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Summary 

 

1. Liver cell therapy for the treatment of human liver disease 

 

Diseases of the liver are common causes of morbidity and mortality in the 

world (Bauer et al 2005). Substantial progress has been made in 

conservative and surgical therapies in the past and, many liver diseases 

can now be cured. The progress made in the field of liver organ 

transplantation has clearly revolutionized the treatment of a wide spectrum 

of liver diseases, such as primary biliary cirrhosis, chronic active hepatitis, 

acute liver failure, sclerosing cholangitis, Budd-Chiari syndrome, idiopathic 

cirrhosis, cancer and many of the hereditary liver diseases.  

However, for most of the end stage chronic liver diseases, acute liver 

failure syndromes and the hereditary liver diseases, therapies are still 

limited to supportive care or to the removal of the diseased organ and 

transplantation of a donor liver. The shortages of donor livers for 

transplantation and increased numbers of patients on the waiting list have 

stimulated the search for alternative transplantation techniques. The 

success of auxiliary liver transplantation in humans (Pereira et al 1997) 

has supported the view that relatively small amounts of liver tissue can 

provide sufficient function to correct the underlying metabolic defects. This 

has further increased the interest in using human hepatocytes (HC) for cell 

transplantation in the management of liver-based metabolic conditions.  

Hepatocyte transplantation has been used to bridge patients to whole-

organ transplantation (Bilir et al 2000, Strom et al 1997), to decrease 

mortality in acute liver failure and for treatment of metabolic liver diseases. 

There are a number of potential advantages of hepatocyte transplantation 

if the technique can be applied successfully. Cell transplantation is 

considered less invasive than whole-organ transplantation and can be 

performed repeatedly. It avoids the risks and undertaking of major surgery 

and, as the native liver is still in place, it can help to improve the liver 

function and leave the option of gene therapy. Hepatocyte transplantation 

has been used as a treatment for liver-based metabolic diseases such as 
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Crigler–Najjar syndrome type I (Fox et al 1998), glycogen storage disease 

type 1a (Muraca et al 2002), urea cycle defects (UCD) (Horslen et al 2003) 

and congenital deficiency of coagulation factor VII (Dhawan et al 2004), 

but it also could be used to cure chronic liver failure and acute liver failure 

(Ott et al 2005). Recently, a clinical series of hepatocyte transplantation for 

severe neonatal UCDs were reported by our collaborators. Cryopreserved 

hepatocytes were isolated under good manufacturing practice (GMP) 

conditions. Four children with severe neonatal UCDs (age 1 day to 3 

years) received multiple intraportal infusions of cryopreserved hepatocytes 

from the same donor, a 9-day old neonate. Hepatocyte transplantation 

caused considerable beneficial effects. Periods of hyperammonemia and 

clinically relevant crises could be reduced during an observation period of 

up to 13 months (Meyburg et al 2009).  

The use of more widely available human hepatocytes would be considered 

a major breakthrough and may open new perspectives for the treatment of 

liver disease (Petersen et al 2001, Strom et al 2003). However, there are 

still some questions which need to be answered before hepatocyte 

transplantation can be widely applied in clinics. Which kinds of hepatocytes 

or hepatocyte like cells could be applied or used for the treatment in the 

clinical setting in the future? How to improve the integration and 

repopulation efficacy of the transplanted hepatocytes in the recipient liver? 

In order to find some of the answers to these questions, a series of animal 

experiments have been performed. The results were published recently in 

the manuscript: “Repopulation efficiencies of adult hepatocytes, fetal liver 

progenitor cells and embryonic stem cell-derived hepatic cells in Alb-uPA 

mice” in the American Journal of Pathology (Haridass D*, Yuan QG* et al, 

The American Journal of Pathology 2009;175:1483-1492. *shared first 

authorship). Another manuscript entitled “Regional transient portal 

ischemia and irradiation as preparative regimen for hepatocyte 

transplantation” has been accepted by the international Journal Cell 

Transplantation (Koenig S, Yuan Q et al, Cell Transplantation, 2010 Aug 

18 (Epubahead of print)). A copy of the first printed manuscript and the 

second manuscript in its original version is included. 
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2. The immunodeficient mouse liver repopulation model for 

standardised assessment of liver cell therapies 

 

In our research, we generated a new immunodeficient xenograft mouse 

model by crossing alb-uPA transgenic mice into the Rag2(−/−)γc
(−/−) 

background (alb-uPAtg(+/-)Rag2(−/−)γc
(−/−) mice). The combination of the 

Rag2 and the γc knockout result in a complete mouse lack of T-, B- and 

NK-cells. This particular mouse model allows direct comparisons of liver 

repopulation of specific murine and human hepatic cell derivatives in the 

same animal model.  

Furthermore, we standardized the time period of transplantation (i.e., 4-14 

days after birth) to account for comparability of the transplantation results 

obtained with the various cell types, because the expression of the 

urokinase-type plasminogen protein in hepatocytes has its peak 

expression around birth and subsequently induces a subacute liver failure. 

Regeneration in heterozygous animals is completed between 8 to 12 

weeks after birth. To further reduce variability in transplantation outcome, 

the viability of various cell preparations always exceeded 85%, as 

determined by the trypan blue dye exclusion test. Intrasplenic 

transplantations of the various cell types were performed under sterile 

conditions.  

 

3. Cell numbers for liver cell therapy and repopulation efficacies in 

immunodeficient mice 

 

Besides adult hepatocytes, embryonic stem cells, hepatoblasts and fetal 

liver progenitor cells (FLPC), endogenous liver stem cells, bone marrow 

stem cells and mesenchymal stem cells (MSC) were transplanted by 

scientists in order to find additional and more accessible cell sources for 

liver cell therapy (Souza et al 2009). Contradicting repopulation efficacies 

of these cell sources were reported in the literature in mostly not 

standardized transplantation experiments. In order to investigate the 

repopulation efficacies of different sources of hepatocytes in more detail 
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combined with the collected experience from clinical transplantations, we 

transplanted adult mouse and human HC, mouse and human FLPC and 

mouse and human embryonic cell derived hepatic precursor cells (ES-

HPC) into our immunodeficient xenograft mouse model (alb-uPAtg(+/-

)Rag2(−/−)γc
(−/−) mice). This model in the heterozygous state allows the 

direct and standardised comparisons of engraftment and repopulation in 

the recipient livers. After three months of transplantation, we analysed the 

recipient mouse liver and calculated the efficacy of repopulation by 

transplanted cells.  

In the first set of experiments we analyzed the effect of the transplanted 

cell number on the repopulation efficiency in the heterozygous uPA-RAG2-

γc mice and confirmed the hypothesis that once we transplanted a 

threshold cell number, a further increase in transplanted cell numbers does 

not produce higher repopulation efficiency. 1x105 primary murine adult HC 

were transplanted intrasplenically and resulted in a repopulation of 44%, 

which was not further increased after transplantation of higher cell 

numbers, such as 5x105, 1x106, or 2x106.  

 

4.  Repopulation efficiencies of various transplanted cell sources in 

alb-uPA mice 

 

4.1 Primary mouse and human hepatocytes 

 

Transplantation of 5x105 and 1x106 adult human HC repopulated 

approximately 10% of the recipient liver mass after 3 months. The 

proliferation rate and tissue forming capacity of human adult HC, however, 

were significantly lower than those observed for transplanted autologous 

murine HC (> 40% of the HC), when similar numbers of cells were 

transplanted. Incompatibilities of cell-to-cell and cell-to-matrix contacts, as 

well as differences in response to growth stimuli may have been 

responsible for reduced repopulation capacity. In earlier studies, adult 

human HC were shown to engraft after transplantation and to extensively 

regenerate a recipient homozygous alb-uPA mouse liver in various 
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immunodeficient backgrounds (Dandri et al 2001, Petersen et al 1998). In 

our experiments, transplantation of 5x105 and 1x106 human cells 

repopulated approximately 10% of the recipient liver mass after 3 months. 

This result confirms previous data, which showed up to 15% of liver 

repopulation by transplanted human HC in immunodeficient heterozygous 

uPA mice (Oertel et al 2006).  

 

4.2 Fetal liver progenitor cells (FLPC) 

 

FLPC, which have the ability to differentiate into mature HC or biliary 

epithelial cells, are considered as a potential alternative to adult HC for 

liver cell therapy. The cells extensively proliferate in vitro and differentiate 

into adult parenchymal phenotypes after transplantation into a host liver.  

To test the capacity to generate liver tissue in our experimental animal 

model, 5x105 and 1x106 human as well as murine FLPC (embryonic day 

(ED) 13.5) were transplanted into the spleen of recipient mice according to 

our standardised protocol. Although HC were frequently detected in the 

recipient livers after 3 months, the degree of liver repopulation was 

significantly lower compared to the results obtained from the 

transplantation experiments with either human or murine adult HC. The 

average size of HC clusters derived from transplanted FLPC was smaller 

compared to the clusters derived from transplanted adult HC. Furthermore, 

transplantation of mouse FLPC from ED 11.5 mouse fetal liver repopulated 

the recipient liver even less than the more mature FLPC from ED 13.5 fetal 

livers. Although the cells in the recipient liver three months after FLPC 

transplantation were detectable by cytokeratin (CK) 18 and albumin 

immunohistochemistry, the morphology only occasionally resembled 

mature HC. In contrast, murine FLPC have been shown in previous 

experiments to mature into the adult hepatic phenotype over a period of 5-

8 weeks.  

More recent studies reported either a maximum of 4% of human HC in D-

galactosamine preconditioned mouse livers after transplantation of primary 

human fetal hepatoblast suspensions (6-10 weeks of gestation) or showed 

only marginal capacities for repopulation after transplantation of either 
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freshly isolated epithelial cell adhesion molecule (EpCAM) sorted hepatic 

progenitor cells or cultured multipotent progenitor cells (Nowak et al 2005, 

Dan et al 2006, Inada et al 2008). 

In the already mentioned studies from Sandhu et al. and Oertel et al, 

embryonic ED14 FLPC derived from dipeptidyl peptidase IV positive 

(DPPIV(+)) rats proliferated for up to 6 months after transplantation into a 

DPPIV(-) host liver after partial hepatectomy (Sandhu et al 2001, Oertel et 

al 2006). In contrast, in our model we could not observe a further increase 

in the size of regeneration nodules derived from liver progenitor cells 

beyond the 12 weeks period in animals which have been observed for up 

to 8 months. Most probably, this is due to the fact the liver has already 

been fully repopulated by endogenous adult hepatocytes that have deleted 

the transgene. Furthermore, transplantation of FLPC into wild type alb-

uPAtg(-/-)Rag2(−/−)γc
(−/−) mice, which do not provide a proliferation advantage 

to transplanted cells, resulted into mostly single engrafted cells or clusters 

of not more than three cells. 

Our data suggest, that human FLPC show repopulation capacities in 

recipient alb-uPAtg(+/-)Rag2(−/−)γc
(−/−) mice, which are similar to mouse FLPC 

and lack autonomic growth characteristics in vivo after transplantation, as 

suggested by others (Sandhu et al 2001, Oertel et al 2006). Our results 

obtained using xenogeneic and allogeneic mouse-based HC 

transplantation models also suggest that we should be cautious when 

extrapolating either data from different animal species to humans or results 

generated using different experimental models. Nevertheless, the results 

presented here in the mouse-to-mouse and human-to-mouse settings are 

fully consistent. 

 

4.3 Embryonic stem cell-derived hepatocytes 

 

Interestingly, transplantation of human and mouse ES-HPC did not result 

in significant cell cluster formation derived from transplanted cells. In our 

particular animal model a crude suspension of mouse ES-HPC generated 

teratoma tissue and caused death within 5 weeks in 100% of the 

transplanted animals. Selection of cells with a hepatic phenotype by 
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transduction with a lentivirus encoding an Alb-EGFP cassette and 

subsequent cell sorting avoided teratoma formation. However, only a few 

single and scattered cells with the phenotype of HC were detected in 

transplanted alb-uPAtg(+/-)Rag2(−/−)γc
(−/−) mice. Our data confirm previous 

studies from our laboratory (Sharma et al 2008) and others (Gouon-Evans 

et al 2006), demonstrating that most, if not all, protocols for ES-HPC 

differentiation not yet provide the full capacity of repopulation. Duan et al. 

were recently the first to transplant selected (α1-antitrypsin driven 

enhanced green fluorescent protein (EGFP) expression) and isolated 

hepatic precursor cells from human ES cells into NOD-Scid mice. By whole 

mouse bioluminescence imaging, the intrahepatically transplanted cells 

were visible for 1 week after transplantation and, by Polymerase Chain 

Reaction (PCR) and albumin levels in the serum, for more than 3 weeks 

(Duan et al 2007). Long term survival of these cells in mouse liver 

repopulation models, however, was not yet reported. 

The reduced capacity of FLPC and ES-HPC to form cell clusters after 

transplantation into the Alb-uPAtg(-/-)Rag2(−/−)γc
(−/−) mouse may also – at 

least partially -  result from differences in engraftment efficacies. Although 

transplanted PKH26 stained murine FLPC and ES-HPC were detected 

throughout the observation period of 28 days in the recipient liver, the 

numbers were considerably, although not significantly, lower compared to 

adult HC.  

 

5.  Clincally relevant and applicable methods for the pre-conditioning 

of recipient livers 

Transplanted hepatocytes integrate in the liver parenchyma, function 

normally, and survive life-long in the host animal (Gupta et al 1999, Sokhi 

et al 2000). However, the number of integrated cells after transplantation 

does not exceed 3% of the recipient liver in a normal and healthy 

environment, which limits the therapeutic efficacy in patients with metabolic 

liver disease. Protocols for selective repopulation of the liver by 

transplanted cells may increase therapeutic efficacy. The proliferation of 

transplanted cells depends on whether transplanted cells harbour a 
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survival/proliferation advantage over resident hepatocytes. Therefore, 

several strategies have been developed to prime the host liver for efficient 

donor cell engraftment and subsequent selective expansion (Gromp 2006). 

How best to improve the integration and repopulation efficacy of the 

transplanted hepatocytes in the reciepient liver? Liver injury and surgical 

removal of liver tissue are potent stimuli for hepatocyte proliferation. 

Experiments revealed that liver irradiation (IR), partial hepatectomy (PH), 

ischemia and reperfusion as well as some chemical drugs like carbon 

tetrachloride (CCl4), retrorsine (RS), pyrrolizidine alkaloids or 

monocrotaline could significantly enhance the outcome of hepatocyte 

transplantation in animal models. Unfortunately, the toxin or carcinogen 

based methods are not applicable in the clinical setting (Laconi et al 1998). 

Our aim was to establish novel concepts of liver repopulation, utilizing 

methods and techniques currently employed both safely and routinely in a 

clinical setting. Thus, an appropriate minimally invasive preparative 

regimen of the host liver needs to be considered for human hepatocyte 

transplantation aiming to optimize the efficacy of cell therapy. We therefore 

decided to focus our research on regional transient portal ischemia (RTPI) 

and irradiation alone or in combination with percutaneous external beam 

liver IR, two methods, applicable with a reasonable benefit to risk ratio in 

adults as well as in children with congenital metabolic disorders. 

5.1 Ischemia and reperfusion 

 

In a previous study Watanabe rabbits were subjected to 90 minutes of 

ischemia of the right liver lobe by blocking the respective branch of portal 

vein and hepatic artery. 90–100% of tissue necrosis was found after 24 

hours reperfusion with complete regeneration after 14–16 days. The 

transplanted white New Zealand rabbits derived hepatocytes entered the 

injured tissue, proliferated and contributed to the regeneration process of 

the damaged liver (Attaran et al 2004). In another study ischemia of the 

portal vein branch for 30 to 90 minutes in DPPIV(-) rats was performed with 

an aneurysm clip and, DPPIV(+) hepatocytes (5 × 106) were injected into 

the splenic pulp. Transplanted cells proliferated in the liver preconditioned 
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with ischemia/reperfusion, but not more than 3 months (Malhi et al 2002). 

Other authors also demonstrated in the Gunn rat (animal model for Crigler-

Najjar-syndrome) that transient clamping of a portal vein branch through 

laparotomy could improve the efficacy of cell transplantation (Ilan et al 

1997). Ischemia and reperfusion injury has facilitated entry of transplanted 

cells through the basal membrane of the sinusoids (Cutrin et al 2000), and 

it also enhanced disruption of the sinusoidal barrier. Hepatocytes, that 

have entered the injured tissue, proliferate and contribute to the 

regeneration process of the damaged liver (Laconi et al 1998, 2001; Cutrin 

et al 2000). The severity of the liver damage was related to the time span 

of ischemia and reperfusion. Finally, the study from Duenschede and co-

workers (Duenscheide et al 2006) demonstrated that the cell death 

induced by ischemia/reperfusion of 90 min is caused by both, necrosis and 

apoptosis. In human hepatocyte transplantation, surgical or interventional 

vascular access to the portal vein has to be established for cell application 

(Meyburg et al 2008), and it is tempting to use this catheter to induce 

transient regional portal ischemia additionally by blocking a portal vein 

branch with a balloon prior to cell application. 

In our study, we performed 30 to 120 minutes of portal ischemia with 

reperfusion in DPPIV(+) rats to find the appropriate ischemia and 

reperfusion time span. Serum alanine aminotransferase (AST) and 

aspartate aminotransferase (ALT) levels, immunohistochemistry, 

histological changesand proliferating cell nuclear antigen (PCNA) 

combined with bromodeoxyuridine (BrDU) staining were measured. All 

parameters together indicated that necrosis induced by RTPI was the 

predominant form of cell death, whereas apoptosis did not play a relevant 

role. Comparing with the data from other papers, we regarded ischemia 

times of 60 and 90 minutes, respectively, as most suitable for the 

transplantation experiments with respect to histological findings as well as 

any potential clinical application. 
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5.2 Focal irradiation of the host liver 

 

Liver IR has been used as a preparative regimen in several experiments of 

hepatocyte transplantation. The first study by Dr. Guha demonstrated that 

the damage of hepatic irradiation could be ameliorated by subsequent 

hepatocyte transplantation (Guha et al 1999). The same group could show 

that the combination of such damage with a proliferative stimulus by 

means of partial hepatectomy resulted in a distinct repopulation advantage 

for the transplanted cells (Guha et al 2002). However, IR in these studies 

was performed as an invasive procedure (by laparotomy) with doses of up 

to 50 Gy administered to the whole liver, which is considered too high for 

human single dose application. Recently, authors from that group 

successfully used lower IR doses (but still a surgical approach) in a similar 

experimental setting, moving this method closer to clinical use 

(Yamanouchi et al 2009). Our results are in line with these observations, 

as we found a 40% increase of cell engraftment after partial hepatic IR 

compared with the sham operation group. In our transplantation model, we 

performed external beam, CT-based radiotherapy that permitted the safe 

delivery of a 25-Gy single dose of IR to approximately two thirds of the 

liver. As a result of the volume effect, this dose was unlikely to be life-

threatening (Koenig et al 2008). In irradiation protocols for human liver 

doses even up to 50Gy can be administered to the upper abdomen safely 

and with only minor complications for adjacent tissue, for example, the 

intestine or bone marrow (Bismar et al 2002). Acute side effects such as 

nausea, emesis, diarrhea, or slight myelosuppression may occur but will 

not cause major clinical problems.  

 

6. Hepatocyte transplantation into rats after preconditioning with 

RTPI with and without IR 

 

DPPIV(-) host rats were transplanted with DPPIV(+) hepatocytes, which 

were isolated from wild type Fisher 344 rats. This transplantation model 

was used before to assess the safety of pre-conditioning and to quantify 

liver repopulation by donor cells (Koenig et al 2005). In our experiments 
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RTPI caused mild necrotic injury of the liver and a distinct regenerative 

response which was terminated after one week. But, pre-treatment with 

RTPI alone worsened transplantation efficacy when compared with 

transplantation into untreated liver. However, liver repopulation was 

enhanced up to 5.2-fold using the combination of RTPI and partial liver IR. 

Of note, the morphology of engrafted donor hepatocytes and their 

descendents indicated full integration into the host parenchyma and 

metabolic integrity (distinct bile canalicular expression pattern of DPPIV 

and well dotted Cx32 staining). Ischemia times of 90 minutes produced 

better results than 60 minutes, suggesting that the effects of IR were more 

pronounced in direct proportion to the extent of ischemic liver damage and 

mediated regeneration stimulus. Furthermore, the duration of RTPI varied 

within in studies from other groups, and the time interval between RTPI 

and cell transplantation was considerably longer (24-72 hours) than in our 

study. From our findings, time intervals of 1 hour were clearly favorable 

when compared to 24 hours. This would also eventually facilitate the 

clinical approach of preconditioning and subsequent transplantation in one 

combined treatment session. We may also have to speculate that some 

beneficial effects of RTPI such as cytokine release and pro-inflammatory 

response might aid cell engraftment during this early reperfusion period 

(Massip-Salcedo et al 2007). 

 

7. Summary 

 

Limited cellular sources as well as low engraftment and repopulation 

efficacies of transplanted cells remain the major “bottlenecks” for clinical 

liver cell therapies. In our first manuscript we describe methods of how to 

assess engraftment and repopulation capacities of primary hepatocytes 

and various hepatic precursor cells. In a newly established mouse model 

(heterozygous alb-uPAtg(+/-)Rag2(−/−)γc
(−/−) mice) we performed standardized 

cell transplantations and were able to show, that hepatic cells with an 

immature phenotype repopulate less efficient compared to primary 

hepatocytes. Our observations also extend to human cells, but overall, 

engraftment and repopulation of human hepatocytes and human 
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hepatocyte precursor cells were lower compared to the respective mouse 

cells. Our findings have important consequences for future transplantation 

protocols using stem cell derived hepatic cells.  

The results described in our second manuscript support to the assumption 

that liver repopulation in animals requires two fundamental conditions: 

First, the regeneration capacity of the recipient liver needs to be transiently 

impaired by blocking the cell cycle of endogenous hepatocytes, for 

example by using IR (Koenig et al 2008). Second, some mitotic stimulus 

has to be introduced, such as RTPI. We report for the first time that 

combining the preparative regimen of external beam limited dose IR and 

moderate RTPI prior to single dose hepatocyte transplantation results in 

selective donor cell proliferation with more than 15% of host liver 

repopulation, which is known to be sufficient for the correction of genetic 

disorders and treatment of liver failure (Mazaris et al 2005). Reinforcing 

our concept, it has already been demonstrated in a retrospective study in 

children undergoing hepatic IR after liver transplantation for uncontrollable 

rejection that external IR was tolerated well in the long run (18 years) 

(Stephenne et al 2005). Therefore, we consider our combined pre-

treatment approach to be fully suitable for direct transfer into clinical use. 

Moreover, our studies demonstrate that our mild preparative regimen will 

require exact planning of the individual stimuli, their duration, and their 

chronological order.  

 

8. Outlook and future directions 

 

From the experiments described above, we can conclude that transplanted 

adult hepatocytes show higher repopulation efficacies in the host liver 

compared to immature cells. In the upcoming experiments we aim to 

improve ex vivo differentiation protocols of ES/iPS derived hepatic cells 

and fetal liver progenitor cells, which may result in higher engraftment 

rates of these cells. An alternative approach for improving cell engraftment 

is currently being studied and addresses the experimental down-regulation 

of the macrophage/Kupffer cell compartment in the host liver by 

experimental over-expression of CD47. In our second set of experiments 
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we have shown that the limited number of transplanted hepatocytes, which 

engraft, can be expanded by a host liver pre-conditioning protocols. For 

the first time we have developed a method, which was safely applied in 

rats and could principally be transferred to the clinical arena. Safety of this 

procedure has now to be demonstrated in a large animal model prior to 

clinical implementation. 
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Fetal liver progenitor cell suspensions (FLPC) and he-

patic precursor cells derived from embryonic stem cells

(ES-HPC) represent a potential source for liver cell ther-

apy. However, the relative capacity of these cell types to

engraft and repopulate a recipient liver compared with

adult hepatocytes (HC) has not been comprehensively

assessed. We transplanted mouse and human HC, FLPC,

and ES-HPC into a new immunodeficient mouse strain

(Alb-uPAtg(�/�)Rag2(�/�)
�c

(�/�) mice) and estimated

the percentages of HC after 3 months. Adult mouse HC

repopulated approximately half of the liver mass

(46.6 � 8.0%, 1 � 106 transplanted cells), whereas

mouse FLPC derived from day 13.5 and 11.5 post con-

ception embryos generated only 12.1 � 3.0% and 5.1 �

1.1%, respectively, of the recipient liver and smaller cell

clusters. Adult human HC and FLPC generated overall

less liver tissue than mouse cells and repopulated 10.0 �

3.9% and 2.7 � 1.1% of the recipient livers, respectively.

Mouse and human ES-HPC did not generate HC clusters

in our animal model. We conclude that, in contrast to

expectations, adult HC of human and mouse origin gen-

erate liver tissue more efficiently than cells derived

from fetal tissue or embryonic stem cells in a highly

immunodeficient Alb-uPA transgenic mouse model sys-

tem. These results have important implications in the

context of selecting the optimal strategy for human liver

cell therapies. (Am J Pathol 2009, 175:1483–1492; DOI:

10.2353/ajpath.2009.090117)

Transplanted adult hepatocytes (HC) engraft in a recipi-

ent liver and morphologically as well as functionally con-

nect with the surrounding cells.1,2 In animal models with

liver injury and/or selective growth advantage engrafted

cells respond to growth stimuli and repopulate recipient

livers.3,4 Elucidation of the molecular pathways of liver

regeneration and extensive preclinical cell transplanta-

tion experiments in animals have led to the application of

HC transplantation in a limited number of patients with

hereditary metabolic liver disease and acute liver fail-

ure.5–8 However, the shortage of donor organs and the

difficulties of cryopreservation and long-term culturing of
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mature HC have limited the clinical application of cell-

based therapies.

Stem cells have attracted considerable interest for cell

replacement therapy, because they expand in cell cul-

ture or can be easily harvested from patients.9,10 Adult,

fetal, and embryonic stem cell (ESC) sources have been

studied as a potential substitute for primary adult HC in

liver cell therapy. The generation of HC has been re-

ported in recipient livers of animals, which have been

transplanted with adult hematopoietic and mesenchymal

stem cells.11–14 More recent studies, however, have not

convincingly shown formation of HC in therapeutically

relevant numbers in mouse liver repopulation or toxic

injury models.15–17 In one study in fumarylacetoacetate

hydrolase (Fah)(�/�) deficient mice, liver tissue formation

from transplanted bone marrow cells was found to be the

result of monocyte fusion with recipient liver cells.18 In

contrast to adult stem cells, fetal liver progenitor cells

(FLPC) already express an induced immature hepatic

phenotype and can be isolated, cultured, and expanded

in vitro. Transplantation experiments in several laborato-

ries have demonstrated engraftment of FLPC and subse-

quent liver tissue formation.19,20 Transplanted FLPC,

which were isolated from murine fetal liver tissue, were

shown to acquire the adult HC phenotype over a period

of 6 to 8 weeks after transplantation.21 Although FLPC

can be expanded in cell culture, the availability of do-

nated fetal tissues restricts the clinical application of this

cell source.

With their unlimited potential to grow in vitro and to

develop into virtually any cell type, ESCs, and more re-

cently, induced pluripotent stem cells, might be the ideal

source of donor liver cells for cell therapies in the fu-

ture.22–24 We and others have generated hepatic precur-

sor cells from human and mouse ESC lines.25–28 With the

existing differentiation protocols a primitive hepatic phe-

notype with fetal gene expression patterns can be in-

duced in the majority of the ESCs.28,29 Transplantation of

these cells, however, have so far resulted only in scat-

tered formation of HC or were reported to form small HC

clusters in major urinary protein promoter driven uroki-

nase-type plasminogen activator (uPA) mice30 and

Fah(�/�) mice.31

Multiple progenitor cell types have been studied ex-

tensively in transplantation experiments in animals with

normal liver, in toxic liver injury models, and in liver re-

population models such as the albumin promoter/en-

hancer (Alb) directed uPA transgenic or Fah(�/�) mice.

Although the potential of transplanted stem cell derived

hepatic precursor and progenitor cells to generate HC

has been clearly demonstrated, a comparative analysis

of the individual capacity to form liver tissue is not avail-

able. In our present study we aimed to establish and

validate an animal model, which would allow us to com-

pare side-by-side the degree of liver repopulation of var-

ious human and murine cell types in a recipient liver. To

this end, we performed standardized transplantation ex-

periments in immunodeficient heterozygous Alb-uPA

mice. In this animal model the transgene is expressed

under transcriptional control of the albumin promoter/

enhancer sequence exclusively in HC, which causes

postnatal toxic liver injury.32 Homozygous mice die from

liver failure, but can be rescued by the transplantation of

HC. In heterozygous mice, endogenous HC delete the

transgene and regenerate the liver. Transplanted cells

thus compete with endogenous HC to regenerate the

liver. The capacity of a given cell type to repopulate a

recipient liver organ after transplantation in this animal

model is determined by its engraftment properties, the in

vivo differentiation potential, and the proliferation capac-

ity in a recipient liver. We generated a new immunodefi-

cient xenograft mouse model by crossing Alb-uPA trans-

genic (tg) mice onto the Rag2(�/�)�c
(�/�) background

(Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�) mice). This new model

was then transplanted with various primary human and

mouse cells with hepatic phenotype and liver tissues of

the transplanted animals were harvested 3 months after

transplantation and analyzed for the presence of HC de-

rived from transplanted cells. Our data indicate that imma-

ture hepatic cell types of both human and mouse origin are

unexpectedly less competitive compared with adult HC in

repopulation of the Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�) mouse

liver. Additionally, the overall repopulation rates observed

after transplantation of human fetal and adult cells were

significantly lower compared with similar transplantations

performed with respective mouse cells.

Materials and Methods

Animals

C57BL/6 and enhanced green fluorescent protein (EGFP)-

transgenic mice (C57BL/6-TgN(ACTbEGFP)1Osb) were

purchased from the Jackson Laboratory (Bar Harbor, ME).

Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�) mice were generated

by breeding of Alb-uPA transgenic mice32,33 on the

severe combined immunodeficiency background34

with Rag2(�/�)�c
(�/�) mice35 on the nonobese diabetic

background (J.P. Di Santo, unpublished). All animals were

maintained and handled in accordance with institutional

guidelines of the Hannover Medical School and the Helm-

holtz Center for Infection Research.

Isolation of Cells from Human Adult and Fetal

Liver Tissue

Human adult HC were isolated as described previously

by a modified three-step collagenase perfusion from sur-

gical resectates, which have been obtained from patients

with informed consent.36 Perfusion solutions were intro-

duced into the tissue through catheters placed into the

portal or hepatic vein branches. After the digestion

phase, the liver tissue was manually disrupted with sterile

scissors and scalpels. To separate undigested tissue

pieces, the suspended HC were passed through 750 and

500 �m filters into 50 ml Falcon tubes. The cell suspen-

sions were centrifuged at 50 g for 10 minutes and the cell

pellet was resuspended in an ice cold buffer. An aliquot

of the cell preparation was separated for cell count and

viability analysis (light microscopy and trypan blue exclu-

sion test). In all transplantation experiments, suspensions
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with �85% of viable HC were used. The non-HC fraction

(leukocytes, nonparenchymal liver cells) in the cell sus-

pension was less than 5% based on microscopic analy-

sis. Plating efficacy of the HC on collagen-coated cell

culture surfaces exceeded 80% in all preparations.

Human fetal livers (14 to 17 weeks of gestation) were

obtained after termination of pregnancy with the informed

consent of the mothers. The procedure and the trans-

plantation protocols were approved by the ethical com-

mittee of the Hannover Medical School. The tissues were

mechanically disrupted and the resulting fragments were

treated with 0.1 to 1% collagenase D (Roche, Mannheim,

Germany) at 37°C. The resulting FLPC suspensions were

washed with William’s E media containing fetal calf serum

(FCS) and centrifuged at 50 g. The cell pellet was resus-

pended with red blood cell lysis buffer (Sigma-Aldrich,

München, Germany), centrifuged and resuspended in

William’s E medium. Viability (as evaluated by trypan blue

exclusion) always exceeded 85% in transplanted

samples.

Human ESCs

Human ESC line H1 was obtained from WiCell research

institute (Madison, WI). The passage number of the H1

cells used in the transplantation experiment was 43. The

culture and hepatic differentiation of human ESCs were

performed as previously described in the lab of Hongkui

Deng.28 After 18 days of differentiation, the cells were

dissociated with Accutase (Sigma) and then transplanted.

Isolation of Cells from Mouse Adult and Fetal

Liver Tissue

Adult HC from C57BL/6 and EGFP-transgenic C57BL/6

mice were isolated by a two-step collagenase perfusion

method originally described by Seglen et al37 with minor

modifications. For the generation of mouse FLPC suspen-

sions, the livers from mouse embryos (embryonic day

[ED] 11.5 and 13.5 post conception [p.c.]) were removed

under the binocular microscope. Cells were isolated by

collagenase/dispase (Roche, Mannheim, Germany) di-

gestion for 20 minutes at 37°C. The cells were treated

with red blood cell lysis buffer (Sigma), washed twice in

cold Dulbecco’s modified Eagle’s medium with 10% FCS

and resuspended in PBS and stored on ice until

transplantation.

Mouse ESCs

ESCs derived from Rosa26 mice were cultured on mouse

embryonic fibroblasts on gelatinized dishes (Falcon BD)

in culture medium I (Knock-out Dulbecco’s modified

Eagle’s medium, Invitrogen, Karlsruhe, Germany) sup-

plemented with 15% FCS (selected batches) and the

following additives: �-mercaptoethanol (5 � 10�5 M);

L-glutamine (2 mmol/L); nonessential amino acids; peni-

cillin-streptomycin (all Invitrogen); and 10 ng/ml recom-

binant human leukemia inhibitory factor (Chemicon, Mil-

lipore, Billerica, MA), as previously described.38 For

hepatic differentiation, 600 ESCs were cultivated in hang-

ing drops (20 �l), as described previously to form em-

bryoid bodies. On day 5, embryoid bodies were plated

onto gelatinized dishes in culture medium II (IMDM; In-

vitrogen) supplemented with 20% FCS, 450 �mol/L

�-monothioglycerol (Sigma) and all additives except leu-

kemia inhibitory factor. On days 5 and 9, embryoid bod-

ies outgrowths were trypsinized, replated onto collagen

type I-coated dishes in differentiation medium (HC cul-

ture medium, Cambrex, East Rutherford, NJ), and cul-

tivated until days 5, 9, and 20. For hepatic phenotype

selection, hepatic precursor cells derived from embry-

onic stem cells (ES-HPC) were transduced on day 31

(day 5 � 9 � 17) of differentiation with the lentivirus

vector RRL.PPT. Alb.GFPpre (MOI �10) and analyzed for

EGFP fluorescence after 3 days with a fluorescence mi-

croscope. After visual analysis, the cells were trypsinized

and sorted for EGFP in a MoFlow cytometer.

Flow Cytometry of Murine and Human FLPC

Cells expressing Dlk-1, a member of the �-like family of

cell surface transmembrane proteins, have been shown

in rats to contain the full liver repopulation potential

present in fetal liver cell suspensions.39 The surface

marker was analyzed by flow cytometry by using 2 �g of

a rabbit polyclonal antibody (Abcam, Cambridge, MA) in

our cell preparations. Stainings with a rabbit antibody

against green fluorescent protein (Invitrogen) at identical

concentrations served as isotype controls. Cells were

washed once with PBS before applying the fluorescein

isothiocyanate-conjugated goat anti-rabbit antibody in a

1:200 dilution. All stainings were performed on ice for 30

minutes in a total volume of 100 �l PBS. Cells were

washed again with PBS and analyzed with the LSR II flow

cytometer (BD Biosciences, Heidelberg, Germany) and

the FlowJo software (Tree Star, Ashland, Oregon).

Cell Transplantation

Intrasplenic transplantations of the various cell types

were performed under sterile conditions. Briefly, recipient

mice were anesthetized via isoflurane inhalation with an

appropriate vaporator. A lateral abdominal incision was

performed, the spleen was localized, and cells in a total

volume of 50 �l of medium containing no FCS were

injected intrasplenically. Sutured spleens were returned

carefully, and the skin was closed.

Analysis of Engraftment and Distribution

ES-HPC, FLPC suspensions (ED 11.5 and 13.5), and

primary adult HC were incubated with the PKH26 fluores-

cent dye (Sigma), as previously described.38 Cells, 5 �

105, (viability �85% by trypan blue exclusion) were trans-

planted via the intrasplenic route into the liver of C57BL/6

mice. After 24 hours, 48 hours, 14 days, and 28 days, the

livers (n � 4 for each time point) were harvested and

native fluorescence microscopy was performed on cryo-
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sections (10 �m) to detect and count PKH26 positive

cells. Autofluorescence was excluded by parallel exam-

ination of the red (617 nm) and green emission (528 nm).

The numbers of PKH-fluorescent cells were assessed in

20 high power fields (�200) of 10 representative tissue

sections.

Histology and Immunohistochemistry

Liver tissues were harvested and fixed in 4% paraformal-

dehyde (Merck, Darmstadt, Germany) and embedded

in paraffin. For H&E staining, sections were immersed in

hematoxylin solution for 3 minutes and in 0.5% eosin

solution for an additional 3 minutes. Immunofluorescence

staining of the EGFP antigen was performed in paraform-

aldehyde-fixed 5-�m permeabilized (in 0.25% Triton-X

PBS) sections by using an anti-green fluorescent protein-

Alexa 594 antibody (Molecular Probes, Invitrogen) in a

1:200 dilution. Human albumin and human cytokeratin

(CK) 18 staining was performed in 6 �m sections. After

dewaxing and rehydration endogenous peroxidase was

blocked with 3% hydrogen peroxide in methanol for 10

minutes, followed by antigen retrieval in target retrieval

solution (Dako, Glostrup, Denmark) for 20 minutes in a

water bath at 98°C. Primary monoclonal anti-human al-

bumin (1:100) (Bethyl Laboratories, Montgomery, TX)

and monoclonal anti-human CK 18 (1:200) (Dako) anti-

bodies were incubated overnight. Biotinylated secondary

antibody was incubated for 1 hour, followed by incuba-

tion with avidin-coupled peroxidase for 1 hour (Vector

Laboratories, Peterborough, UK). Three-amino-9-ethyl-

carbazole was used as a chromogen (Dako) and Gill’s

No. 3 hematoxylin for the counter stain.

Biometric Analysis of Liver Tissue

Ten formalin fixed and paraffin embedded tissue slides

from all liver lobes of recipient animals were chosen for

analysis. The number of HC derived from transplanted

cells was counted in ten view fields/section (original mag-

nification, �400) in individual mice 3 months after trans-

plantation and expressed as percentage of the total num-

ber of HC.

Statistical Analyses

Data were compared for all individual groups of animals

with the Student’s t-test. A P value of �0.05 was consid-

ered as statistically significant.

Results

Transplantation of Murine Cells

In the first experiment, groups of animals (n � 5) were

transplanted with 1 � 105, 5 � 105, 1 � 106, and 2 � 106

EGFP–mouse HC and analyzed for the presence of fluo-

rescent HC at 3 months after transplantation (Figure 1,A

and B). Mice from group 1, which were transplanted with

1 � 105 cells, repopulated the recipient liver with 44.0 �

6.5% of the HC expressing the EGFP. In groups 2, 3, and

4 (receiving 5 � 105, 1 � 106, and 2 � 106 cells), 46.6 �

8.0%, 47.5 � 10.7%, and 42.0 � 14.0% of recipient livers

were repopulated by the transplanted cells, respectively

(Figure 1C). These results, which did not show statisti-

cally significant differences, indicate a saturation effect of

intrasplenic liver cell transplantation and a limited effect

on the overall repopulation in this particular animal model

at numbers exceeding 1 � 105 cells. In contrast to the

homogenous adult HC suspensions (� 5% of nonhepatic

cells) murine FLPC suspensions derived from ED 11.5

and 13.5 fetal livers contain hepatoblasts and cells of

hematopoietic origin. In previous studies the Dlk-1 sur-

face marker has been shown to be exclusively expressed

by liver repopulating hepatoblasts.38 After red blood cell

Figure 1. Microscopic analysis of histological sections (5 �m) from a forma-
lin-fixed liver of a recipient mouse transplanted with 5 � 105 adult EGFP
transgenic mouse HC (original magnification, �200, A; �400, B). Native
EGFP fluorescence, as shown here, was confirmed in selective sections by
anti-EGFP immunofluorescence (not shown). To test the relevance of trans-
planted cell numbers, 1 � 105, 5 � 105, 1 � 106, and 2 � 106 EGFP–transgenic
mouse HC were transplanted into Alb-uPAtg(�/�)Rag2(�/�)�c

(�/�) mice via
intrasplenic injection. C: Three months after transplantation the number
of EGFP transgenic HC detected in the recipient liver and expressed as
percentage of the total number of HC was not significantly different in the
four analyzed groups of animals (n � 5; p � not significant).
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lysis, an average of 17.8 � 4% (n � 3) of the ED 13.5 p.c.

liver cell suspensions expressed the Dlk-1 protein as

determined by flow cytometric analysis (Figure 2). In

transplantation, experiments freshly isolated those mu-

rine FLPC suspensions and were less efficient for subse-

quent repopulation of recipient livers compared with the

respective adult HC transplantations (Figure 3,A and B).

EGFP–transgenic cells, 5 � 105 and 1 � 106, (containing

�1 � 105 and 2 � 105 Dlk-1� hepatoblasts) isolated from

ED 13.5 p.c. fetal liver resulted in reduced repopulation

rates of the recipient liver organ (12.1 � 3.0% of the total

number of HC) compared with the adult mouse HC trans-

plantations. A further decrease in repopulation efficacy

was noted after transplantation of cells isolated from ED

11.5 p.c. fetal liver (5.1 � 1.1%, P � 0.05) (Figure 3C).

The reduced repopulation rate in animals transplanted

with mouse FLPC was the result of smaller numbers of

cell clusters and smaller sizes of individual groups of

cells. Nonsorted mouse ES-HPC did not result in liver

tissue formation, but formed teratoma tissue in the liver

and spleen of most of the transplanted animals. To facil-

itate normal liver tissue and HC formation from ES-HPC, a

selection strategy based on albumin driven EGFP ex-

pression for cells with a hepatic phenotype was evalu-

ated. Transplantation of sorted murine ES-HPC in Alb-

uPAtg(�/�)Rag2(�/�)�c
(�/�) mice did not generate teratomas

but also did not result in HC cluster formation, a result that

confirms earlier data obtained in Fah(�/�) mice.38 Only a

few EGFP expressing cells in groups of fewer than six cells

with the morphological appearance of HC were detectable

in the recipient livers (not shown).

Homing, Engraftment, and Proliferation

Properties

To rule out that differences in homing and engraftment

properties of the various transplanted cell types could

have influenced the repopulation capacity in recipient

livers, we performed short-term transplantation experi-

ments with PKH26 labeled cells into C57BL/6 mice. After

intrasplenic injection of fluorescent labeled cells (1 �

105) most of the cells were detected in the sinusoids or

attached to the sinusoidal endothelium in all groups 24

and 48 hours after transplantation. At later time points (14

and 28 days), only a fraction of the labeled murine cells

were detectable in the liver plate. The numbers of detect-

able FLPC and ES-HPC at 14 and 28 days after trans-

plantation were lower, but not statistically different, as

compared with adult HC (see Supplemental Figure S1 at

Figure 2. Murine FLPC suspensions were stained with Dlk-1 antibody and an
appropriate isotype. Three representative samples were analyzed and the
number of Dlk-1 positive cells were calculated.

Figure 3. Fluorescence microscopy of a representative formalin-fixed liver
section with EGFP transgenic cell clusters from a mouse transplanted with ED
13.5 FLPC (original magnification �200, A) and ED11.5 FLPC (original mag-
nification �400, B). Significantly different results were obtained between
animals of groups 1 and 2, which were injected with ED 11.5 and 13.5 FLPC,
respectively, as compared with animals in group 3, which were transplanted
with adult HC. Results of groups 1 and 2 were not statistically different (C).
The average size of the cell clusters was smaller than those observed in
animals transplanted with adult mouse HC. Sorted ES-HPC did not generate
sizable cell clusters in the recipient livers.
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http://ajp.amjpathol.org). The transplanted and engrafted

adult HC and FLPC were organized as single cells or in

groups of maximally three cells at day 28 and morpho-

logically appeared as integrated HC. In contrast, ES-HPC

appeared as rounded cells within the liver plate and were

negative by immunostaining with hepatocyte specific

markers as CK18.

An autonomous growth and repopulation potential has

been reported for rat FLPC, which were transplanted into

dipeptidylpeptidase (DPPIV�) IV mutant rats with normal

liver.20 We therefore tested whether mouse FLPC can

grow in a normal recipient liver environment. Mouse HC

(5 � 105) and FLPC were transplanted into wild-type litter

mate Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�) mice not express-

ing the uPA transgene and analyzed for the presence of

fluorescent HC after 3 months. Only cell clusters of up to

three cells were dectable with an overall contribution of

1.3 � 0.9% (FLPC) and 0.9 � 0.5% of the HC derived

from transplanted cells (Figure 4,A and B). Similar obser-

vations were also made for human FLPC suspensions

(not shown). Some animals were followed for up to 8

months, but no further expansion of the transplanted cells

was observed.

Transplantation of Human Cells

Adult human HC (5 � 105 and 1 � 106) were transplanted

via intrasplenic injection and identified in recipient liver

tissue sections by immunohistochemistry for human al-

bumin and CK 18 antigens after 3 months. Positive and

negative controls (see Figure 5,A and B, respectively) for

human albumin immunostaining and a representative

section obtained from a liver of a mouse transplanted with

human HC and stained for human albumin and CK 18 are

shown in Figure 5, C and D, respectively. Human HC

formed integrated cell clusters and repopulated 10.0 �

3.9% of the recipient mouse liver 3 months after trans-

plantation (Figure 5G). The degree of repopulation cor-

related with the expected serum levels (932 � 321 �g/ml)

of human albumin in these animals. Transplantation of

more HC (2 � 106 cells) did not significantly increase the

repopulation efficacy in recipient animals (not shown).

As observed for the mouse FLPC, the transplantation

of human FLPC resulted in lower repopulation rates of the

recipient liver organ compared with adult HC transplan-

tations. In the group of animals injected with human FLPC

(5 � 105 and 1 � 106 cells) suspensions only 2.7 � 1.1%

were identified as human HC (Figure 5G) in the recipient

liver. The percentages of cells in the animals transplanted

with 5 � 105 and 1 � 106 cells were statistically not

different. The human cells were distributed as scattered

single cells or as small clusters of cells throughout the

liver (Figure 5, E and F). In contrast to mouse FLPC the

human cells mostly retained the morphology of hepato-

blasts. Nonsorted human ES-HPC did not result in liver

tissue formation, but formed teratoma tissue in the liver

and spleen of most of the transplanted animals (see

Supplemental Figure S2 at http://ajp.amjpathol.org).

Human fetal liver tissues and isolated FLPC suspen-

sions were extensively characterized before application

in the transplantation experiments. Immunostaining of fe-

tal tissue sections with an antibody recognizing �-feto-

protein as a characteristic marker of hepatoblasts (brown

color) is shown in Figure 6A. The percentage of Dlk-1�

repopulating hepatoblasts in the FLPC suspensions

(18.7 � 3, n � 3) was similar to what was observed for

mouse ED 13.5 p.c. FLPC (Figure 6, B and C).

Discussion

In this study we established a novel mouse model for

efficiency analyses of various hepatic cell transplant

sources: the immunodeficient heterozygous Alb-uPA

mice, ie, Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�), which com-

bines two important features. First, due to the heterozy-

gous expression of Albumin-promoter-driven urokinase-

type plasminogen activator [Alb-uPAtg(�/�)] transplanted

cells compete with endogenous cells that spontaneously

had inactivated or lost the transgene and, therefore, al-

lows quantitative analyses of engraftment and repopula-

tion efficiency of transplanted cells. Second, the combi-

nation of the Rag2- and the �c-knockout results in a

complete lack of T-, B- and NK-cells and, therefore, is

highly permissive for the transplantation of human cells.

Figure 4. Mouse ED 13.5 FLPC and adult mouse HC were transplanted into
Alb-uPAtg(�/�)Rag2(�/�)�c

(�/�) mice, which do not show a liver pathology.
Mostly single doublet cells were identified in the recipient livers after 3
months (original magnification �400, A). The percentage of cells derived
from FLPC and adult HC was low (�2%) and statistically not different in the
two groups of animals (B).
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Taken together, this particular mouse model allows the

direct comparisons of specific murine and human he-

patic cell derivatives in the same animal model. Further-

more, we standardized the time period of transplantation

(ie, 4 to 14 days after birth) to account for comparability

of the transplantation results obtained with the various

cell types, because the expression of the urokinase-type

plasminogen protein in HC has its peak expression

around birth and subsequently induces a subacute liver

failure. Regeneration in heterozygous animals is com-

pleted between 8 to 12 weeks after birth. At our chosen

endpoint of tissue analysis (3 months after transplanta-

tion), complete regeneration of the liver tissue was ob-

served with only minor areas of remnant necrosis in some

animals. To further reduce variability in transplantation

outcome, the viability of various cell preparations always

exceeded 85%, as determined by the trypan blue dye

exclusion test.

In the first set of experiments we analyzed the effect of

the transplanted cell number on the repopulation efficiency

in the heterozygous uPA-RAG2-�c mice and confirmed the

hypothesis that once we transplanted a threshold cell num-

ber, a further increase in transplanted cell numbers does

not produce higher repopulation efficiency. In our hands

intrasplenic transplantation of 1 � 105 primary murine adult

HC results in a repopulation of 44%, which is not further

increased after transplantation of higher cell numbers, such

as 5 � 105, 1 � 106, or 2 � 106.

In earlier studies, adult human HC were shown to

engraft after transplantation and to extensively regener-

ate a recipient homozygous Alb-uPA mouse liver in var-

ious immunodeficient backgrounds.40,41 In our experi-

ments, transplantation of 5 � 105 and 1 � 106 human

cells repopulated approximately 10% of the recipient liver

mass after 3 months. This result confirms previous data,

which showed up to 15% of liver repopulation by trans-

planted human HC in immunodeficient heterozygous uPA

mice.42 The proliferation rate and tissue forming capacity

of human adult HC, however, were significantly lower

than those observed for transplanted autologous murine

HC (�40% of the HC), although similar numbers of cells

were transplanted. Incompatibilities of cell-to-cell and

cell-to-matrix contacts, as well as differences in response

to growth stimuli may have been responsible for reduced

repopulation capacity.

FLPC, which have the ability to differentiate into mature

HC or biliary epithelial cells, are considered as a potential

alternative to adult HC for liver cell therapy. The cells

extensively proliferate in vitro and differentiate into adult

parenchymal phenotypes after transplantation into a host

liver. Nierhoff et al43 reported up to 80% liver repopula-

tion in a retrorsine treated DPPIV(�) mouse model by

Figure 5. Microscopic analysis of representative
histological sections derived from human liver
tissue (A), liver tissue from nontransplanted Alb-
uPAtg(�/�)Rag2(�/�)�c

(�/�) (B), and from livers
of Alb-uPAtg(�/�)Rag2(�/�)�c

(�/�) mice trans-
planted with human cells (C–E). Human liver tis-
sue stained uniformly positive for human albumin
antigen (A). Staining was absent in nontrans-
planted mouse liver (B). Transplanted adult human
HC formed mostly medium-sized human albumin
(C, dark red colored cells) and human cytokeratin
(CK) 18 (D, brown colored cells) antigen positive
cell clusters surrounded by mouse liver tissue.
Transplanted human FLPC (stained for human al-
bumin, dark red color) formed single cells, which
were scattered throughout the liver, and small clus-
ters of HC (arrows) (E and F). The percentage of
liver tissue repopulation in Alb-uPAtg(�/�)Rag2(�/

�)�c
(�/�) mice transplanted with 1 � 106 human

ES-HPC, 5 � 105 to 1 � 106 human FLPC and 1 �

106 adult human HC is shown (G). The number of
human albumin positive HC expressed as the av-
erage percentage of the total number of HC per
microscopic field in liver sections from recipient
mice was significantly different for FLPC and adult
HC. Nonsorted ES-HPC did not form albumin/CK
18 positive cells in the recipient liver (not shown).
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transplanted mouse fetal hepatoblast preparations. In

another report, Oertel et al40 showed that rat FLPC not

only proliferated in vitro but also extensively expanded

after transplantation in a normal liver and induced apo-

ptotic cell death of surrounding endogenous HC without

evidence for tumor formation. Accordingly, transplanta-

tions of small numbers of FLPC into the liver of patients

with metabolic liver disease could result in complete

correction of the disease phenotype without precondi-

tioning of the recipient organ.

To test the capacity to generate liver tissue in our

experimental animal model, 5 � 105 and 1 � 106 human

as well as murine FLPC (ED 13.5) were transplanted into

the spleen of recipient mice according to our standard-

ized protocol. Although HC were frequently detected in

the recipient livers after 3 months, the degree of liver

repopulation was significantly lower compared with the

results obtained from the transplantation experiments

with either human or murine adult HC. The average size

of HC clusters derived from transplanted FLPC was

smaller compared with the clusters derived from trans-

planted adult HC. Furthermore, transplantation of mouse

FLPC from ED 11.5 mouse fetal liver repopulated the

recipient liver even less than the more mature FLPC from

ED 13.5 fetal livers. Although the cells in the recipient liver

3 months after FLPC transplantation were detectable by

CK 18 and albumin immunohistochemistry, the morphol-

ogy only occasionally resembled mature HC. In contrast,

murine FLPC have been shown in previous experiments

to mature into the adult hepatic phenotype over a period

of 5 to 8 weeks.

Several other groups reported transplantations of hu-

man fetal liver cell suspensions and studied engraftment

as well as repopulation rates in recipient mouse livers.

However, only one study showed a repopulation of up to

10% of the liver (ranging from 1 to 10%) after transplan-

tation of primary human fetal hepatoblasts (11 to 13

weeks of gestation) in a nonconditioned athymic mouse

model indicating autonomous in vivo proliferation poten-

tial.44 More recent studies reported either a maximum of

4% of human HC in D-galactosamine preconditioned

mouse livers after transplantation of primary human fetal

hepatoblast suspensions (6 to 10 weeks of gestation) or

showed only marginal capacities for repopulation after

transplantation of either freshly isolated epithelial cell

adhesion molecule, a surface marker present on fetal

hepatoblasts, sorted hepatic progenitor cells or cultured

multipotent progenitor cells.45–47

The observed degree of repopulation after transplan-

tation of mouse FLPC was in the same range observed for

the ED 14 derived bipotential mouse embryonic liver cell

line transplanted into heterozygous Alb-uPA(�/�)/severe

combined immunodeficiency(�/�) mice.19 Strick-Marchand

et al19 also elegantly demonstrated the contribution of the

transplanted bipotential mouse embryonic liver cell to the

bile duct epithelial compartment of the recipient liver.

Although we have seen occasional generation of biliary

epithelial cells from transplanted cells, it was beyond the

scope of our study to quantify the contribution to bile duct

formation.

In the already mentioned studies from Sandhu et al20 and

Oertel et al, 40 embryonic ED14 FLPC derived from DPPIV�

rats proliferated for up to 6 months after transplantation into

a DPPIV� host liver after partial hepatectomy. In contrast, in

our model we could not observe a further increase in the

size of regeneration nodules derived from liver progenitor

cells beyond the 12 weeks period in animals that have been

observed for up to 8 months. Most probably, this is due to

the fact that the liver has already been fully repopulated by

endogenous adult HC that have deleted the transgene.

Furthermore, transplantation of FLPC into wild-type Alb-

uPAtg(�/�)Rag2(�/�)�c
(�/�) mice, which do not provide a

proliferation advantage to transplanted cells, resulted into

mostly single engrafted cells or clusters of not more than

three cells.

Fetal liver is the site of hematopoiesis and contains

among other cell types considerable amounts of hema-

Figure 6. Detection of �–fetoprotein (AFP) expressing cells in human fetal
liver tissue (week 17) by immunohistology. Fetal liver tissues were fixed in
4% paraformaldehyde and embedded in paraffin. Six micron thick sections
were analyzed for the expression of human AFP by using a monoclonal
mouse anti-human AFP (1:200) (AbD Serotec) antibody. The AFP expressing
hepatoblasts (brown color) represent �20% of the cells in representative
sections (A). Human FLPC suspensions were stained with Dlk-1 antibody and
an appropriate isotype control (B). Three representative samples were ana-
lyzed and the number of Dlk-1 positive cells calculated (C).
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topoietic stem and precursor cells. Immunohistochemis-

try (albumin, �-fetoprotein), quantitation of Dlk-1 express-

ing hepatoblasts by flow cytometry and quantitative gene

expression analysis in reporter transgene selected hu-

man fetal liver cells, identified �20% of the cells as

hepatoblasts. Similar numbers of Dlk-1 expressing cells

were identified in FLPC suspensions derived from ED

13.5 mouse livers. The reduced repopulation capacity of

human and mouse FLPC could thus have been the result

of lower numbers of transplanted FLPC compared with

respective adult HC. From the maximal number of trans-

planted FLPC (1 � 106) in our experiments �2 � 105 cells

expressed the hepatoblast phenotype with the potential to

form HC. The calculated numbers of transplanted murine

FLPC (ED 13.5) in our experiments, however, exceeded

(�twofold) the lowest number of transplanted murine adult

HC (1 � 105), which resulted in repopulation of 44% of the

recipient liver. Interestingly, further increase of transplanted

adult murine HC numbers did not significantly increase the

repopulation in this particular animal model. These results

are in line with earlier observations by other laborato-

ries that only a very small fraction of transplanted HC

enters the liver plates permanently, whereas most of

the initially transplanted cells are lost within the first

days after transplantation.2

Our data suggest that human FLPC show repopulation

capacities in recipient Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�)

mice, which are similar to mouse FLPC and lack auto-

nomic growth characteristics in vivo after transplantation,

as suggested by others.20,40 Our results obtained by

using xenogeneic and allogeneic mouse-based HC

transplantation models suggest that we should be cau-

tious when extrapolating either data from different animal

species to humans or results generated by using different

experimental models. Nevertheless, the results pre-

sented here in the mouse-to-mouse and human-to-mouse

settings are fully consistent.

Interestingly, transplantation of human and mouse

ES-HPC did not result in significant cell cluster formation

derived from transplanted cells. In our particular animal

model a crude suspension of mouse ES-HPC generated

teratoma tissue and caused death within 5 weeks in

100% of the transplanted animals. Selection of cells with

a hepatic phenotype by transduction with a lentivirus

encoding an Alb-EGFP cassette and subsequent cell

sorting avoided teratoma formation. However, only a few

single scattered cells with the phenotype of HC were

detected in transplanted Alb-uPAtg(�/�)Rag2(�/�)�c
(�/�)

mice. Our data confirm previous studies from our labora-

tory38 and others,31 demonstrating that most, if not all,

protocols for ES-HPC differentiation not yet provide the

full capacity of repopulation. Duan et al48 were recently

the first to transplant selected (�1-antitrypsin driven EGFP

expression) and isolated hepatic precursor cells from

human ESCs into nonobese diabetic-severe combined

immunodeficiency mice. By whole mouse biolumines-

cence imaging, the intrahepatically transplanted cells

were visible for 1 week after transplantation and, by PCR

and albumin levels in the serum, for more than 3 weeks.48

Long-term survival of these cells in mouse liver repopu-

lation models, however, was not yet reported.

The reduced capacity of FLPC and ES-HPC to form

cell clusters after transplantation into the Alb-uPAtg(�/�)

Rag2(�/�)�c
(�/�) mouse may also—at least partially—

result from differences in engraftment efficacies. Al-

though transplanted PKH26 stained murine FLPC and

ES-HPC were detected throughout the observation pe-

riod of 28 days in the recipient liver, the numbers were

considerably, although not significantly, lower compared

with adult HC.

In conclusion our experimental in vivo model provide

conclusive data on side-by-side comparison of potential

cell sources for cellular liver therapies for liver. The ob-

tained results have important implications in the context

of establishing the optimal strategy for implementing hu-

man cell therapies. In our hands, the applied protocols

for differentiation of ESCs into ES-HPC are not yet suffi-

cient to generate cell phenotypes, which can generate

significant numbers of HC or form regular liver tissue after

an intrahepatic injection in vivo. However, considering

recent advances in the field, it is expected that ES-HPC

with an adequate level of differentiation will be available

for clinical applications in the field in the upcoming years.
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Abstract 

Background: Hepatocyte transplantation is regarded as a promising option 

to correct hereditary metabolic liver disease. This study describes a novel 

method involving regional transient portal ischemia (RTPI) in combination 

with hepatic irradiation (IR) as a preparative regimen for hepatocyte 

transplantation. 

Methods: The right lobules of rat livers (45% of liver mass) were subjected 

to RTPI of 30-120 minutes. Liver specimens and serum samples were 

analyzed for DNA damage, apoptosis, proliferation, and transaminase 

levels. Repopulation experiments involved livers of dipeptidylpeptidase IV 

(DPPIV) deficient rats preconditioned with RTPI (60-90 minutes) either with 

or without prior partial hepatic IR (25 Gy). After reperfusion intervals of 1 

hour and 24 hours, 12 million wild type (DPPIV+) hepatocytes were 

transplanted into recipient livers via the spleen.  

Results: RTPI of 60-90 minutes caused limited hepatic injury through 

necrosis and induced a distinct regenerative response in the host liver. 

Twelve weeks following transplantation, small clusters of donor 

hepatocytes were detected within the portal areas. Quantitative analysis 

revealed limited engraftment of 0.79% to 2.95%, whereas control animals 

(sham OP) exhibited 4.16% (determined as relative activity of DPPIV when 

compared to wild type liver). Repopulation was significantly enhanced 

(21.43%) when IR was performed prior to RTPI, optimum preconditioning 

settings being 90 minutes of ischemia and 1 hour of reperfusion before 

transplantation.  

Conclusion: We demonstrate that RTPI alone is disadvantageous to donor 

cell engraftment, whereas the combination of RTPI with IR comprises an 

effective preparative regimen for liver repopulation. The method described 

clearly has potential for clinical application. 
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1. Introduction 

Currently, whole organ transplantation remains to be the only therapy 

available for a number of end stage liver diseases, with the need for 

suitable donor livers increasing continuously (1). The search for an 

alternative to improve liver function or to correct genetically related defects 

is therefore of central importance (2). The transplantation of isolated cells 

(hepatocytes) into the diseased organ constitutes a promising alternative 

and has already been performed for various indications (3, 4). Inherited 

metabolic liver disease would be the primary target for strategies of liver 

cell therapy, since donor cells engraft preferably via portal vein infusions 

into the recipient livers, of which the architecture and circulation remains 

widely unharmed. However, hepatocyte transplantation into unconditioned 

recipient liver results in only low rates of cell engraftment (5). Furthermore, 

donor hepatocytes are known to lose the battle with endogenous cells, 

which proliferate preferentially in response to regeneration stimulus in the 

host liver. One solution to overcome this major obstacle to liver cell therapy 

consists of repetitive infusions aiming to deposit sufficient numbers of 

donor hepatocytes into the recipient liver (3). Although documented results 

of serial hepatocyte transplantations are encouraging, donor organ 

shortage greatly inhibits the availability of isolated donor cells, of which the 

number and quality is restricted more than ever (4). Therefore, several 

strategies have been developed to prime the host liver for efficient donor 

cell engraftment and subsequent selective expansion (6). 

To date, most of the protocols significantly enhancing the outcome of 

hepatocyte transplantation in animal models have been based on the 

application of toxins or even carcinogens (for example, pre-treatment with 

pyrrolizidine alkaloids) and are therefore not applicable in clinical settings 

(7, 8). Hence, novel concepts of liver repopulation have to be established, 

utilizing methods and techniques currently employed both safely and 

routinely in a clinical setting. In a recent study of the workgroup, substantial 
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liver repopulation was achieved using regional external beam irradiation to 

reduce the mitotic capacity of host hepatocytes followed by partial 

hepatectomy (PH). These techniques combined acted as a strong 

selective proliferation stimulus prior to donor cell transplantation (9, 10). 

However, PH is a large operative procedure associated with a significant 

risk of operative complications, such as impairment of liver function and 

biliary leakage (11, 12), which cannot be easily considered within a pre-

conditioning regimen. Consequently, there is an obvious need for less or 

even non-invasive preconditioning protocols, especially when considering 

patients with severe hereditary liver disease, which are most commonly 

children (3).  

 

2. Materials and Methods 

2.1. Reagents 

Chemicals, reagents, and antibodies were supplied by Sigma-Aldrich 

(Munich, Germany) unless specified.  

 

2.2. Isolation of primary hepatocytes 

Hepatocytes were isolated employing two step in situ collagenase 

perfusion of the liver first described by Seglen (13). The obtained 

hepatocyte suspension was further purified using Percoll® density gradient 

centrifugation (Pharmacia, Uppsala, Sweden). Freshly isolated 

hepatocytes (purification grade approx. 98%) displaying a vitality of greater 

than 90% (tested with trypan blue exclusion) and cell attachment greater 

than 70% proved to be sufficient for further transplantation experiments. 

 

2.3. Animals and design of preconditioning and transplantation 

experiments 

As recipients, a strain of DPPIV deficient Fisher 344 rats was established 

in the animal care facilities of the University Medical Centre Goettingen, 
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Germany. Syngeneic donor Fisher 344 rats were purchased from Charles 

River Germany. The animals were housed under 12/12 hour light/dark 

cycles with standard rodent feed and water available ad libitum. All animal 

breeding, care, and experimentation procedures were in accordance with 

German national legislation on animal protection. Irradiation and all 

surgical procedures were performed under constant sevofluran/oxygen 

inhalation. Buprenorphin (0.1mg/kg body weight) was applied 

intraperitoneally during anesthesia, and was repeated subcutaneously 8 – 

12 hours later. 

In preliminary studies, male and female rats with a mass of 250 – 300g 

received RTPI lasting 30, 60, 90, and 120 minutes through median 

laparotomy. The portal branches of the right superior anterior and right 

liver lobules 1-3 (45% of liver mass) were isolated and occluded with a 

Yasargil clamp (Fig. 1A). Sham operated animals served as control group. 

The laparotomy incision was closed by continuous suture with Vicryl® 

(Ethicon, Norderstedt, Germany). Rats were sacrificed for tissue and 

serum analysis at different time intervals of reperfusion (6, 24 and 72 hours 

and 7 days). Liver tissue was fixed in 4% formalin, dehydrated in ethanol, 

embedded in paraffin, and sectioned at a thickness of 2µm. In addition, 

liver samples were stored in RNAlater® (Qiagen, Hilden, Germany) until 

processing. 

In the transplantation experiments, rats were subjected to 60 and 90 

minutes of RTPI either alone or in combination with external beam, 

computed tomography based partial liver IR (25 Gy) of the right liver 

lobules (45% of hepatic mass) 4 days prior to RTPI (Fig. 1B) as described 

previously (10). 

Following reperfusion intervals of 1 or 24 hours, hepatocyte were 

transplanted through re-laparotomy. After mobilization of the spleen, 12 x 

106 freshly isolated hepatocytes were slowly injected over 3 minutes into 

the parenchyma, from where they are known to migrate via the portal vein 
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into the recipient liver (all liver lobules). Control animals underwent 

hepatocyte transplantation without RTPI (sham OP) or IR alone. Rats were 

sacrificed for tissue analysis at long term time intervals (12 and 24 weeks 

following transplantation). Tissue samples from each liver lobe were 

excised and snap frozen in 2-methylbutane at -70°C. Cryosections of 5µm 

in thickness were fixed in ice cold acetone for 10 minutes.  

 

2.4. Detection of serum transaminase levels 

Hepatic injury was assessed by analyzing serum aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) levels. 

Analyses were completed according to standard procedures in blood 

samples at 6, 24, 72 hours, and 7 days following RTPI. 

 

2.5. Immunohistological and immunofluorescence analysis 

Immunohistological analysis and immunofluorescence co-localisation 

studies were performed as described previously (9, 10). The primary 

antibodies (anti proliferating cell nuclear antigen (PCNA) from Neomarkers, 

Fremont USA and anti-ssDNA (monoclonal antibody recognizing exposed 

single-stranded (ss) regions in the DNA of apoptotic cells) from IBL, 

Hamburg, Germany, anti-Connexin 32 (Cx32) and anti-DPPIV (BD 

Transduction Laboratories, Germany) were used at dilutions of 1:500, 

1:200, 1:5000 and 1:100 respectively. 

In preparation of bromodeoxyuridine (BrdU) staining, rats received an 

intraperitoneal injection of 50mg/kg body mass BrdU 2 hours prior to 

harvesting. BrdU incorporation was detected by a mouse anti-BrdU 

antibody (Dako GmbH, Hamburg, Germany). BrdU and PCNA positive 

hepatocytes were counted in 20 high-power fields (original magnification of 

400x). The labeling index was expressed as a percentage of total 

hepatocytes counted. 

 

41



 

2.6. Cell Death Detection ELISA 

To determine the extent of apoptosis (DNA fragmentation analysis), Cell 

Death Detection ELISA (Roche Diagnostics, Grenzach-Wyhlen, Germany) 

was used according to the manufacturer’s instructions. Protein content was 

measured with the BCATM Protein Assay Kit from Pierce (Rockford, Il, 

USA). Liver samples (100mg) were homogenized in 1ml phosphate EDTA 

buffer. Results were expressed as absorbance at 405nm per mg/ml protein 

content. 

 

2.7.  RT-PCR 

The samples from liver tissue were stored in RNAlater®. The RNA was 

isolated using acid guanidinium-isothiocyanate-phenol-chloroform-isoamyl-

alcohol (14) and purified using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany). First strand cDNA synthesis was carried out using the iScript 

cDNA Synthesis Kit (BioRad, Munich, Germany) with oligo-(dT)12-18 

primer. 

Polymerase chain reactions (PCRs) for the quantitative measurement of 

iNOS mRNA (iQ Sybr Green Supermix, BioRad, Munich, Germany) were 

performed by iCycler (BioRad, Munich, Germany) using intron spanning 

primers (fw GGC CGC ACC ATG TAT G rv AGG ATC AGC ATG TGC TC, 

accession number NM_198780). PCRs were processed according to the 

following schedule: 3 minutes at 94°C following 40 cycles (94°C 30 

seconds, annealing temperature 30 seconds, 72°C 30 seconds) and 10 

minutes at 72°C. All PCRs were normalized to β2-MG as well as 

hypoxanthine-guanine phosphoribosyltransferase as internal standards. 

Expression levels were calculated using the ddCt method.  

 

2.8.  Luminescence 

Tissue was stored at -80°C after organ harvesting. Tissue samples of 

100mg were homogenized in 1ml ice cold HBSS with a Potter Elvehjem 
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homogenizer (Braun, Melsungen). After centrifugation at 13,000 rpm for 10 

minutes at 4°C (Biofuge pico from Heraeus, Osterode, Germany), the 

supernatant was stored again at -80°C. The quantitative analysis of DPPIV 

content was carried out using the DPPIV-GloTM Protease Assay 

(Promega, Medison, Wi, USA) according to the manufacturer’s 

instructions. The liver sample supernatants were diluted 1:30 in HBSS and 

transferred in duplicates to a 96-well plate. After addition of 50µl DPPIV-

GloTM reagent into each well, samples were measured in the microplate 

reader Tecan GENios (Mississauga, Ontario, Canada). As internal 

standard, all samples were normalized to samples from DPPIV negative as 

well as DPPIV positive (wild type) rat liver. The latter was set as 100% for 

the evaluation of transplanted liver samples.  

 

2.9.  Statistical analysis 

Data are presented as means +/- standard deviation. Significances were 

analyzed using the Student’s t-test. A p value < 0.05 was taken as 

significant. 

 

3. Results 

3.1. Regional transient portal ischemia causes hepatic injury and 

induces a distinct regenerative response 

Preliminary experiments aimed to examine the influence of ischemic 

damage on liver tissue. Therefore, RTPI of the right lobules of the liver was 

provoked by means of a small temporary clamp. After various periods of 

ischemia (30, 60, 90, and 120 minutes), the blood flow to these lobes was 

restored. The extent of liver damage (hepatocyte necrosis) was estimated 

by measuring serum transaminase levels after reperfusion periods of 6, 24, 

72 hours, and 7 days after RTPI (Fig. 2). Whereas sham operated control 

rats only exhibited a minor augmentation of ALT and AST after 6 hours of 

reperfusion, RTPI from 30 up to 120 minutes resulted in a remarkable 
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increase in serum transaminase levels in a time dependent manner. From 

24 hours of reperfusion onwards, the levels began to decrease gradually, 

which suggests that the necrotic period was tapering off. Although there 

was a dramatic drop in serum levels between 6 and 24 hours, the 

parameters were still elevated after 72 hours and only finally recovered to 

physiologically normal levels after 7 days. 

The extent of liver regeneration was assessed implementing two 

independent markers (expression of PCNA and incorporation of BrdU into 

nuclear DNA). Since DNA production peaks after 24 hours in regenerating 

rat livers (15), tissues were harvested at the time point of 24 hours but also 

after 72 hours and 7 days of reperfusion. Positive hepatocytes were 

subjected to morphometric analysis. RTPI induced a distinct regenerative 

response, as seen after 24 hours, at which point in time multiple 

hepatocytes in the parenchyma displayed PCNA staining (9.8% after 120 

minutes of ischemia) (Fig. 3A). It must be noted that there were also a few 

positive endothelial cells in the portal vessels (Fig. 3B). As expected, the 

number of PCNA positive hepatocytes dropped with shorter periods of 

ischemia (5.3% after 90 minutes and 2.6% after 60 minutes), and 30 

minutes resulted in only slightly elevated numbers (0.7%). Fast liver 

reconstitution could be documented between 72 hours and 7 days with 

ever decreasing numbers of PCNA positive hepatocytes in all ischemic 

groups. The findings were in line with BrdU incorporation (Fig. 3C+D). After 

a noticeable increase in the number of positive hepatocytes 24 hours after 

ischemia intervals of 60-120 minutes, the labeling index continuously 

declined, reaching background levels after 1 week (approx. 0.3%).  

 

3.2 Detection of necrotic liver damage related to portal areas, but no 

significant apoptosis 

To determine the extent of liver damage, we considered a duration of 90 

minutes of RTPI to be clinically relevant. First of all, we investigated 
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whether apoptosis could play a role in hepatic ischemia. Using Cell Death 

Detection ELISA, we were unable to detect any increased levels of 

apoptosis in the different ischemic lobules (numbers 1-3) after 24 hours 

(Fig. 4A). This result was confirmed by immunohistochemical detection of 

ssDNA. Only occasionally could apoptotic hepatocytes be seen in the liver 

parenchyma (Fig. 4B). Characteristically, apoptosis affected individual 

isolated cells, which were clearly detected in close proximity to necrotic 

areas and focal lesions, both frequently seen in ischemic liver. However, 

when compared to untreated liver, we were not able detect any 

significantly increased numbers of apoptotic cells. Secondly, we evaluated 

iNOS (inducible nitric oxide synthase) as a key marker for oxidative stress. 

Fig. 4C depicts a representative RT-PCR analysis displaying a particularly 

high degree of iNOS transcription in lobules 1 and 3. Lobule 2 was also 

found to be elevated when compared to the normal liver control. Tissue 

from an unclamped lobule exhibited barely detectable levels of gene 

expression. Furthermore, immunohistochemistry was used to visualize the 

expression of iNOS (Fig. 4D). Abundant cytoplasmatic staining (lobule 1) 

was found in hepatocytes both surrounding the portal vessels and 

extending distally from them. 

 

3.3 Ischemia with prior irradiation results in major liver repopulation  

Encouraged by our findings that RTPI causes mild hepatic injury and 

induces a distinct regenerative response, our aim was to develop a 

clinically feasible protocol of host liver pre-treatment. We considered 

ischemia periods of 60 to 90 minutes to be efficient, and more importantly 

to be safe, to initiate the necessary regenerative response. Furthermore, 

we evaluated two different time intervals of reperfusion (1 and 24 hours) 

before hepatocyte transplantation, assuming that hepatic RTPI results in 

an acute inflammatory response which may differently impact donor cell 

engraftment within the first 24 hours (16). Liver repopulation was assessed 
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using luminescence analysis of liver homogenates (Fig. 5). Both ischemic 

and non-ischemic liver lobules displayed engrafted donor cells. However, 

the extent of repopulation in untreated lobules never exceeded those of the 

pre-treated liver lobules (data not shown). Following RTPI of 60 minutes 

and 1 hour of reperfusion before hepatocyte transplantation, quantitative 

analysis revealed 2.95% and 4.28% of repopulation after 12 and 24 weeks 

respectively. When choosing 24 hours of reperfusion, liver repopulation 

was even less, 1.5% and 3.52% respectively. RTPI of 90 minutes and 1 

hour reperfusion resulted in likewise small repopulation degrees of 1.87% 

and 2.11% respectively, which were even lower in the group of 24 hour 

reperfusion. Control animals (sham OP = ‘no’ pre-treatment group) 

exhibited overall significantly higher degrees of repopulation of 4.16% after 

12 weeks and 5.52% after 24 weeks (p<0.05). In all groups, there was an 

increase in repopulation from 12 to 24 weeks, indicating ongoing slow 

repopulation. However, there were no significant differences in donor cell 

expansion when comparing hepatic ischemia of 60 and 90 minutes, nor 

when considering the two different reperfusion intervals of 1 and 24 hours. 

Moreover, our repopulation experiments clearly demonstrated that all 

modalities of RTPI were disadvantageous to donor cell proliferation within 

the host liver when compared to hepatocyte transplantation in untreated 

liver.  

In animals pre-treated with IR alone, liver repopulation was to some extent 

higher after 12 weeks (5.86%) when compared to the control (4.16%). 

However, when IR was performed prior to RTPI, donor hepatocytes were 

selectively amplified in the experimental groups of 1 hour reperfusion 

(15.09% after 60 minutes ischemia and to 21.43% after 90 minutes of 

ischemia) (p<0.05 versus IR alone). With respect to the reperfusion interval 

of 24 hours, there was only a significant increase when IR was followed by 

RTPI of 90 minutes, whereas 60 minutes could improve the repopulation 
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efficiency, albeit with no significant impact in the combined pre-treatment 

setting. 

Immunofluorescence co-localization studies assessed the quality and 

confirmed the extent of liver repopulation detected by the luminescence 

studies. In the long term following transplantation, the overall liver structure 

appeared to be undamaged and without any sign of inflammation in all 

animals. Recipient livers pre-treated with ischemia alone only displayed 

individual DPPIV+ cells or scattered clusters of maximum 5 donor cells in 

diameter as seen after 12 weeks following 90 minutes of RTPI and 1 or 24 

hours of reperfusion respectively (Fig. 6 A+B). The combined stimulus of 

irradiation and ischemia clearly enhanced donor cell proliferation with 

formation of large clusters which were up to 40-50 cells in diameter (Fig. 6 

D+E). In more detail, donor cells and their descendents expressed DPPIV 

in a bile canalicular pattern, which was flanked by well dotted staining of 

Cx32 (major hepatic gap junction protein, enabling direct cell to cell 

communication) (inlay of Fig. 6D). Both expression patterns are unique to 

fully differentiated and metabolically active hepatocytes. 

 

4. Discussion 

Hepatocyte transplantation has been used in many animal models of 

metabolic diseases such as Wilson’s disease, Crigler-Najjar-Syndrome, 

tyrosinemia or hypercholesterolemia. In these experimental models, 

preconditioning of the host liver prior to cell transfer is regularly used to 

enhance proliferation of the transplanted cells, up to nearly total 

repopulation of the host liver (6). In contrast, only a few studies have been 

taken out on naïve livers, yielding dramatically lower repopulation rates 

(17-19). This corresponds with the results of clinical use in human 

metabolic disorders, in which amelioration of metabolic parameters has 

been demonstrated in most of the cases, but no patient could actually be 

cured in the long term so far (3). Thus, an appropriate minimally invasive 
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preparative regimen of the host liver should be considered for human 

hepatocyte transplantation aiming to optimize the efficacy of cell therapy. 

We therefore decided to focus our research on RTPI alone or in 

combination with percutaneous external beam liver IR, two methods 

usable within reason in adults as well as in children with congenital 

metabolic disorders. 

Ischemic pre-conditioning is well known as a therapeutic strategy in whole 

organ liver transplantation (20). It usually consists of a short period of both 

portal and arterial inflow occlusion followed by reperfusion. This improves 

the primary function and regenerative capacity of the transplanted organ 

(21). Whereas studies in the Watanabe hereditary hypercholesterolemia 

rabbit have demonstrated that regional ischemia-reperfusion can 

substantially increase donor cell engraftment (22), this technique would still 

require a surgical approach to the liver hilum, which we regarded as too 

invasive for clinical use. As an alternative to complete arterial/portal 

ischemia, selective portal ischemia has been suggested as a method of 

hepatic preconditioning prior to hepatocyte transplantation. However, most 

studies used permanent ligation or embolization (23-25), which would 

result in substantial liver damage. Ilan et al. demonstrated in the Gunn rat 

(animal model for Crigler Najjar Syndrome) that also transient clamping of 

a portal vein branch through laparotomy could improve the efficacy of cell 

transplantation (26). In human hepatocyte transplantation, surgical or 

interventional vascular access to the portal vein has to be established 

anyway for cell application (27), and it is tempting to use this catheter to 

induce transient regional portal ischemia additionally by blocking a portal 

vein branch with a balloon prior to cell application. 

First of all, we had to evaluate the effects of transient portal ischemia, as 

previous studies with permanent portal vein ligation only resulted in 

extensive necrosis of the corresponding lobules (28-30). Our results on 

RTPI revealed that all ischemia times from 30 to 120 min caused 
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remarkable elevation of transaminases with a peak at 6 hours and a slower 

decline from 24 to 72 hours. However, the response to the damage was 

fast regeneration, the extent of which was proportional to the ischemia 

period. From data in the literature, it is not clear whether portal ischemia 

would result in necrosis or apoptosis (31, 32). We therefore compared the 

extent of necrotic and apoptotic changes in the ischemic lobules (33). All 

parameters indicated that necrosis induced by RTPI was the predominant 

form of cell death, whereas apoptosis did not play a relevant role. With 

these data as a basis, we regarded ischemia times of 60 and 90 minutes, 

respectively, as most suitable for the transplantation experiments with 

respect to histologic findings as well as any potential clinical application. 

We chose a reliable transplantation model (hepatocytes isolated from wild 

type Fisher 344 rats were transplanted into DPPIV negative hosts) to 

assess the safety of pre-conditioning and to quantify liver repopulation by 

donor cells (34). From our findings that RTPI caused mild necrotic injury of 

the liver and a distinct regenerative response which was terminated after 

one week, we thought that engraftment of transplanted hepatocytes would 

also be facilitated. Surprisingly, pre-treatment with RTPI actually worsened 

the transplantation efficacy when compared with transplantation in 

untreated liver. We therefore decided to look for an alternative solution to 

precondition the recipient liver. 

Liver IR has been used as a preparative regimen in several experiments of 

hepatocyte transplantation. Guha et al. demonstrated that the damage of 

hepatic irradiation could be ameliorated by subsequent hepatocyte 

transplantation (35). However, IR in these studies was performed as an 

invasive procedure (by laparotomy) with doses of up to 50 Gy administered 

to the whole liver, and as such far too high for human single dose 

application (36). Recently, authors from that group successfully used lower 

IR doses of 15 Gy (but still with a surgical approach) (37). Our results are 

in line with these observations, as we found a 40% increase in cell 
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engraftment after partial hepatic IR. Of note, we explicitly chose the 

approach of both percutaneous and partial liver IR of the right liver lobules 

(25 Gy) thereby moving this method closer to clinical use and making any 

potential side effects on the stomach, epigastric organs, and bone marrow 

more tolerable. However, in a clinical setting a radiation dose of 25 Gy 

should be given in at least 5 fractions, or a reduced dose should be aimed 

for. 

Two previous studies suggested that hepatic IR in combination with RTPI 

facilitates donor cell engraftment and/or proliferation (38, 39). However, 

these experiments also used very high doses of 50 Gy delivered surgically 

to the whole liver. Furthermore, the duration of RTPI varied within the 

studies, and the time interval between RTPI and cell transplantation was 

considerably longer (24-72 hours) than in our study. From our findings, 

time intervals of 1 hour were clearly favorable when compared to 24 hours. 

This would evidently facilitate the clinical approach of preconditioning and 

subsequent transplantation in one combined treatment session. We may 

have to speculate that some beneficial effects of RTPI such as cytokine 

release and pro-inflammatory response might aid cell engraftment during 

this early reperfusion period (40).  

In our study, liver repopulation was enhanced up to 5.2-fold using the 

combination of RTPI and partial liver IR. To note, the morphology of 

engrafted donor hepatocytes and their descendents indicated full 

integration into the host parenchyma and metabolic integrity (distinct bile 

canalicular expression pattern of DPPIV and well dotted Cx32 staining). 

Ischemia times of 90 minutes produced better results than 60 minutes, 

suggesting that the effects of IR were more pronounced in direct proportion 

to the extent of ischemic liver damage and mediated regeneration 

stimulus.  

Our results contribute to the assumption that liver repopulation in animals 

requires two fundamental conditions: Firstly, the regeneration capacity of 
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the recipient liver needs to be impaired by blocking the cell cycle of 

endogenous hepatocytes, for example by using IR (9). Secondly, some 

mitotic stimulus has to be introduced, such as RTPI. Here, we report for 

the first time that combining the preparative regimen of external beam 

limited dose IR and moderate RTPI prior to single dose hepatocyte 

transplantation results in selective donor cell proliferation of >15 %, %, 

which is known to be sufficient for the correction of genetic disorders and 

treatment of liver failure (41). Reinforcing our concept, it has already been 

demonstrated in a retrospective study on children undergoing hepatic IR 

after liver transplantation for uncontrollable rejection that external IR was 

tolerated well in the long run (18 years) (42). Therefore, we consider our 

combined pre-treatment approach to be fully suitable for direct transfer into 

clinical use. Moreover, our studies demonstrate that clinically feasible pre-

conditioning methods have to be evaluated carefully, as a mild preparative 

regimen may require the exact planning of individual stimuli, their duration, 

and chronological order.  

 

5. Acknowledgments 

The authors would like to thank Sabine Wolfgramm and Sabrina Goldmann 

for their excellent work in preparing the immunolabeling figures for this 

article. We would furthermore like to express our appreciation to Andrew 

Entwistle for his critical review of the manuscript.  

51



 

Figures legends 

 

 

 

Fig. 1. RTPI through temporary clamping of the right portal branches 

supplying the right liver lobules 1-3 (45% of liver mass) (A) and illustration 

of the experimental design of liver repopulation following pre-conditioning 

RTPI either with or without prior partial liver IR (B). To demonstrate long 

term liver repopulation (12 and 24 weeks), reporter cells (DPPIV-positive) 

were transplanted via the spleen into DPPIV-negative rats either t = 1 

hour or 24 hours after termination of ischemia. 
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Fig. 2. Time course of aspartate aminotransferase and alanine 

aminotransferase serum levels following RTPI of the right liver lobules. X-

axis indicates the time of reperfusion after RTPI from 6 hours (h) to 7 days 

(d). Serum transaminase levels were clearly elevated shortly after 

ischemia and declined to base levels within 7 days, the data are from 3-4 

animals per group.  
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Fig. 3. Liver regeneration assessed by labeling indices of PCNA staining 

(A) and BrdU incorporation (C) in rat liver after RTPI (30, 60, 90, and 120 

minutes) and different time intervals of reperfusion (24 and 72 hours, 7 

days). Representative photomicrographs of lobule 1 following 90 minutes 

of ischemia are presented at the bottom (B and D respectively). Arrow = 

positive hepatocyte, arrowheads = positive endothelial cells. 
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Fig. 4. Evaluation of ischemic damage following RTPI of 90 minutes. No 

major apoptosis was detected by using Cell Death Detection ELISA in liver 

lobules 1-3 when compared with normal liver (A). Representative 

photomicrographs of lobule 1 demonstrating single cells staining for 

ssDNA (arrowheads) (B), arrows depicting necrotic areas. INOS was 

measured by RT-PCR in ischemic and non-ischemic (unclamped) liver 

lobules and normalized to normal liver tissue. Lobules 1 and 3 displayed a 

greater extent of oxidative damage (C). Abundant iNOS staining emerging 

from the portal areas (D). Original magnification x100, PV = portal vein. 
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Fig. 5. Quantitative analysis of liver repopulation by luminescence assay 

detecting DPPIV activity from donor cells. Pre-treatment with RTPI (60 or 

90 minutes) and reperfusion intervals prior to transplantation (1 and 24 

hours) as indicated, none = transplantation in untreated liver, IR = 

transplantation in irradiated liver. Fluorescence intensity was determined 

as relative activity of DPPIV when compared with wild type liver normalized 

to 100%. Grey columns = 12 weeks following transplantation, black 

columns = 24 weeks, white columns = IR prior to RTPI, 12 weeks. The 

combined pre-treatment of IR and RTPI led to significant liver repopulation 

represented by high levels of DPPIV activity (15.09% and 21.43%) 

following preconditioning of 60 and 90 minutes of ischemia respectively 

and 1 hour reperfusion. With respect to 24 hours of reperfusion, 

repopulation was only significant in terms of 90 minutes of RTPI. */**/*** 

p<0.05 versus IR, the data are from 3-4 animals per group.  
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Fig. 6. Minimal repopulation (12 weeks) of host liver by transplanted 

DPPIV+ hepatocytes following RTPI of 90 minutes with reperfusion 

intervals of 1 and 24 hours (A+B). IR prior to RTPI (60 and 90 minutes) 

enabled preferential proliferation of engrafted hepatocytes resulting in 

large clusters (D and E). Transplanted cells were identified by donor 

specific DPPIV immunofluorescence staining (red), co-localization with the 

differentiation marker Cx32 (green) and nuclear counterstaining with DAPI 

(blue), original magnification x100. Transplantation into sham operated 

animal (C) and into irradiated rat liver as controls (F). 

 

57



 

6. References 

1. Pomfret EA, Sung RS, Allan J, Kinkhabwala M, Melancon JK, Roberts JP. 

Solving the organ shortage crisis: the 7th annual American Society of Transplant 

Surgeons' State-of-the-Art Winter Symposium. Am J Transplant 2008;8:745-752. 

2. Gewartowska M, Olszewski WL. Hepatocyte transplantation-biology and 

application. Ann Transplant 2007;12:27-36. 

3. Meyburg J, Hoffmann GF. Liver cell transplantation for the treatment of inborn 

errors of metabolism. J Inherit Metab Dis 2008. 

4. Smets F, Najimi M, Sokal EM. Cell transplantation in the treatment of liver 

diseases. Pediatr Transplant 2008;12:6-13. 

5. Allen KJ, Soriano HE. Liver cell transplantation: the road to clinical 

application. J Lab Clin Med 2001;138:298-312. 

6. Grompe M. Principles of therapeutic liver repopulation. J Inherit Metab Dis 

2006;29:421-425. 

7. Laconi E, Oren R, Mukhopadhyay DK, Hurston E, Laconi S, Pani P, Dabeva 

MD, et al. Long-term, near-total liver replacement by transplantation of isolated 

hepatocytes in rats treated with retrorsine. Am J Pathol 1998;153:319-329. 

8. Joseph B, Kumaran V, Berishvili E, Bhargava KK, Palestro CJ, Gupta S. 

Monocrotaline promotes transplanted cell engraftment and advances liver 

repopulation in rats via liver conditioning. Hepatology 2006;44:1411-1420. 

9. Koenig S, Krause P, Schmidt TK, Rave-Fraenk M, Rothe H, Hermann RM, 

Becker H, et al. Irradiation as preparative regimen for hepatocyte transplantation 

causes prolonged cell cycle block. Int J Radiat Biol 2008;84:285-298. 

10. Christiansen H, Koenig S, Krause P, Hermann RM, Rave-Frank M, Proehl T, 

Becker H, et al. External-beam radiotherapy as preparative regimen for 

58



 

hepatocyte transplantation after partial hepatectomy. Int J Radiat Oncol Biol Phys 

2006;65:509-516. 

11. van den Broek MA, Olde Damink SW, Dejong CH, Lang H, Malago M, Jalan 

R, Saner FH. Liver failure after partial hepatic resection: definition, 

pathophysiology, risk factors and treatment. Liver Int 2008;28:767-780. 

12. Erdogan D, Busch OR, Gouma DJ, van Gulik TM. Prevention of biliary 

leakage after partial liver resection using topical hemostatic agents. Dig Surg 

2007;24:294-299. 

13. Seglen PO. Preparation of isolated rat liver cells. Methods Cell Biol 

1976;13:29-83. 

14. Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid 

guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 

1987;162:156-159. 

15. Assy N, Minuk GY. Liver regeneration: methods for monitoring and their 

applications. J Hepatol 1997;26:945-952. 

16. Caldwell CC, Okaya T, Martignoni A, Husted T, Schuster R, Lentsch AB. 

Divergent functions of CD4+ T lymphocytes in acute liver inflammation and injury 

after ischemia-reperfusion. Am J Physiol Gastrointest Liver Physiol 

2005;289:G969-976. 

17. Vroemen JP, Buurman WA, Heirwegh KP, van der Linden CJ, Kootstra G. 

Hepatocyte transplantation for enzyme deficiency disease in congenic rats. 

Transplantation 1986;42:130-135. 

18. Wiederkehr JC, Kondos GT, Pollak R. Hepatocyte transplantation for the low-

density lipoprotein receptor-deficient state. A study in the Watanabe rabbit. 

Transplantation 1990;50:466-471. 

59



 

19. Michel JL, Rabier D, Rambaud C, Kamoun P, Brousse N, Vassault A, Pla M, 

et al. [Intrasplenic transplantation of hepatocytes in spf-ash mice with congenital 

ornithine transcarbamylase deficiency]. Chirurgie 1993;119:666-671. 

20. Jaeschke H. Molecular mechanisms of hepatic ischemia-reperfusion injury 

and preconditioning. Am J Physiol Gastrointest Liver Physiol 2003;284:G15-26. 

21. Suzuki S, Inaba K, Konno H. Ischemic preconditioning in hepatic ischemia 

and reperfusion. Curr Opin Organ Transplant 2008;13:142-147. 

22. Attaran M, Schneider A, Grote C, Zwiens C, Flemming P, Gratz KF, Jochheim 

A, et al. Regional and transient ischemia/reperfusion injury in the liver improves 

therapeutic efficacy of allogeneic intraportal hepatocyte transplantation in low-

density lipoprotein receptor deficient Watanabe rabbits. J Hepatol 2004;41:837-

844. 

23. Moscioni AD, Rozga J, Chen S, Naim A, Scott HS, Demetriou AA. Long-term 

correction of albumin levels in the Nagase analbuminemic rat: repopulation of the 

liver by transplanted normal hepatocytes under a regeneration response. Cell 

Transplant 1996;5:499-503. 

24. Eguchi S, Rozga J, Lebow LT, Chen SC, Wang CC, Rosenthal R, Fogli L, et 

al. Treatment of hypercholesterolemia in the Watanabe rabbit using allogeneic 

hepatocellular transplantation under a regeneration stimulus. Transplantation 

1996;62:588-593. 

25. Dagher I, Boudechiche L, Branger J, Coulomb-Lhermine A, Parouchev A, 

Sentilhes L, Lin T, et al. Efficient hepatocyte engraftment in a nonhuman primate 

model after partial portal vein embolization. Transplantation 2006;82:1067-1073. 

26. Ilan Y, Roy-Chowdhury N, Prakash R, Jona V, Attavar P, Guha C, Tada K, et 

al. Massive repopulation of rat liver by transplantation of hepatocytes into specific 

60



 

lobes of the liver and ligation of portal vein branches to other lobes. 

Transplantation 1997;64:8-13. 

27. Meyburg J, Hoerster F, Weitz J, Hoffmann GF, Schmidt J. Use of the middle 

colic vein for liver cell transplantation in infants and small children. Transplant 

Proc 2008;40:936-937. 

28. Omokawa S, Asanuma Y, Koyama K. Evaluation of hemodynamics and 

hepatic mitochondrial function on extrahepatic portal obstruction in the rat. World 

J Surg 1990;14:247-253; discussion 253-244. 

29. Omokawa S, Saitoh H, Arai Y, Itoh M, Furuya T, Asanuma Y, Koyama K. 

Hepatic hemodynamics and functions in extrahepatic portal obstruction in the rat 

with liver cirrhosis. Hepatogastroenterology 1991;38:56-59. 

30. Manenti A, Botticelli L, Pradelli JM, Botticelli AR. Experimental ischemic liver 

injury and regeneration over 3 months: histological observations in the rat. Pathol 

Int 1997;47:848-853. 

31. Smith MK, Mooney DJ. Hypoxia leads to necrotic hepatocyte death. J Biomed 

Mater Res A 2007;80:520-529. 

32. Clavien PA, Rudiger HA, Selzner M. Mechanism of hepatocyte death after 

ischemia: apoptosis versus necrosis. Hepatology 2001;33:1555-1557. 

33. Gujral JS, Bucci TJ, Farhood A, Jaeschke H. Mechanism of cell death during 

warm hepatic ischemia-reperfusion in rats: apoptosis or necrosis? Hepatology 

2001;33:397-405. 

34. Koenig S, Stoesser C, Krause P, Becker H, Markus PM. Liver repopulation 

after hepatocellular transplantation: integration and interaction of transplanted 

hepatocytes in the host. Cell Transplant 2005;14:31-40. 

61



 

35. Guha C, Parashar B, Deb NJ, Garg M, Gorla GR, Singh A, Roy-Chowdhury 

N, et al. Normal hepatocytes correct serum bilirubin after repopulation of Gunn rat 

liver subjected to irradiation/partial resection. Hepatology 2002;36:354-362. 

36. Guha C, Sharma A, Gupta S, Alfieri A, Gorla GR, Gagandeep S, Sokhi R, et 

al. Amelioration of radiation-induced liver damage in partially hepatectomized rats 

by hepatocyte transplantation. Cancer Res 1999;59:5871-5874. 

37. Yamanouchi K, Zhou H, Roy-Chowdhury N, Macaluso F, Liu L, Yamamoto T, 

Yannam GR, et al. Hepatic irradiation augments engraftment of donor cells 

following hepatocyte transplantation. Hepatology 2009;49:258-267. 

38. Malhi H, Gorla GR, Irani AN, Annamaneni P, Gupta S. Cell transplantation 

after oxidative hepatic preconditioning with radiation and ischemia-reperfusion 

leads to extensive liver repopulation. Proc Natl Acad Sci U S A 2002;99:13114-

13119. 

39. Malhi H, Joseph B, Schilsky ML, Gupta S. Development of cell therapy 

strategies to overcome copper toxicity in the LEC rat model of Wilson disease. 

Regen Med 2008;3:165-173. 

40. Massip-Salcedo M, Rosello-Catafau J, Prieto J, Avila MA, Peralta C. The 

response of the hepatocyte to ischemia. Liver Int 2007;27:6-16. 

41. Mazaris EM, Roussos CT, Papalois VE. Hepatocyte transplantation: a review 

of worldwide clinical developments and experiences. Exp Clin Transplant 

2005;3:306-315. 

42. Stephenne X, Najimi M, Janssen M, Reding R, de Ville de Goyet J, Sokal EM. 

Liver allograft radiotherapy to treat rejection in children: efficacy in orthotopic liver 

transplantation and long-term safety. Liver Int 2005;25:1108-1113. 

 

62


