synthetic 
rates were not detectable within a reliable range.

PPH cBAL111

HD-CM % PPH HD-HS % PPH

ammonia elimination 1 18.8 ± 0.5 9.2 ± 1.9 48.9 7.8 ± 1.9 41.5
urea production 1 10.4 ± 1.1 0.1 ± 0.2 1.1 na -
lidocaine elimination 1 12.5 ± 1.1 0.0 ± 0.0 0.1 0.1 ± 0.0 0.8
galactose elimination 1 5.8 ± 1.1 5.3 ± 1.1 90.1 5.3 ± 0.6 91.1
albumin production 2 11.8 ± 2.6 0.7 ± 0.3 6.0 na -
lactate production 1 11.1 ± 14.8 50.5 ± 1.7 453 64.0 ± 3.8 574
glucose consumption 1 12.2 ± 8.7 27.5 ± 0.7 225 27.3 ± 0.8 224
ASAT release 3 0.69 ± 0.60 0.014 ± 0.004 2.0 0.021 ± 0.005 3.1
LDH release 3 0.26 ± 0.18 0.37 ± 0.08 141 0.47 ± 0.05 177

1, μmol/hour/200 x 106 cells; 2, μg/hour/200 x 106 cells; 3, U/hour/200 x 106 cells; HD, high density; CM, 
culture medium test; HS, human serum test. Values are averages of day 1, 2 and 3. Data of PPHs were 

adopted from Poyck et al. 10. na, not applicable.

Table 2. Comparison of cBAL111 with primary porcine hepatocytes (PPHs) cultured in the AMC-BAL 
bioreactors normalized for the amount of loaded cells.

Figure 2. Amino acid metabolism. (A) glutamine synthesis and (B) glutamate production. Expressed 
as μmol/hour. LD-CM (white bars), LD-HS (light striped bars), HD-CM (black bars) and HD-HS (dark 
striped bars) bioreactors. LD, low density (20 x 106 cBAL111); HD, high density (200 x 106 cBAL111); 
CM, culture medium test; HS, human serum test. Average values (± SE) are reported.
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Carbohydrate metabolism and oxygen 
consumption 

Glucose consumption, lactate 
production and oxygen consumption 
were stable during 3 days (Fig. 3). No 
differences between HS and CM were 
observed, except for lactate production 
of HD-HS bioreactors which was 27% 
higher than that of HD-CM bioreactors 
(P < 0.001). Lactate production versus 
glucose consumption ratio was 1.6 
for LD-CM, 2.4 for LD-HS, 1.8 for 
HD-CM, and 2.3 for HD-HS. These 
results indicate that cBAL111 cells are 
glycolytic, irrespective of cell density 
and that HS enhances this glycolytic 
state. Oxygen consumption after a 
function test (OCT-post) decreased 
with 13% for HD-CM (P = 0.055) and 
24% for HD-HS (P = 0.016) compared 
to OCT-pre. No OCTs were performed 
on LDBs, since total cell amount was 
too low for accurate measurements.

Damage parameters

Total AST and LDH content per million 
isolated cBAL111 cells were 0.11 ± 0.1 
and 2.19 ± 0.28 U, respectively. LDH 
release was significantly higher for 
HDBs when compared with LDBs. 
Within the first 24 hours, an average of 
2.0 ± 0.3 % of the total cell amount was 
lost in LDBs and HDBs. No differences 
were observed between HS and CM 
for AST, whereas LDH was higher for 
HDBs tested in HS (P = 0.013)(Fig. 4). 

Figure 3. Carbohydrate metabolism and oxygen 
consumption. (A) glucose consumption and (B) 
lactate production of LD-CM (white bars), LD-
HS (light striped bars), HD-CM (black bars) and 
HD-HS (dark striped bars) bioreactors. (C) oxygen 
consumption of HD-CM and HD-HS bioreactors 
prior (pre) and after (post) function tests. Expressed 
as μmol/hour. LD, low density (20 x 106 cBAL111); 
HD, high density (200 x 106 cBAL111); CM, culture 
medium test; HS, human serum test. Average values 
(± SE) are reported. P values indicated at the legends 
apply to the 3 days culture period.

Changes in absolute AST values during the 3-hour test were small for all bioreactors. 
This resulted in an overestimation of AST release per hour for the LDBs in comparison to 
HDBs, leading to a skewed ratio of 2.5 for AST between LDB and HDB over the whole 
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culture period. For LDH, the ratio was 8.9 between LDB and HDB over the 3 day culture 
period.

Total DNA and XTT for cell quantification 

The measured metabolic and damage parameters will depend on the quantity of loaded 
cells, cell proliferation and cell death. We therefore determined functional cell quantity 
in three ways, i.e. on the basis of: 1. cell loading amount, 2. total DNA content, and 
3. XTT test. These methods refer to data of d0 (cell amount), d3 (DNA content) or d1 
and d3 (XTT). Total DNA content per million isolated cBAL111 cells was 23.7 ± 6.5 μg. 
Cell amount per bioreactor was then calculated from total DNA content at d3 (values 

Figure 4. Damage parameters. (A) LDH release and (B) AST release of LD-CM (white bars), LD-HS 
(light striped bars), HD-CM (black bars) and HD-HS (dark striped bars) bioreactors. Expressed as 
U/hour. LD, low density (20 x 106 cBAL111); HD, high density (200 x 106 cBAL111); CM, culture 
medium test; HS, human serum test. Average values (± SE) are reported. P values indicated at the 
legends apply to the 3 days culture period.

Figure 5. XTT test and total DNA for cell quantification. (A) total DNA (μg) and (B) XTT test 
(formazan absorption/min) of LD-CM (white bars), LD-HS (light striped bars), HD-CM (black bars) 
and HD-HS (dark striped bars) bioreactors. LD, low density (20 x 106 cBAL111); HD, high density 
(200 x 106 cBAL111); CM, culture medium test; HS, human serum test. Average values (± SE) are 
reported. P values indicated at the legends apply to the 3 days culture period. Values above the bars 
correspond to the cell quantity (x 106) calculated from total DNA content at d3.
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expressed above each bar in Fig 5A). No differences between HS and CM tests were 
observed. The HDBs contained 10.8 fold more DNA compared to the LDBs at d3. With 
the XTT test a ratio of 7.2 and 5.4 was found between HDBs and LDBs on d1 and d3, 
respectively (Fig 5B). This change in ratio was caused by an increase in LDBs and a 
decrease in HDBs from d1 to d3.
 

Gene expression analysis

Transcript levels of liver-specific genes were determined in LDB-CM and HDB-CM 
bioreactors harvested at d2 and compared with human liver. In LDBs, mRNA levels of urea 
cycle genes and other hepatic genes (AAT, albumin, transferrin) were low, except for GS 
(97% human liver; Table 3). Transcript levels of GSTπ and AFP, two markers associated 
with fetal hepatocytes, were high. Interestingly, all mRNA levels of hepatic genes were 
higher in HDBs, except for transferrin, including AFP and GSTπ. The transcript level 
of GS was 5.9-fold higher in HDBs compared to LDBs and consisted of 570% of the 
GS mRNA levels measured in human liver. The mRNA levels of urea cycle genes were 
5-fold higher in HDBs compared to LDBs, of which Arginase I and OCT were still below 
1% of human liver. The mRNA level of bile duct marker cytokeratin 7 in LDBs was 
840-fold higher than human liver, but was 2.9-fold lower in HDBs Transcription factors 
directing hepatic functions, PXR, HNF4 and HNF611, were undetectable or low in LDBs 
and increased in HDBs.

Morphological analysis

cBAL111 cells were evenly distributed throughout the bioreactor (Fig. 6A-B) and formed 
tissue-like cell clusters attached to matrix layers (Fig. 6G-H) as well as around gas 
capillaries (Fig. 6C-F). Inside the matrix layers, mainly single cells were present. After 
13 hrs, cBAL111 cells were morphologically alike throughout the bioreactor (Fig. 6C/
E). After 3 days, however, a more heterogeneous cBAL111 population was observed, 
as compared with 13 hrs (Fig. 6G); the culture consisted of round cells (Fig. 6H), and 
stretched and swollen cells with condensed nuclei (Fig. 6F). The latter type might reflect 
dedifferentiated cBAL111 cells as a consequence of inhomogeneous distribution of cells 
with regard to shear stress and oxygen availability. Immunohistochemical staining for GS 
revealed numerous positive cells after 13 hrs (Fig. 6I) as well as after 3 days (Fig. 6J).

Discussion 

Recently, we have developed a new immortalized human cell line, cBAL111, as a possible 
alternative cell source for cell based therapies.2 In this study, we evaluated the potential of 
cBAL111 for application inside the AMC-BAL in an in vitro setting. 
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Average ammonia elimination of cBAL111 over 3 days was 49% compared to 
primary porcine hepatocytes (PPH), whereas urea production was only 1.1% of that of 
PPH (Table 2; ref. 10). Despite a 5-fold increase in HDBs compared to LDBs, mRNA 
levels of the urea cycle enzymes were also low, with Arginase I and OTC mRNA levels 
below 1%, preventing the urea cycle to work efficiently, as was also shown for HepG2.12 
The considerable ammonia elimination of cBAL111 is therefore most likely, at least 
partially, caused by the activity of GS, whereas ammonia elimination via the urea cycle is 
low. This notion is supported by the high GS mRNA levels and the presence of numerous 
GS positive cells in the histological sections. In this study, we found a net increase in 
glutamine levels in all bioreactor groups tested, supporting the finding that GS activity 
is essential for the elimination of ammonia by cBAL111. Despite active glutamine 
production, glutamate was produced as well, as was also observed with PPH to a lesser 
extent.3 

Ammonia elimination at 0.5 mM NH4Cl was not detected by Enosawa et al.13 in 31 
hepatocyte cell lines in monolayer. Ammonia production was observed by Wang et al.14 
in C3A monolayer culture and by Hongo et al. in a small radial-flow bioreactor using 

LDB HDB fold LDB HDB fold

AAT 0.019 0.054 2.9 CPS I 1.4 8.9 6.2
TF 0.168 0.085 − 1.9 OTC 0.11 0.56 4.9
Albumin 0.038 0.081 2.1 ASS 1.1 6.9 6.5
GS 97 570 5.9 ASL 14.1 25.0 1.8
Cyp3A4 nd nd − Arg I nd 0.3 −
HNF4 nd 0.41 − Ornt1 18 106 5.8
PXR nd 0.001 −

AFP 110 303 2.8 CK7 84045 29136 − 2.9
GSTπ 1373 2808 2.0 HNF6 0.62 3.6 5.8

AAT, α-1-antitrypsin; AFP, α-fetoprotein; ASL, argininosuccinate lyase; Arg1, Arginase 
I; ASS, argininosuccinate synthetase; CK, cytokeratin; CPS, carbamoyl-phosphate 

synthetase; CYP, cytochrome p450; GS, glutamine synthetase; GST, π class glutathione 
S-transferase; HNF, hepatic nuclear factor; OTC, ornithine transcarbamylase; Ornt1, 

ornithine transporter 1; PXR, pregnane X receptor; TF, transferrin.

Table 3. Transcriptional analysis of cBAL111 in low density bioreactors (LDB; 20 x 109 cBAL111) 
and high density bioreactors (HDB; 200 x 109 cBAL111). Messenger RNA levels of cBAL111 in LDB 
and HDB were normalized for 18S ribosomal RNA and are reported as % of mean mRNA levels of two 
human liver samples normalized for 18S ribosomal RNA. Fold increase (positive values) or decrease 
(negative values) related to cell density is depicted as ‘fold’. nd, not detectable.
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Figure 6. Microscopy of two high density cBAL111 bioreactors harvested after 13 hrs (A, C, E, G, I) 
and after 3 days (B, D, F, H, J). Staining: A-H, H&E; I and J, glutamine synthetase (GS). Bars: A/B, 1.4 
mm; C and D, 200 μm; E-I, 50 μm. Arrowheads in C-F indicate gas capillaries. Long arrows in C and 
D indicate two layers of non-woven polyester matrix. See Appendix 2 for color image.
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HepG2.15 On the other hand, other researchers have shown that cell lines were able 
to remove ammonia in monolayer at higher NH4Cl concentrations (up to 10mM) by 
conversion into glutamine by GS.16,17 However, since ammonia can evaporate during 
long test periods in a monolayer setting, accurate measurement of ammonia clearance in 
monolayer is often unreliable (personal observations). 

Albumin production and lidocaine elimination of cBAL111 were 6.0% and 0.1% 
of that of PPH, respectively (Table 2; ref. 10). These findings are consistent with the 
low mRNA levels of albumin and CYP3A4. In addition, hepatic genes TF and AAT 
were expressed at low levels. These expression levels may, at least in part, be related 
to low expression levels of hepatic transcription factors HNF4, HNF6 and PXR. HNF4 
fulfills a central role in the transcription factor network directing hepatic differentiation, 
and occupies more than 40% of the promoters active in hepatocytes.18,19 HNF6 is active 
in controlling both hepatic gene expression as well as bile duct development.20 PXR 
regulates genes encoding gluconeogenic and drug-metabolizing enzymes, among which 
CYP3A4.21,22 Clearly, GS expression does not depend on the activity of these three 
transcription factors in the cBAL111 cells. 

Although both liver progenitor cells and differentiated bile duct epithelial cells 
express CK7, the considerable mRNA levels of CK7 in addition to the liver-specific 
functions of cBAL111 indicate the progenitor characteristics of this fetal liver cell line as 
was observed previously.2 The mRNA levels of hepatic markers were 4.1-fold higher in 
HDBs than in LDBs. This finding, in combination with a 3-fold reduction of CK7 mRNA 
levels in HDBs, suggests that hepatic differentiation of cBAL111 is stimulated under 
high density conditions inside a three-dimensional BAL system, which is in accordance 
with previous studies comparing monolayer with 3D-culture using human cell lines.23-25 
In contrast, mRNA levels of AFP and GSTπ were also higher (2.4-fold) in HDBs than in 
LDBs, indicating that cBAL111 inside a BAL device is also prone to dedifferentiation. 
This might be related to the localization of individual cBAL111 cells inside the bioreactor. 
In general, three basic localizations of cBAL111 cells can be distinguished: 1. cellular 
aggregates nearby oxygen capillaries that are optimally oxygenated, 2. cellular aggregates 
attached to matrix layers that are subjected to higher shear stresses caused by the medium 
flow, and 3. single cells inside the matrix layers that are less optimally oxygenated and are 
to a lesser extent subjected to shear stress. Unfortunately, it is not possible to discriminate 
between these cellular localizations with respect to transcriptional expression of individual 
genes.

Hepatic functionality of LDBs tends to increase over 3 days (albumin and urea 
production, lidocaine and galactose elimination), whereas hepatic functionality of HDBs 
tends to decrease or remains stable. This effect might be related to an increase in cell 
number in LDBs by cell growth as confirmed with the XTT test, whereas a loss of cells is 
most likely the cause in HDBs considering the significant release of LDH from d1 to d2. 

From the histological analysis, we observed that cellular morphology was initially 
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homogeneous and hepatocyte-like throughout the bioreactor after 13 hrs. After 3 days, 
however, cBAL111 cell clusters remained either stable (Fig 6H) or changed dramatically 
(Fig 6F). Particularly this difference may underlie, or could be the result of, the parallel 
increase in the mRNA levels of both hepatic genes and dedifferentiation markers.

The observed lactate production indicates an anaerobic glycolytic state of cBAL111 
possibly related to a shortage of oxygen and/or impaired mitochondrial activity. PPH, 
however, produce lactate only after 3 days of culture inside the AMC-BAL (Table 2;
ref. 10). This suggest that the production of lactate by cBAL111 is an intrinsic characteristic 
related to impaired mitochondrial activity, which has frequently been observed of other 
cell lines.15,26,27 Total cellular AST and LDH content of cBAL111 correspond to 1.4% 
for AST and 154% for LDH, when compared to PPH.28 The higher LDH content per 
cBAL111 cell is in agreement with the observed lactate production, whereas the low AST 
content per cBAL111 cell might indicate a less differentiated state of cBAL111.

Hepatic functions were not influenced by exposure to 100% HS for 3 hrs. Lidocaine 
elimination, on the other hand, was significantly higher in bioreactors tested with HS as 
compared to WE. This difference might be caused by an induction of the cytochrome 
P450 enzymes associated with lidocaine elimination, i.e. CYP1A2 and 3A4, but this is 
questionable considering the short test period of 3 hrs. Conversely, the 25-times higher 
albumin concentration in HS may have increased uptake of lidocaine into cells  and 
thereby its elimination rate. Lactate production and LDH release of HDBs increased 
when tested with HS. A possible explanation is the lower oxygen solubility and the higher 
viscosity of human serum causing a decrease in oxygen concentration and an increase in 
shear stress, respectively, in HDBs.29 Oxygen consumption, however, decreased after a 
3-hour test, but did not differ between HS and CM. Although the absolute effects of HS for 
3 hrs remained relatively low, longer incubation periods may generate more pronounced 
effects on cell function.

In conclusion, we have shown that the new immortalized human liver cell line, 
cBAL111, has liver specific functionality when cultured inside the AMC-BAL. 
cBAL111 eliminates ammonia, galactose and lidocaine and produces albumin. Ammonia 
elimination of cBAL111 is mainly catalyzed by the activity of GS and to a little extent by 
the urea cycle, but overall, still reaches levels of 49% of ammonia eliminating capacity 
of PPHs. cBAL111 cultured inside the bioreactor is partially and locally differentiated. 
Finally, to demonstrate the clinical potential of cBAL111 as bioartificial liver support, the 
ultimate test is to show improved survival in an animal model of ALF.4 To reach that goal, 
however, future research concerning cBAL111 and its culture conditions should focus on 
improving the differentiation grade of the cells.
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