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Abstract
AIM: To test the ability of adult-derived human liver 
stem/progenitor cells (ADHLSC) from large scale cul-
tures to conjugate bilirubin in vitro  and in bilirubin con-
jugation deficient rat.

METHODS: ADHLSC from large scale cultures were 
tested for their phenotype and for their capacity to 
conjugate bilirubin in vitro  after hepatogenic differen-
tiation. In vivo , Gunn rats [uridine diphosphate-glu-
curonosyltransferase 1A1 (UGT1A1) deficient animal] 
were injected with ADHLSC and cryopreserved hepa-
tocytes (positive control). Two, 4, 13 and 27 wk post-
transplantation, transplanted Gunn rat bilirubin serum 
levels were determined by high performance liquid 

chromatography. Human transplanted cell engraftment 
was assessed 27 wk post-transplantation using immu-
nohistochemistry and RTqPCR.

RESULTS: Large scale culture conditions do not mod-
ify ADHLSC phenotype, ADHLSC were able to specifi-
cally conjugate bilirubin. ADHLSC were intraportally 
injected into Gunn rats and blood UCB was measured 
at different times post-transplantation, infused-Gunn 
rats exhibited a metabolic effect 3 mo post-transplan-
tation and maintained over a 6 mo period. ADHLSC 
engraftment into Gunn rat’s liver was demonstrated by 
RTqPCR and immunohistochemistry against albumin 
and UGT1A1.

CONCLUSION: ADHLSC from large scale cultures are 
efficient in conjugating bilirubin in vitro  and in restor-
ing a deficient metabolic function (reducing bilirubin 
level) in hyperbilirubinemic rats.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: In this study we demonstrated the ability 
of adult-derived human liver stem/progenitor cells 
(ADHLSC) to specifically conjugate bilirubin after in-
traportal injection into Gunn rats a model presenting a 
deficient bilirubin conjugation function (homologous to 
human Crigler-Najjar type Ⅰ syndrome). Infused-Gunn 
rats exhibited a metabolic effect 3 mo post-transplan-
tation and maintained over a 6 mo period. ADHLSC 
engraftment into Gunn rat’s liver was demonstrated 
by immunohistochemistry and RTqPCR. These results 
suggest the potential of ADHLSC to restore a deficient 
metabolic function in situ .
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INTRODUCTION
Bilirubin is a toxic derivative of  the protoporphyrin moi-
ety of  haem proteins such as haemoglobin. For its clear-
ance from serum, bilirubin is conjugated in hepatocytes 
with glucuronic acid thanks to uridine diphosphate-
glucuronosyltransferase 1A1 (UGT1A1) activity.

Genetic variations in the gene encoding UGT1A1 
lead to complete or partial inactivation of  the bilirubin 
glucuronidation, which causes unconjugated bilirubin 
accumulation in the serum. This can result in hyperbili-
rubinemic conditions such as the human Crigler-Najjar 
syndrome type Ⅰ and Ⅱ.

Gunn rat, derived from Wistar parent strain, has con-
stantly elevated concentrations of  serum bilirubin which 
causes unconjugated hyperbilirubinaemia. Gunn rat inher-
ently lacks all glucuronidation activities catalysed by the 
UGT1 isoforms and is therefore used as animal model for 
Crigler-Najjar syndrome type Ⅰ[1,2].

Clinically, Crigler-Najjar syndrome type Ⅰ is associ-
ated with progressive damage of  the central nervous 
system leading to bilirubin encephalopathy (kerinc-
terus)[3-5]. The current treatment induces biliary clearance 
of  bilirubin by photoactivation under light exposure[6]. 
Unfortunately the treatment becomes inefficient due 
to progressive skin thickening and hence is insufficient 
to prevent brain damage. So far, orthotopic or auxiliary 
liver transplantation remains the only cure[7,8]. However, 
donor shortage, life-long immunosuppression to prevent 
rejection and risks related to surgery constitute major 
hurdles to an extensive use of  this treatment[9].

As a mean to circumvent complications associated 
with organ transplantation, liver cell transplantation 
(LCT) has emerged as a new strategy to treat patients 
with chronic and acute liver disease and to restore meta-
bolic liver functions in inherited liver disorders[10-16]. 
Hepatocyte transplantation has namely been used for 
the treatment of  Crigler-Najjar syndrome type Ⅰ. The 
first demonstration of  its efficacy in Crigler-Najjar 
type Ⅰ patient was provided by Fox et al[15]; the effect 
was a significant decrease of  bilirubin levels for up to 11 
mo. We and others[17] reported four additional patients 
in which the reduction of  serum bilirubin reached up 
to 50% over a follow-up of  7 mo. LCT is confronted 
to limited availability of  human hepatocytes, their in-
capacity to proliferate in vitro and their poor resistance 
to cryopreservation which prevent their wide use in the 
clinic[18,19]. In addition, mature hepatocytes do not pro-
vide long term support as these mature cells have lost 
their repopulation capacity.

Therefore researchers have turned towards adult stem/
progenitor cells as alternative cell sources more suitable 

for regenerative medicine and more likely to integrate 
the regenerative niche and provide long term allogeneic 
cell renewal. Adult stem or progenitor cells which are 
resident in mature organs and tissues are rather tissue 
specific and lineage restricted. They have either the self-
renewal capacity to proliferate indefinitely (stem cells) or 
display a limited proliferation potential as their daughter 
cells spontaneously differentiate into mature cells (pro-
genitor cells) but altogether have advantages to prolifer-
ate in vitro and to resist to cryopreservation.

Our group[20] has isolated adult stem/progenitor cells 
from adult human liver (ADHLSC). These cells express 
mesenchymal (CD29, CD73, CD90, α-smooth muscle 
actin, Vimentin) and hepatic markers (albumin, Multid-
rug resistance-associated protein 2 (MRP2), Hepatocyte 
Nuclear Factor 4 (HNF4), cytochrome P450 (CYP)1B1 
and CYP3A4) but no biliary markers[20]. Moreover, these 
cells have the capacity to differentiate in hepatocyte-like 
cells under selective culture conditions and are not only 
able to engraft into the liver of  immunodeficient mice 
and remained stable up to 60 d post-transplantation but 
to differentiated in situ and participate to liver regenera-
tion after hepatectomy stimuli[20,22].

This study demonstrates that ADHLSC can be culti-
vated in large scale conditions without phenotype altera-
tions and provides the proof  of  concept that ADHLSC 
transplantation can reverse hyperbilirubinemic symptoms 
in a relevant animal model of  Crigler-Najjar disease. We 
demonstrate here the ability of  ADHLSC to engraft in 
recipient rat livers where they participate in restoration of  
liver function by a significant reduction of  the serum bili-
rubin levels. Our findings support ADHLSC as a promis-
ing candidate for liver cell-based therapy developments.

MATERIALS AND METHODS
Study design
All experiments using human material in the present 
study were done under the approval of  the Institution 
Ethical committee and donor informed consent.

Human adult liver progenitor cells isolation and large 
scale culture
Hepatocytes were recovered post mortem (cerebral hem-
orrhage) from a healthy 11 years old male donor after 2 
steps collagenase perfusion as described by Seglen[23]. The 
procedure was performed within the tissue bank of  the 
hospital. Cells were tested negative for microbiological, 
viral and mycoplasma contaminations. Viable isolated he-
patocytes, 20 millions, (79%, trypan blue exclusion), were 
seeded onto Cell Bind 175 cm² flasks (Corning, Lasne, 
Belgium) in Williams’E medium (Invitrogen, Merelbeke, 
Belgium) supplemented with 10% fetal bovine serum 
(FBS) (AE scientific, Marcq, Belgium), 10 μg/mL human 
insulin (Lilly, Brussels, Belgium), 1 μmol/L dexametha-
sone (Sigma, Bronem, Belgium), and 1% penicillin/strep-
tomycin (P/S) (Invitrogen) at 37 ℃ in a fully humidified 
atmosphere containing 5% CO2 according to Najimi et 
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al[20] with some modifications. On days 7-12 hepatocytes 
died and small colonies emerged and proliferated. At this 
time, culture medium was switched to complete DMEM 
medium (DMEM high glucose with 10% FBS and 1% 
P/S) in order to accelerate the emerging cells prolifera-
tion. When cell cultures reached 90% confluence, cells 
were trypsinized with 0.05% trypsin-1 mmol/L EDTA 
solution (Invitrogen) and replated on Cell Bind flasks at 
a density of  5 × 103 cells/cm2. Large scale culture using 
Cell Stack 10 (6360 cm²) (Corning) was carried out in 
clean-room facility.

According to Najimi et al[20], hepato-mesenchymal char-
acter was analyzed by FACS and immunocytochemistry 
using CD29, CD44, CD73, CD90, Vimentin, α-smooth 
muscle actin (ASMA), Albumin and Pan-CK antibodies 
(BD, Erembodegem, Belgium). In order to assess the 
homogeneity and to exclude hematopoietic contamina-
tion CD45 marker was also controlled as well as stem 
cell markers CD117 and CD133. Karyotype analysis as 
described by Scheers et al[24] showed no structural or nu-
merical chromosomal aberrations.

Hepatogenic differentiation protocol
Hepatic differentiation has been performed on ADHLSC 
at different passages as described by Najimi et al[20] with 
some modifications. Briefly, cells were seeded at 104 
cells/cm2 in 6-well plates in expansion medium for 48 h. 
Differentiation consisted of  4 steps protocol lasting 32 
d: Culture medium was replaced by IMDM (Invitrogen) 
containing 1% PS, 20 ng/mL epithelial growth factor 
(Peprotech, London United Kingdom) and 10 ng/mL 
basic fibroblast growth factor (bFGF; Peprotech) for 
48 hours (1 step). During step 2, cells were cultured in 
IMDM supplemented with 1% PS, 20 ng/mL hepato-
cyte growth factor (Peprotech), 10 ng/mL bFGF, 0.61 
g/L nicotinamide (Sigma) and 1% insulin-transferrin-
selenium premix (ITS; Invitrogen) for 10 d. In 3rd step, 
bFGF was replaced by 20 ng/mL oncostatin M (OSM; 
Peprotech) for 10 additional days. Maturation step was 
completed by changing the medium to IMDM contain-
ing 1% PS, 20 ng/mL OSM, 1 μmol/L dexamethasone 
(Sigma) and 1% ITS for 10 d.

The undifferentiated cells (control) were kept during 
the whole process of  differentiation in IMDM supple-
mented with 1% PS and 2% FBS. Medium was changed 
twice a week.

In vitro differentiation was controlled at morphologi-
cal level, by CYP3A4 activity (Promega, Madison, Wis-
consin) and by the ability to specifically conjugate biliru-
bin as described below.

Bilirubin assay
6 × 105 undifferentiated and differentiated ADHLSC 
were seeded per 10 cm² collagen coated well and incu-
bated with William’s medium, 1% FBS, containing 100 
μmol/L (= 5.84 mg/dL) unconjugated bilirubin (UCB) 
(Sigma) for 24 h and 48 h. Supernatant was harvested at 
the end of  incubation period and mixed with 2 μg/mL 

Xantobilirubinic acid used as internal standard (IS). The 
reaction product was submitted to an alkaline metha-
nolysis followed by nitrogen evaporation as described 
by Muraca et al[25]. Precipitates were resuspended with 
chloroform and dimethyl sulfoxide (Sigma). The solution 
was injected into the liquid chromatograph [Waters 515 
high-performance liquid chromatography (HPLC) pump] 
for separation on C18 column (Macherey-Nagel, Düren, 
Germany). Elutriation flow started with methanol/water/
tetrabutylammonium (solvent A) and ended after 11 min 
with methanol/ethanol/water/tetrabutylammonium (sol-
vent B). The absorbance was monitored at 436 nm using 
a 996 photodiode array detector (Waters, Zellik, Belgium) 
and the area under peak was integrated electronically with 
Millennium software (Waters, Zellik, Belgium). The con-
centration, in micromoles per liter, of  each bilirubin frac-
tion in samples was calculated as follow: (areapigment/areaIS) 
× (IS/SV) × RF, in which IS corresponds to micrograms 
of  IS added to the sample, SV to the volume of  sample 
(mL), and RF to the response factor. Conjugation rate 
(CR) was evaluated as follow: [(Conjugated bilirubin 
concentration)/(Total bilirubin concentration)] × 100, in 
which total bilirubin concentration is the sum of  uncon-
jugated and conjugated bilirubin.

Gunn rat transplantation
Animal procedures were conducted according to the guide-
lines established by the Université Catholique de Lou-
vain, in accordance with European Union Regulation 
and approval of  the protocols by the local animal ethical 
and welfare committees (UCL/MD/2009/003). In order 
to confirm serum UCB level stability 11 naive Gunn rats 
were followed over 6 mo. Non-differentiated ADHLSC 
cultured on Cell-Bind Corning plastic in clean-room 
facility were detached using 0.05% trypsin-EDTA (Invi-
trogen) solution. ADHLSC used in this study were ob-
tained from passages 4-6. After centrifugation cells were 
washed in PBS and recovered in PBS containing 4% 
N-acetylcystein (Lysomucyl, Zambon, Jette, Belgium). 
Cryopreserved hepatocytes, used as positive control 
were thawed in clean room, centrifuged, washed and also 
resuspended in PBS-4% N-acetylcystein suspension. 2.5 
× 106 millions ADHLSC (n = 5 rats) or hepatocytes (n = 
3 rats) were injected into the portal vein of  9-11 wk-old 
male Gunn rats. This corresponds, for a 200 g rat, to an 
estimate of  0.25% of  his total liver cell mass of  5 billion 
cells/kg body weight[15]. In order to limit cell rejection, 
rats were injected every 2 d with immunosuppressor 
medication: cyclosporine A (Sandimmum, Novartis, Vil-
voorde, Belgium) at a dose of  5 mg/kg of  body weight. 
Two, 4, 13 and 27 wk post-transplantation, transplanted 
Gunn rat UCB serum levels were determined by High 
performance liquid chromatography (HLPC) as de-
scribed above. Human cell engraftment of  transplanted 
cells was assessed 27 wk post-transplantation. Liver 
was then recovered, fixed in formaldehyde 3.5% (VWR 
International, Leuven, Belgium) and then embedded in 
paraffin for immunohistochemistry assessment of  the 
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engrafted cells.

Immuno-histochemistry analysis
Five μm liver sections were deparaffinized and rehydrat-
ed in xylene and graded alcohol series. Antigen retrieval 
was performed by incubating the sections in citric acid 
monohydrate solution (pH 6.0). Cells were permeabi-
lized by incubating the sections into 0.1% triton X-100. 
Non-specific immunostaining was prevented by incuba-
tion in PBS buffer containing 1.5% normal goat serum 
at room temperature (RT). Sections were incubated 
overnight with anti-human Albumin (Calbiochem, Unit-
ed Kingdom) (1/1000) or anti-human UGT1A1 (Santa 
Cruz biotechnology, Heidelberg, Germany) (1/100), in 
2% normal goat serum at 4 ℃. Staining detection was vi-
sualized with 1/500 AlexaFluor 594 anti-rabbit antibody 
solution (Invitrogen) incubation at RT. The nuclei were 
counterstained using DAPI (1/500). Slices were scanned 
using a Mirax digital slide system (Zeiss, Zaventem, 
Belgium) and analyzed thanks to Mirax viewer version 
112220 (Zeiss). To determine cell repopulation, 10000 
nuclei were counted over two randomly chosen area 
per section. Repopulation ratio was obtained as follow: 
(marked cells/total cells) × 100.

RNA extraction, cDNA synthesis and Real-time PCR
Cell culture: 6 × 105 control and in vitro differentiated 
cells were lyzed in Tripure followed by phenol chloro-
form extraction. The aqueous phase was recovered after 
centrifugation (11500 rpm) and total RNA precipitated 
with isopropanol (Sigma) and quantified using a nano-
drop spectrophotometer (ThermoFisher, Erembodegem, 
Belgium). Two μg of  total RNA was DNase-treated to 
eliminate genomic DNA and reverse transcribed us-
ing the Super Thermoscript kit (Invitrogen). Real time 
PCR was performed in 25 μL reaction with TaqMan® 
Master mix containing Taq DNA Polymerase (Applied 
Biosystems), 300 nmol/L concentration of  forward and 
reverse primers (UGT1A and the house keeping gene: 
Cyclophilin A) and 5 μL of  cDNA samples. The PCR 
reaction was performed using StepOnePlus Real Time 
instrument (Applied Biosystems). Time and temperature 
profile of  the PCR reaction consisted of  the following 
steps: 2 min at 50 ℃, 10 min at 95 ℃, followed by 40 
step cycles of  15 s of  denaturation at 95 ℃ followed by 
1 min of  annealing/elongation at 60 ℃. For analysis, 
UGT1A Ct was normalized to Cyclophilin A (delta Ct) 
for both differentiated and undifferentiated status. The 
double delta Ct (ΔΔCt) is then calculated as the differ-
ence between delta Ct for differentiated and undifferen-
tiated cells. Fold increase or relative quantification was 
obtained using the following formula: RQ = 2-ΔΔCt.

Rat liver analysis: Four mg liver tissue soaked in Tri-
pure were disaggregated using tissue homogenizer (IKA 
Ultra-Turrax, Qlab, Vilvoorde, Belgium) and followed by 
phenol chloroform extraction. Total RNA was quantified 
using a nanodrop spectrophotometer. One μg of  total 

RNA was DNase-treated and reverse transcribed using 
the Super Thermoscript™ kit (Invitrogen). Real time 
PCR was performed in 25 μL reaction with TaqMan® 
Master mix containing Taq DNA Polymerase (Applied 
Biosystems), 300 nmol/L concentration of  forward and 
reverse primers (Human Albumin and Human GAPDH) 
and 5 μL of  cDNA samples.

PCR reaction was performed using StepOnePlus 
Real Time instrument as described above.

Statistical analysis
Analyses were done in the GraphPad Prism software 
program (GraphPad, San Diego, California). Compari-
son for UCB mean between following times for a same 
group was analyzed using a paired t test. Means statistical 
analyses was carried out using Student test.

RESULTS
Characterization of ADHLSC large scale cultures
The parenchymal cell suspension fraction obtained after 
human liver dissociation with a viability of  79% was 
plated on Corning CellBind surface flasks. After 2 wk 
of  culture in serum supplemented medium, ADHLSC 
with fibroblast-like morphology and prominent cyto-
plasm (Figure 1A) started to emerge. From the second 
passage, cells were cultivated in large culture conditions 
(CellStack-10 corresponding to a surface area of  6360 
cm²) and phenotype of  the growing cells was analyzed. 
Flow cytometry and immunocytochemistry confirmed 
that these cells shared the phenotype described previ-
ously for ADHLSC grown at smaller scale and on rat 
collagen[20]. At passage 2 already, cells were shown to be 
CD73, CD90, CD29 and CD44-positive. As expected 
the cells also expressed αSMA and vimentin, two addi-
tional markers of  mesenchymal status, as demonstrated 
by immunocytochemistry (Figure 1B). In addition immu-
nocytochemistry confirmed their immuno-positivity for 
albumin as evidence of  the hepatic-lineage commitment 
of  ADHLSC. Hematopoietic stem cell contamination 
was excluded based on the lack of  expression of  CD45, 
CD117 and CD133. As illustrated in Table 1, pheno-
typical characteristics were maintained at least until pas-
sage 6. These results confirmed that large scale culture 
provided cells displaying identical characteristics as the 
hepato-mesenchymal ADHLSC previously isolated and 
described.

In vitro differentiation of ADHLSC
We evaluated the capacity of  ADHLSC large scale cul-
tured to differentiate into tissue-specific cell types. To do 
so, cells were cultured for 32 d in hepatocyte differen-
tiation culture conditions as described by Najimi et al[20] 
with some modifications. At the end of  the protocol, 
differentiated cells adopted an hepatocyte-like morphol-
ogy as shown in Figure 2A in addition we noticed an 36 
fold increase in CYP3A4 activity between undifferenti-
ated and hepatogenic differentiated cells at passage 6 (data 
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Table 1  Adult-derived human liver stem/progenitor cells sur-
face markers expression percentage (passage 6)

not shown).
In addition, we evaluated the ability of  ADHLSC to 

express UGT1A mRNA and to conjugate bilirubin in 
vitro.

We assayed using QPCR technology, the expression 
of  UGT1A mRNA constituted of  the first 4 common 
exons of  UGT1A family in total RNA extracts. Indeed, 
hepatogenic differentiation induced a 9.31 and 10.02 
fold increase in UGT1A mRNA levels at passage 4 and 9 
respectively (Figure 2B). Expression of  UGT1A mRNA 
was constant between passage 4 and 9 (no significant 
difference between UGT1A fold increase was noted).
Thereafter, we assessed the ability of  differentiated 
ADHLSC to conjugate bilirubin. For that we incubated 
both undifferentiated and differentiated ADHLSC with 
100 μmol/L UCB for 24 and 48 h after which super-
natants were recovered to analyze the glucuronidation 
of  bilirubin. We could determine that differentiated 
ADHLSC were able to specifically conjugate bilirubin as 
illustrated in Figure 2C. Undifferentiated ADHLSC ex-
hibited a low bilirubin conjugation potential in vitro after 
24 h (2.5% ± 0.4%) which increased with time reaching 
7.4% ± 0.5% after 48 h. Conjugation rate of  differenti-
ated ADHLSC reached 5.1% ± 1.8% and 9.0% ± 1.1% 
after 24 h and 48 h respectively. Wild type hepatocytes 
used as positive control showed a conjugation percent-
age of  31.0% ± 6.6% and 45.0% ± 7.1% after 24 h and 
48 h respectively. In contrast Crigler-Najjar hepatocytes, 
used as negative control were not able to conjugate bili-
rubin indicating that the activity of  either undifferenti-
ated or differentiated ADHLSC is partial as compared to 
mature hepatocytes activity (16% to 20% of  hepatocytes 
activity after 48 h incubation) but highly significant.

Transplantation of ADHLSC in the Gunn rats and 
functional integration in vivo
Building on the capacity of  ADHLSC to conjugate bili-
rubin in vitro, we investigated their potential benefit after 
transplantation in providing UGT1A1 activity in the 
Crigler-Najjar animal model, the Gunn Rat[26]. We per-
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Figure 1  adult-derived human liver stem/progenitor cells characteri-
zation. A: Morphology of adult-derived human liver stem/progenitor cells 
(ADHLSC) in expansion medium. Phase contrast microscopic view of ADHLSC 
obtained after second passage. Magnification: × 100; B: Immunocytochem-
istry characterization (passage 6) analysis: expression of mesenchymal and 
hepatic markers in ADHLSC. Mesenchymal markers: α-smooth muscle actin 
(αSMA) and vimentin and hepatic marker albumin immunostaining were ana-
lyzed by direct light microscopy. ADHLSC plated on collagen type Ⅰ-coated 
coverslips were fixed and incubated with corresponding primary antibodies. 
Immunoreactivity was visualized using horseradish peroxydase (HRP) Cell 
nuclei are counterstaining with Mayer’s hematoxylin (blue). Images are repre-
sentative of several fields examined.

Surface marker Positive cells

CD73 64.1%
CD90 94.1%
CD44 41.6%
CD29 87.4%
CD45   0.1%
CD117   0.7%
CD133      0%
Albumin 61.4%
Pan CK      1%

Cell surface markers profile of adult-derived human liver stem/progeni-
tor cells. Selected cell surface molecules (CD29, CD44, CD45, CD73, CD90, 
CD117 and CD133) and intracellular markers (albumin and Pan CK) were 
analyzed using flow cytometry. Their relative expressions are compared to 
corresponding control isotypes.
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formed transplantation of  Gunn rats either by infusing 
2.5 millions freshly trypsinized ADHLSC or cryopre-
served and thawed hepatocytes into the portal vein of  
five and three rats respectively. Three additional control 
rats were subjected to surgery and received intraportal 
injection of  vehicle only (4% NAC in PBS). Starting on 
day one after cell infusion, all rats received cyclosporine 
A via ip route once every two days. Rats were followed 
up for a total period of  27 wk with weekly weighing. 
Body weight of  transplanted rats during the experiment 
was comparable to weight evolution of  normal Gunn 
rats used as controls (2 wk post transplantation: 229 ± 9 
g and 230 ± 6 g for transplanted and control rats respec-
tively, 27 wk post transplantation: 399 ± 15 g for trans-
planted rats and 400 ± 1 g for control rats).

Blood drawings were used to measure serum UCB 
concentrations by a very sensitive HPLC method. Be-

forehand we had demonstrated that serum UCB levels in 
11 naive Gunn rats colony were stable over 6 mo (Figure 
3A). In addition, to avoid any bias due to sublocalization 
of  individual cages, one cage with two rats was moved 
to all parts of  the room to measure a possible influence 
of  light sources on serum UCB concentrations. As for 
the previous test, no significant modification in serum 
UCB was observed (data not shown). Comparison of  
serum UCB levels measured 27 wk after transplantation 
with levels measured 2 wk post-transplantation revealed 
a 50% drop of  UCB levels in rats transplanted with 
ADHLSC or hHepatocytes (Figure 3B). As illustrated 
in Figure 3C, when individual results were examined, 
it appeared that 4 of  the 5 ADHLSC-transplanted rats 
showed a remarkable reduction of  serum UCB levels 
after 3 mo. UCB concentration reached 4.7 ± 0.5 mg/dL 
in average for the four responsive rats instead of  7.0 ± 
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Passage Fold increase (ΔΔCt)
Passage 4   9.31
Passage 9 10.02

1 2A

B

Figure 2  Hepatogenic differentiation and expression of functional uridine diphosphate-glucuronosyltransferase 1a1. A: Evaluation of in vitro adult-derived 
human liver stem/progenitor cells (ADHLSC) hepatic differentiation potential at passage 6. Undifferentiated ADHLSC (1) were able to change their morphology by 
adopting a polygonal shape with a granular cytoplasm after 4 wk of treatment with specific growth factors and cytokines. Magnification: × 100; B: Uridine diphosphate-
glucuronosyltransferase 1A (UGT1A) mRNA relative expression quantification. Results were obtained after passage 4 and 9. UGT1A mRNA level in differentiated 
ADHLSC, were normalized to Cyclophilin A and reported to undifferentiated ADHLSC UGT1A mRNA level; C: In vitro bilirubin conjugation kinetic assessment; Cells 
were incubated with 100 μmol/L unconjugated bilirubin, supernatants were harvested after 24 h or 48 h. Conjugation rate (CR) was evaluated with high-performance 
liquid chromatography as follow: [(Conjugated bilirubin concentration)/(Total bilirubin concentration)] x 100. Squares: Wild type hepatocytes (positive control); Triangle: 
Crigler-Najjar patient hepatocytes (negative control), overturned triangle: undifferentiated ADHLSC, rhomb: differentiated ADHLSC.
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0.4 mg/dL in average for the vehicle-infused Gunn rats. 
Further correction of  UCB levels was achieved after 6 
mo when UCB levels reached 3.2 ± 0.5 mg/dL vs 6.1 
± 0.2 mg/dL in the vehicle injected rats. One rat out 
of  five transplanted with ADHLSC did not respond to 
the treatment. Paired t test analysis revealed a significant 
difference (P = 0.0032) between the serum UCB levels 
when compared at 2 and 27 wk post-transplantation 
in the four responsive animals. Adding the fifth animal 
to the statistics caused the P to increase to 0.0625, just 
below statistical significance. Gunn rats transplanted 
with hHepatocytes also saw their serum UCB levels de-
crease with similar kinetics as the rats transplanted with 
ADHLSC from 6.3 ± 0.8 mg/dL to 3.2 ± 0.2 mg/dL at 
6 mo post-transplantation (P = 0.0658).

In order to confirm that metabolic improvement was 
due to ADHLSC engraftment, RTqPCR and immuno-
fluorescence staining were performed on transplanted 
rat liver.

Engraftment of  infused ADHLSC and hepatocytes 
was revealed by RTqPCR positive signal for human al-
bumin and GAPDH (Figure 4D). ADHLSC injected rat 
livers revealed a positive signal for human albumin and 
human GAPDH after 37.68 ± 0.11 and 34.98 ± 0.38 
cycles respectively whereas hepatocytes infused rat liv-
ers exhibit a positive signal after 36.77 ± 0.42 and 35.62 
± 0.17 cycles for human albumin and human GAPDH 

respectively.
In the four rats where UCB decrease after treatment, 

engraftment of  infused ADHLSC was revealed by posi-
tive staining for human albumin (Figure 4A) using a 
specific antibody which does not cross-react with rat al-
bumin as illustrated in PBS injected rat liver parenchyma 
(negative control). Since ADHLSC constitutively express 
albumin, human albumin positivity is not sufficient to in-
fer about the differentiation status achieved by ADHLSC 
in vivo. Thus in addition to recognizing cells from human 
origin within the rat parenchyma, we also wanted to con-
firm that these cells expressed UGT1A1 in vivo and that 
improvement of  hyperbilirubinemia observed in four 
rats could be correlated with implantation of  functional 
cells. To do, we processed serial sections by immuno-
fluorescence for human albumin detection as described 
above and for human UGT1A1 detection (Figure 4A). 
Such serial sections allowed us to demonstrate localisa-
tion of  human albumin and UGT1A1 expression in the 
four rats where UCB decrease after treatment. As shown 
in Figure 4A, 27 wk post-transplantation, human cells 
not only appeared integrated into rat liver parenchyma 
but also exhibited a typical hepatocyte morphology 
which is consistent with their expression of  UGT1A1, 
a marker of  mature hepatocytes. Interestingly all human 
albumin- and UGT1A1-positive cells were for a majority 
found implanted in periportal zones.
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Figure 3  Injected Gunn rat follow up. A: Assessment of bilirubin concentration stability in 11 naive rats of the Gunn rat colony followed during 27 wk. Bilirubin 
concentration is expressed in mg/dL; B: Mean of unconjugated bilirubin for adult-derived human liver stem/progenitor cells (ADHLSC) injected rats n = 4 (black line), 
human hepatocytes injected rats n = 3 and for negative control n = 3 (grey line). Difference between 2 wk and 27 wk post injection concentration bilirubin was sig-
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hepatocytes; Inverted triangles: negative controls; C: Unconjugated bilirubin evolution with time. Black lines: ADHLSC transplanted Gunn rats n = 5; dotted lines: PBS 
injected rats n = 3 (negative control). Bilirubin concentration is expressed in mg/dL. 
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Figure 4  Liver analysis and human cells quantification. A: Immunohistochemistry against human albumin and human uridine diphosphate-glucuronosyltransferase 
1A1 (UGT1A1) proteins on serial liver slices in Gunn rats transplanted with adult-derived human liver stem/progenitor cells (ADHLSC) and hHepatocytes. Immunos-
tainings were analyzed by fluorescent microscopy. Slices were fixed and incubated with corresponding primary antibodies. Immunoreactivity was visualized using a 
1/500 AlexaFluor594 anti-rabbit antibody solution. Human liver was used as positive control for albumin and UGT1A1 staining whereas negative control consisted 
of Gunn rat liver injected with PBS. Cell nuclei are stained using DAPI (blue). Bar scale: 200 μm; B: Schematic representation of an immunostained slide. Human 
albumin positive cells were counted over two randomly chosen areas of the section; C: Mean of human cells repopulation ratio in PBS (negative control), ADHLSC 
(black column) and hHepatocytes (grey column) transplanted Gunn rats (P > 0.05). Measurement was based on human albumin positive cells counted over two ran-
domly chosen areas of the section; D: Human GAPDH (light grey column) and albumin (dark grey column) detection by RTqPCR in negative control (PBS injected), 
ADHLSC, and human hepatocyte injected rat livers.

We were also interested to evaluate the engraftment 
level of  cells in a model of  metabolic liver that was not 
subjected to any chemical or surgical insult as regenera-
tion stimulus since this is closest to the clinical setting 
for CN patients. A rough estimation was done by count-
ing albumin-positive cells over two randomly chosen ar-
eas per section and per liver (see the schematic in Figure 
4B). Total cells in these areas were counted based on 
nuclear DAPI staining. Areas corresponding to 104 total 
cells were counted visually on a scanned image of  each 
section. Such quantification was used to provide a gross 
evaluation of  engraftment levels 27 wk post-transplan-
tation. We found repopulation varies from 0% to 2.11% 
and from 0.58% to 1.31% for ADHLSC and hepatocytes 

respectively (Figure 4C); mean of  repopulation ratio 
rates 1.3% ± 0.3% and 1.0% ± 0.2% for ADHLSC and 
hepatocytes respectively (Figure 4D).

DISCUSSION
In the current study, we demonstrate that ADHLSCs 
from large scale cultures are able to engraft into the host 
liver parenchyma and to partially restore one important 
hepatic function (bilirubin conjugation) into the Crigler-
Najjar animal model, the Gunn rat.

Hepatocyte transplantation experience in Crigler-
Najjar disease patients had shown a significant reduction 
in bilirubin levels allowing to reduce the phototherapy 
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requirement[15,17], but the clinical improvement remains 
limited in time as these mature cells have a limited self-re-
newal capacity[17]. In addition, human hepatocytes short-
age, poor cryopreservation resistance[18,19] and absence of  
in vitro proliferation capacity constitute a major hurdle in 
large application of  this mature liver cell therapy.

Therefore, other cell sources become mandatory. Stem/
progenitor cells can be expanded in vitro, can engraft, 
proliferate and participate to host liver repopulation, and 
may modulate the host immune response[27,28]. In this 
study carried out in large scale culture conditions, we 
confirm the stable ADHLSC characteristics: expression 
of  mesenchymal markers (CD73, CD90, CD29, CD44, 
vimentin and ASMA) and hepatic markers expression 
(albumin). Cells can also differentiate in tissue specific 
cell type when exposed to a specific hepatogenic culture 
medium as demonstrated by the (1) acquisition of  po-
lygonal shape; (2) increase in CYP3A4 activity (data not 
shown); (3) ability to increase the bilirubin conjugation 
activity (5.1% ± 1.8% and 9.0% ± 1.1% after 24 h and 
48 h respectively); and (4) increase in UGT1A mRNA 
(mRNA constituted of  the 4 first common exons of  
UGT1A family).

Moreover, as demonstrated by HPLC and immuno-
histochemistry (IHC) our study provides long-term activ-
ity and engraftment of  ADHLSC in xenogenic transplan-
tation model for Crigler-Najjar metabolic liver disorder. 
HPLC results indicate that 3 mo post-transplantation, 
4 of  the 5 ADHLSC intraportally injected Gunn rats, 
exhibit a non significant decrease in unconjugated biliru-
bin (UCB) blood level: 4.7 ± 0.5 mg/dL in transplanted 
rats instead of  7.0 ± 0.4 mg/dL for the vehicle infused 
Gunn rats (negative control group). Twenty-seven weeks 
after transplantation the four responsive injected Gunn 
rats, exhibit a higher decrease in UCB blood level: 3.2 ± 
0.5 mg/dL vs 6.1 ± 0.2 mg/dL in the negative control 
group. A similar decrease was also observed in the posi-
tive control group (rats injected with hHepatocytes).

RTqPCR results indicated the presence of  human 
cells into the Gunn rat liver parenchyma and thanks to 
IHC we were able to specifically discriminate human 
cells into the ADHLSC intraportally injected rat liver. 
IHC against human albumin and UGT1A1, allows us 
to determine that injected human cells seem localized 
in periportal zone. No ADHLSC were identified in the 
single rat which did not respond to the therapy. This 
may be due to the loss of  cells due to bleeding during 
the portal vein injection or to an immune rejection in 
this animal.

Transplantation data confirm our recently published 
report on ADHLSC and the kinetic of  engraftment into 
liver of  immunodeficient mouse as well as their partici-
pation in tissue regeneration after 20% of  hepatectomy. 
In this study on mice, analyses were performed only af-
ter 2 mo post transplantation, and do not allow drawing 
conclusion on long term engraftment and differentia-
tion[22]. In this experiment rats were injected with a rela-
tive low dose of  2.5 millions cells, i.e. 10 to 12.5 million/

kg body weight, without regeneration stimulus and this 
dose led to a UCB decrease and engraftment demon-
strated 6 mo later. Moreover UCB decrease obtained in 
ADHLSC and hepatocytes transplanted Gunn rats is in 
accordance with results obtained in transplanted rats[29] 
and in human[17], while animals or patients exhibited a 
progressive decrease of  serum bilirubin 2-4 mo after 
liver cell transplantation.

In our experimental model, we could detect around 
1.265% ± 0.288% and 0.973% ± 0.212% for ADHLSC 
and hepatocytes in transplanted Gunn rats respectively 
which is still in agreement from what is generally accept-
ed that a repopulation of  1%-5% of  the hepatic mass 
is required to restore liver disease in most injury mod-
els[29-33]. Recently; human clinical hepatocyte transplanta-
tion engraftment rates have been documented to range 
from 0% to a maximum of  12% leading in most cases 
to a transitory quality of  life improvement for metabolic 
liver disease patients[34].

This repopulation rate is likely due to in vivo expan-
sion, as the infused cell mass corresponded to only 0.25% 
of  the total liver mass, assuming that the total sup-
posed liver cell mass is 5 billion per kg body weight[15]. 
No regeneration stimulus was applied in these animals, 
and such stimuli using radiotherapy of  chemicals might 
improve the engraftment[35]. In parallel, amelioration of  
immunosuppression treatment will be interesting (use of  
microsomal encapsulated clodronate, low liver irradia-
tion…).

In conclusion, ADHLSC large scale cultured were 
able to differentiate into hepatocyte-like cells in vitro, 
exhibiting hepatic functions (CYP3A4 activity, gluc-
uronidation activity…). In vivo these cells were also able 
to engraft and repopulate the liver parenchyma and led 
to partially correct a bilirubin conjugation defect in a ho-
mologous rodent model of  Crigler-Najjar syndrome.

All together, these results make ADHLSC an at-
tractive candidate for cell therapy treatment of  Crigler-
Najjar type Ⅰ syndrome.

COMMENTS
Background
Liver cell transplantation using hepatocytes was successfully performed in 
patients with inborn errors of metabolism. However, the success of such a 
therapeutic approach remains limited by the quality of transplanted cells. To 
overcome these problems several approaches to isolate and propagate liver 
stem or progenitor cells have been developed. The capacity of those cells to 
restore a liver metabolic function must be demonstrated.
Research frontiers
Crigler-Najjar type Ⅰ syndrome is characterized by a high unconjugated bi-
lirubin blood level due to uridine diphosphate glucuronosyltransferase 1A1 
(UGT1A1) deficiency. Orthotopic liver transplantation remains the only cura-
tive treatment but the procedure does not guarantee lifelong complication free 
survival. Hepatocyte infusion has established that metabolic control is possible, 
but the procedure remains limited by several organ shortage and transient sur-
vival of cells. Stem cells look promising to overcome these problems and adult-
derived human liver stem/progenitor cells (ADHLSC) are tested for their ability 
to engraft and differentiate in a homologous animal model (Gunn rat) of human 
liver Crigler-Najjar type Ⅰ metabolic disease.
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Innovations and breakthroughs
In this study, authors demonstrate the ability of ADHLSC to engraft in recipient 
rat livers where they participate in restoration of liver function by a significant 
reduction of the serum bilirubin levels. Our findings support ADHLSC as a 
promising candidate for liver cell-based therapy developments.
Applications
In this study, authors demonstrated that large scale culture conditions do not 
modify adult-derived human liver stem/progenitor cells phenotype, ADHLSC 
were able to specifically conjugate bilirubin when intraportally injected into Gunn 
rats as demonstrated by blood unconjugated bilirubin measurement at different 
times post-transplantation; infused-Gunn rats exhibited a metabolic effect 3 mo 
post-transplantation and maintained over a 6 mo period. ADHLSC engraftment 
into Gunn rat’s liver was demonstrated by immunohistochemistry. All the results 
suggest the ADHLSC potential to restore a deficient metabolic function in situ.
Terminology
Crigler-Najjar syndrome type Ⅰ and Ⅱ are characterized by unconjugated 
bilirubin accumulation in the serum. These syndromes are due to genetic vari-
ations in the gene encoding uridine diphosphate glucuronosyltransferase 1A1 
(UGT1A1) leading to complete or partial inactivation of the bilirubin glucuronida-
tion. Clinically, Crigler-Najjar syndrome type Ⅰ is associated with progressive 
damage of the central nervous system leading to bilirubin encephalopathy 
(kerincterus). Gunn rat, derived from Wistar parent strain, has constantly 
elevated concentrations of serum bilirubin which causes unconjugated hyper-
bilirubinaemia. Gunn rat inherently lacks all glucuronidation activities catalysed 
by the UGT1 isoforms and is therefore used as animal model for Crigler-Najjar 
syndrome type Ⅰ.
Peer review
This study shows that ADHLSC were able to specifically conjugate bilirubin 
when intraportally injected into Gunn rats as demonstrated by blood unconjugat-
ed bilirubin measurement at different times post-transplantation; infused-Gunn 
rats exhibited a metabolic effect 3 mo post-transplantation and maintained over 
a 6 mo period. ADHLSC engraftment into Gunn rat’s liver was demonstrated by 
immunohistochemistry. All the results suggest the ADHLSC potential to restore 
a deficient metabolic function in situ.
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