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Abstract 

Patients with Progressive Familial Intrahepatic Cholestasis (PFIC) develop liver failure within the 

first decade of life1'3. The gene for MDR3 P-glycoprotein, the canalicular phospholipid 

translocator of the hepatocyte4, is mutated in PFIC type 3 patients3. In the mdr2 knockout mouse, 

the animal model for this disease, liver pathology was shown to be caused by the absence of 

phospholipids in bile, which normally mitigate the detergent action of bile salts. This induces 

chronic damage of hepatocytes and hepatocellular carcinoma5,6. The present study shows that in 

PFIC type 3 patients and mdrl (-/-) mice, hepatocytes are in a continuous state of regenerative 

proliferation. Transplantation of transgenic M)/?3-expressing hepatocytes as well as normal mdr2 

( + / + ) hepatocytes in mdr2 (-/-) mice led to a partial repopulation of the liver by these cells and 

restoration of biliary phospholipid secretion. The initial extent of repopulation was higher when 

hepatocellular damage was aggravated by feeding transplanted mice a bile salt-supplemented diet. 

After 1 year, however, these animals developed multiple hepatic tumors and biliary phospholipid 

secretion decreased. When transplanted animals were fed a control diet, the repopulation was 

slower due to moderate liver pathology, but eventually reached the same level as bile-salt fed mice 

while tumor formation was prevented. These results suggest that moderate liver pathology is a safe 

condition for the induction of effective hepatocyte repopulation and that this therapy is potentially 

applicable to patients with PFIC type 3. 
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Hepatocyte transplantation In mdrl (-/-) mice 

Introduction 

Hepatocytes are usually in a quiescent state, but maintain their capability to rapidly enter the 

replication phase78. In case of parenchyme loss, which occurs after partial hepatectomy or drug-

induced damage, compensatory proliferation restores the liver to its original cell mass. This unique 

proliferation capacity has been embraced in experimental studies on liver repopulation by 

transplanted hepatocytes9"13. Repopulation of a liver by donor hepatocytes depends on two 

conditions: a proliferation signal to donor hepatocytes (elicited by the reduced functional liver 

mass) and a growth advantage of donor hepatocytes over recipient hepatocytes14. Both conditions 

are fulfilled in certain inherited diseases, where a defect leads to direct damage and loss of 

hepatocytes. The strength of this concept has been demonstrated in a mouse knockout model (fah 

(-/-)) for hereditary tyrosinemia type 1. Transplanted normal hepatocytes have a growth advantage 

over the diseased fah (-/-) hepatocytes and replace up to 90% of the liver within 8 weeks10. 

Retroviral or adenoviral gene therapy also leads to more than 90% correction of mutant 

hepatocytes and restoration of normal liver function101516. Unfortunately, this near complete 

correction could not prevent the induction of primary hepatocellular carcinoma in recipient liver 

tissue in two thirds of the treated animals1516. Apparently, the transplanted/transduced hepatocytes 

do not protect neighbouring recipient hepatocytes, or the presence of mutagenic metabolites in 

utero already primes cells for carcinogenesis. 

In mice and men, absence of mdr2 or MDR3 P-glycoprotein (P-gp) respectively, completely 

abrogates biliary phospholipid secretion3'4. Transgenic expression of MDR3 in mdr2 knockout 

mice restores phospholipid secretion into bile, demonstrating that these genes are orthologs17. In 

mdr2/MDR3 deficiency, bile salts are normally excreted but their cytotoxic detergent action is not 

mitigated by phospholipids and cholesterol which are absent from bile. Children with MDR3 

deficiency develop progressive familial intrahepatic cholestasis (PFIC type 3), leading to liver 

failure within the first decade of life3. Presently, liver transplantation is the only therapy for this 

disorder. We speculate that this disease meets the conditions required for effective hepatocyte 

transplantation. Firstly, chronic damage to hepatocytes causes a continuous state of regenerative 

proliferation. Secondly, transplanted hepatocytes are expected to protect themselves against bile 

salt-induced damage through the secretion of lipid, thus creating a net growth advantage. 

For transplantation we used donor hepatocytes from mice that are transgenic for the human MDR3 
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gene against a syngeneic background (A63 mice17). This enabled us to detect transplanted 

hepatocytes in recipient liver tissue by staining with the monoclonal antibody P3„26 which 

recognizes the human MDR3 P-gp but not the murine mdr2 P-gp. A63 mice have a biliary 

phospholipid secretion that amounts to 180% of control mice17. Six weeks old male mdrl (-/-) 

mice were transplanted with A63 hepatocytes by intrasplenic injection. To enhance recipient 

hepatocyte turnover and stimulate proliferation of transplanted hepatocytes, we increased the bile 

salt cytotoxicity in mice by adding cholate to the diet and compared the rate of repopulation with 

transplanted mice on a purified control diet. 

Results & Discussion 

The present study shows that mdr2/MDR3 deficiency induces a continuous state of regenerative 

proliferation. In livers from both PFIC type 3 patients (Fig.lA) and mdr2 (-/-) mice (Fig.IB), 

numerous hepatocytes expressed the proliferation markers Ki67 and PCNA, respectively. In 

contrast, no staining for Ki67 or PCNA was observed in livers from human controls and mdrl 

( + / + ) mice (not shown). 

One week after hepatocyte transplantation, the recipient liver contained only a few hepatocytes 

that expressed MDR3 P-gp. The cells integrated in the parenchyme surrounding the portal tract 

(arrows Fig.lC, average of 3 MZ)/?3-expressing hepatocytes per positive field). After 16 weeks 

on a control diet, when moderate pathology is present in mdrl knockout mice, transplanted 

MZ)/?3-expressing hepatocytes had repopulated the liver in small fields uniformly distributed 

throughout the liver lobes (Fig.ID, with an average of 11 MD/?5-expressing hepatocytes per 

positive field). At 50 weeks after transplantation the size of the fields had only slightly increased, 

but the fields were still well distributed over the liver lobes (with an average of 18 MDR3-

expressing hepatocytes per positive field, not shown). On a cholate-supplemented diet severe 

pathology developed in the recipient liver tissue and the livers increased in size. In this condition 

a more rapid repopulation with A/D/?5-expressing hepatocytes occurred. After 8 weeks of cholate-

supplemented diet, MD/?5-expressing hepatocytes formed distinct non-fibrotic fields within the 

portal tract, while in the surrounding tissue severe inflammation, proliferation of bile duct 

epithelial cells and fibrosis was observed (not shown, average of 70 MZ)/?5-expressing hepatocytes 

per field). 
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Fig.lA-F. (A-B): Immunohistochemical detection of proliferating hepatocytes. (A): PFIC type 3 patient 
(Ki67 staining, (25x)), (B): mdrl (-/-) mouse on a cholate-supplemented diet (paraffine embedded section. 
PCNA staining (25,x)). Arrows indicate proliferating hepatocytes (C-F): Immunohistochemical detection 
of MDflJ-e.xpressing hepatocytes in mdrl (-/-) mice using P3„26. a monoclonal antibody against MDR3 
P-gp. (C): one week after transplantation, arrows indicate .VDftj-expressing hepatocytes. (50x). (D): 16 
weeks after transplantation on a control diet (16x), (E): 16 weeks after transplantation on a cholate-
supplemented diet (25x), (F): 50 weeks after transplantation on a control diet after an initial period of 16 
weeks on a cholate supplemented diet <25x) 
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After 16 weeks on a cholate-supplemented diet, fields of MDR3-expvess'mg hepatocytes further 

increased in size and coalesced, often occupying complete liver lobules (Fig.IE, with an average 

of 150 cells per positive field). At 50 weeks after transplantation on a cholate-supplemented diet 

the size of the fields had not further increased and the number of positive fields had actually 

decreased. The fields were irregularly distributed through the lobes, and much of the remaining 

tissue was dysplastic (see below). 

The function of the transplanted hepatocytes was evaluated by analyzing phospholipid 

concentrations in bile. Because the rate of phospholipid secretion directly depends on the rate of 

bile salt secretion, the data are expressed as the phospholipid over bile salt ratio. In mdrl ( + / + ) 

animals, this ratio is approximately 6 on a control diet and almost doubles to 11 on a cholate-

supplemented diet (Fig2A and B). In transplanted mdrl (-/-) mice on a control diet, phospholipid 

secretion slowly, but significantly, increased to 20% of control levels at 16 weeks and remained 

at that level up to 1 year after transplantation (Fig.2A). On a cholate-supplemented diet, high 

levels of phospholipid secretion were reached (up to 60% of normal) after 16 weeks (Fig.2B). The 

phospholipid secretion subsequently declined to 20% after 50 weeks. In all transplanted mdr2 (-/-) 

mice, the phospholipid over bile salt ratio was around 20% of the level in mdr2 ( + / + ) mice, at 

one year after transplantation. The number of transplanted MD/?J-expressing hepatocytes in the 

recipient liver correlated very well with the amount of phospholipid secreted in bile (Fig.3). 

200 250 

Number of MDR3-expressing hepatocytes 

per positive field 

Fig.3. The relationship between 
the number of MDtfJ-expressing 
hepatocytes per positive field (the 
mean of all counted fields in 4 
lobes per mouse) and the biliary 
phospholipid secretion for each 
mouse. Data are from individual 
mice on a control diet (open 
symbols) or a cholate-
supplemented diet (closed 
symbols). 
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Fig.2A-D. Hepatocyte transplantation in the mdr2 (-/-) mouse on a synthetic diet (open symbols, A, C & 
E) and on a cholate-supplemented diet (closed symbols, B, D &F). The open symbols in panel B, D & 
F at 50 weeks represent mice were switched from a cholate-supplemented diet towards a control diet after 
16 weeks. The left panel in each figure represents the same parameter in untransplanted mdr2 ( + /+) and 
mdr2 (-/-) mice 
(A-B): A time dependent increase in biliary phospholipid secretion (expressed as phospholipid over bile 
salt ratio; PL/BS) was observed after hepatocyte transplantation in mdr2 (-/-) mice on a control (A) and 
cholate-suplemented diet (B). (C-D): serum aspartate aminotransferase levels in transplanted mdr2 (-/-) 
mice on a control diet (C) and on a cholate-supplemented diet (D). (E-F): Liver pathology in mdr2 (-/-) 
mice at different time points after hepatocyte transplantation on a control (E) and cholate-supplemented 
diet (F). A maximum score of 15 can be reached. Two transplanted animals were fed cholate for 50 weeks 
(closed symbols) and still displayed liver pathology. Three mice were switched from a cholate to a control 
diet after 16 weeks and were completely devoid of liver pathology (Open symbols at 50 weeks in panel). 
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The stable partial repopulation of hepatocytes suggests that a limited number of donor hepatocytes 

is sufficient to protect the recipient hepatocytes against damage. We therefore evaluated whether 

recipient liver tissue also benefits from the transplantation of corrected hepatocytes. 

Untransplanted mdr2 (-/-) mice on a control diet slowly but progressively develop moderate liver 

pathology. A cholate-supplemented diet rapidly induces severe liver pathology in mdr2 (-/-) mice 

with excessive proliferative activity of hepatocytes (Fig.IB) and elevated serum liver enzymes 

(Fig.2D)6. Irrespective of the diet, all mdrl (-/-) mice develop multiple hepatic carcinomas at one 

year of age (table l)5. In mice that were fed a cholate-supplemented diet after hepatocyte 

transplantation, liver pathology initially worsened and portal bridging developed (Fig.2F). 

Although a reversal in liver damage was observed 8 weeks after transplantation, the 

histopathology had deteriorated again at one year after transplantation. The livers were enlarged 

and hepatocellular damage was reflected by increased levels of serum liver enzymes (Fig.2D), 

immunohistological signs of proliferative activity (Fig.4B, PCNA staining), and histological signs 

of dysplasia, cytonuclear polymorphism and apoptosis (Fig. 4D) 
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Fig.4A-D. Liver histology one year after hepatocyte transplantation in a transplanted mdr2 (-/-) mouse 
that switched from a cholate-supplemented to a control diet after 16 weeks (A & C) versus a transplanted 
mouse which was kept on a cholate-supplemented diet (B & D). A&B: Immunohistochemical detection 
of proliferating hepatocytes by PCNA staining (25x). C&D: liver histology one year after hepatocyte 
transplantation, H&E staining (25x). 
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Hepatocyte transplantation in mdr2 (-/-) mice 

Table 1. 

diet mdr2{+/+) untransplanted mdr2 (-/-) transplanted mdrl (-/-) 

control (A) 1" / 10 75 / 7 l"/5 

0.03% cholate(B) 0 /9 9s/9 2s/2 

switch B -» A 0 / 3  

Incidence of hepatic tumors after one year in mdrl ( + / + ) mice, untransplanted mdr2 (-/-) mice and 
hepatocyte transplanted mdr2 (-/-) mice on the following diet regiments: control diet (A), cholate-
supplemented diet (B) or a switch after 16 weeks from a cholate supplemented to a control diet for the 
remaining period of 34 weeks (B -» A), "solitary tumor; smultiple tumors 

The data indicate that, although a cholate-supplemented diet induces a relatively rapid and 

extensive hepatocyte repopulation on the short term, the hepatocellular damage to the recipient 

liver parenchyme continues. Indeed, these livers contained multiple tumors, which were 

histologically recognized as hepatocellular carcinoma by loss of trabeculae and nodular outgrowths 

(table 1). Therefore, we decided to switch some of the transplanted mdrl (-/-) mice after 4 months 

of cholate-feeding to a control diet for the remaining 8 months. 50 weeks after hepatocyte 

transplantation, these mice displayed uniformly distributed fields of /WD/?3-expressing hepatocytes 

with an average of 41 per positive field (Fig. IF). The increased number of positive hepatocytes 

correlated with a higher phospholipid secretion (32% of normal compared to 20% of normal in 

animals on a control diet). In the livers of these mice, proliferation as assessed by PCNA staining 

was negative (Fig.4A) and liver fibrosis (Fig.4C) was absent. This indicates that liver pathology 

was completely reversable. None of these animals had tumors in the liver (table 1). In transplanted 

mdrl (-/-) mice which received a control diet directly after transplantation for one year, fields of 

MD/?J-expressing hepatocytes were smaller (an average of 18 M5/?J-expressing hepatocytes per 

positive field), but here too, liver histology displayed no signs of pathology (Fig.2C and E) and 

a completely normal liver architecture. One out of five of these animals had a solitary tumor on 

the liver. Such a solitary tumor was, however, also observed in a group of control mdrl ( + / + ) 

mice (table 1). The other four transplanted animals on a control diet had no signs of neoplasms. 

We conclude that aggravation of liver pathology by cholate feeding strongly enhances hepatocyte 

repopulation, but the risk for development of pathology and tumorigenesis is simultaneously 

increased. On the other hand, moderate pathology on a control diet is sufficient to reach slow but 

stable repopulation which completely abrogates the disease process and prevents tumor formation. 
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In order to demonstrate that successful repopulation was not dependent on the use of transgenic 

MD/?3-expressing hepatocytes, we also performed hepatocyte transplantation with normal mdr2 

(+/ + ) hepatocytes in a set of 7 mdr2 (-/-) mice. On a control diet, repopulation by mdr2 ( + / + ) 

hepatocytes resulted in a phospholipid over bile salt ratio of 0.52, which is about half of the ratio 

in animals transplanted with transgenic MD/W-expressing hepatocytes (0.98). The phospholipid 

secretion of transgenic MD/ü-expressing hepatocytes is 180% of mdr2 ( + / + ) hepatocytes, which 

suggests that repopulation stabilizes at a certain number and/or size of the fields with transplanted 

hepatocytes rather than at a threshold of absolute phospholipid secretion. Indeed, 

immunohistochemical staining of these livers revealed positive fields of mdr2 ( + / + ) hepatocytes 

which had the same size as transplanted fields of transgenic MDÄi-expressing hepatocytes (average 

of 17 hepatocytes per positive field vs. 18 in mice transplanted with trangenic Affi>/?5-expressing 

hepatocytes, not shown). We hypothesize that repopulation stops when a certain number of cells 

has grown from the portal fields into the lobulus. It is known that only the first few portal 

hepatocytes are involved in the secretion of the majority of bile salts and these cells will suffer from 

bile salt-induced damage. Because bile flow is countercurrent to blood flow, repopulation of 

transplanted hepatocytes will occur until this portal compartment is filled, irrespective of their lipid 

secretion capacity. On a cholate-supplemented diet, a larger fraction of the lobule will be involved 

in bile salt secretion and this may explain further outgrowth of transplanted hepatocytes in cholate-

fed animals. 

We expect that hepatocyte transplantation is applicable in PFIC patients. Hepatocyte 

transplantation in a patient with an inherited metabolic disorder has already been reported for the 

Crigler Najjar syndrome12. In this case, however, absence of hepatocellular damage precluded 

hepatocyte repopulation and additional therapy was still required. We expect that hepatocyte 

transplantation in PFIC type 3 patients will have to be applied in an early stage when liver 

pathology has not yet exacerbated, providing sufficient time for repopulation and eventual 

protection of the remaining liver parenchyme. During this period hepatic damage may be 

minimized by simultaneous treatment with ursodeoxycholate18. Eventually, the principle of 

repopulation will also be advantageous for the application of liver-directed gene therapy1920. 

Permanent expression of the correcting gene in hepatocytes (by retroviral or adeno-associated viral 

transduction) may have a net growth advantage in the regenerating liver. The conclusion that 

moderate rather than severe liver damage is a more favourable condition for therapeutic 

repopulation renders a group of inherited liver diseases, much broader than just PFIC type 3, 

potentially suitable for this type of therapy. 
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Methods 

Experimental protocol 

Hepatocyte transplantation was performed in male mdr2 (-/-) mice, the generation of which was 

described4. As donor mice, a transgenic A63 mouse strain was used which expresses the homologous 

human MDR3 gene behind an albumin promoter and was bred against the identical FVB background17. 

Compared to mdr2 (+ /+ ) control mice, phospholipid secretion in A63 mice is 180%17. MD/W-expressing 

hepatocytes were isolated from three months old male A63 mice by ex vivo collagenase perfusion. Viable 

cells were purified to > 90% by centrifugation on a Percoll density gradient and resuspended at 107 

cells/ml in Krebs solution2'; 200 JX\ of this cell suspension was injected into the inferior tip of the spleen 

of 6 weeks old male mdr2 (-/-) mice (2 x 106 cells per injection). One week after the operation, 

transplanted mdr2 (-/-) mice were divided into two groups. One group was fed a purified control diet 

(Hope Farms, Woerden, The Netherlands). The other group received the same diet to which 0.03% 

cholate was added. As a control, two groups of untransplanted mdr2 (-/-) mice also received the control 

or cholate-supplemented diet. At 1, 4, 8 and 16 and 50 weeks after transplantation, surgery was performed 

to collect bile (15 minute fractions) for bile salt and phospholipid determination and snap-frozen liver 

specimens were prepared for MDR3 P-gp immunohistochemistry. 

Serum and bile analysis 

Activities of aspartate aminotransferase, alkaline phosphatase and serum bilirubin levels were determined 

by routine clinical tests. Phosphatidylcholine in bile was determined enzymatically with phospholipase D 

and choline oxidase. Total bile salt concentration was measured enzymatically with 3a-hydroxysteroid 

dehydrogenase (as described in reference 6 and references therein). 

Histology and immunohistochemistry. 

Tissue samples were either immediately frozen in liquid nitrogen and stored at - 80°C or fixed in a mixture 

of ethanol, acetic acid and formalin (8:1:2, volume equivalent) and embedded in paraffin. 5-p.m sections 

of paraffin-embedded tissue were stained with hematoxylin and eosin to determine liver pathology which 

was performed semi-quantitatively in a blinded manner. Five histopathological parameters in four grades 

of severity (0-3) were scored: presence of mitotic activity, Councilman bodies (representing apoptosis of 

hepatocytes) and portal inflammation, ductular proliferation and fibrosis (the latter three monitor events 

in the portal tract). A maximal pathology score of 15 could be reached for each mouse6. For detection of 

MDR3 P-glycoprotein (only present in the canalicular membrane of donor hepatocytes) 5-^m cryostat 

sections were fixed in aceton and stained with a monoclonal antibody raised against MDR3 P-gp (P3„26). 

For detection of mdr2 (+ /+ ) hepatocytes, livers were stained with a polyclonal antibody (REG3). From 

each transplanted mouse, 4 sections of different liver lobes were stained and the number of MDR3-

expressing hepatocytes in all the positive fields was counted. An average number of positive cells per field 

was calculated. To detect proliferating cells, liver specimens were stained for PCNA and Ki67 (both from 

Dako, Denmark). Endogenous peroxidase activity was blocked with 0.1 % NaN3/0.3% H,02. As secondary 
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antibody, horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG2b (DAKO, Denmark) was used 

for P3„26 and HRP-conjugated Rabbit anti-mouse IgG was used for PCNA and Ki67 (DAKO, Denmark). 

Finally, slides were developed for HRP activity by using 5 mg/ml 3-amino-9-ethyl carbazole and 0.03% 

H20,. To control for background staining, incubations without primary antibody were performed. 

We thank Piet Borst and Bert Groen for critically reading the manuscript, Wilfried Meun for the 

assistance with the microphotography and Jos Mulder for the PCNA immunohistochemistry. This 

work was supported by the Dutch Association for Scientific Research, Project 902-23-097. 
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