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Abstract

Background & Aim—Considerable progress has been made in developing anti-fibrotic agents

and other strategies to treat liver fibrosis; however, significant long-term restoration of functional

liver mass has not yet been achieved. Therefore, we investigated whether transplanted hepatic

stem/progenitor cells can effectively repopulate the liver with advanced fibrosis/cirrhosis.

Methods—Stem/progenitor cells derived from fetal livers or mature hepatocytes from DPPIV+

F344 rats were transplanted into DPPIV− rats with thioacetamide (TAA)-induced fibrosis/

cirrhosis; rats were sacrificed 1, 2, or 4 months later. Liver tissues were analyzed by

histochemistry, hydroxyproline determination, RT-PCR, and immunohistochemistry.

Results—After chronic TAA administration, DPPIV− F344 rats exhibited progressive fibrosis,

cirrhosis and severe hepatocyte damage. Besides stellate cell activation, increased numbers of

stem/progenitor cells (Dlk-1+, AFP+, CD133+, Sox-9+, FoxJ1+) were observed. In conjunction

with partial hepatectomy (PH), transplanted stem/progenitor cells engrafted, proliferated

competitively compared to host hepatocytes, differentiated into hepatocytic and biliary epithelial

cells, and generated new liver mass with extensive long-term liver repopulation (40.8 ± 10.3%).

Remarkably, more than 20% liver repopulation was achieved in the absence of PH, associated

with reduced fibrogenic activity (e.g., expression of α-SMA, PDGFRβ, desmin, vimentin, TIMP1)

and fibrosis (reduced collagen). Furthermore, hepatocytes can also replace liver mass with

advanced fibrosis/cirrhosis, but to a lesser extent than FLSPCs.
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Conclusions—This study is a Proof of Principle demonstration that transplanted epithelial stem/

progenitor cells can restore injured parenchyma in a liver environment with advanced fibrosis/

cirrhosis and exhibit anti-fibrotic effects.
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Chronic liver disease with cirrhosis is the twelfth leading cause of death in the United States

(1). Cirrhosis, the advanced stage of hepatic fibrosis, is mainly caused by viral infection or

alcohol abuse; age over 50 is also recognized as a risk factor for cirrhosis (2). Liver

transplantation is the only effective therapeutic option for these patients (3). Because of a

shortage of donor organs (4) and a dramatic increase in the mortality rate of patients on the

liver transplant waiting list during the past decade (5), an alternative strategy to restore liver

mass before the end-stage would represent a major clinical advance.

Progressive hepatic fibrosis as a wound-healing response to chronic liver injury leads to

accumulation of collagen surrounding liver nodules and further replacement of injured

parenchyma by scar tissue, resulting in impaired hepatocyte function (2,6). Hepatic stellate

cells are the main contributors to the pathogenesis of liver fibrosis (7,8). Therefore, these

cells have represented the primary target to reduce or reverse fibrosis by developing specific

anti-fibrotic strategies (9,10). At present, however, therapeutic options in humans are quite

limited (7,11). Hepatic cell therapy could be an alternative strategy to generate new

functional liver parenchyma in the cirrhotic liver. Stem/progenitor cells – characterized by

their high proliferative capacity, ability to differentiate into different lineages, and ability to

reconstitute tissue mass (12) – can be isolated from developing or adult liver, as well as from

extra-hepatic tissues, and can be transplanted into normal or pre-conditioned recipient liver

(13–17). To date, rat fetal stem/progenitor cells (FLSPCs) exhibit the most favorable

characteristics for effective liver repopulation by cells transplanted into the (near-)normal

liver (13,17–21). Liver repopulation by FLSPCs under non-selective conditions requires

only partial hepatectomy (PH) (13,19). This cell type, therefore, may represent an excellent

resource for restoring hepatocyte mass in a diseased liver environment.

In the present study, we transplanted FLSPCs and demonstrated that epithelial stem/

progenitor cells can engraft, proliferate and differentiate into hepatocytes in the recipient

liver with advanced fibrosis/cirrhosis. Surprisingly, transplantation of FLSPCs leads to

considerable liver repopulation without the need for PH and reduces active fibrogenesis and

net fibrosis. In comparison, mature hepatocytes also repopulate the thioacetamide (TAA)-

induced fibrotic liver, but to a lesser extent than FLSPCs. Our model system, therefore,

represents an excellent tool to study novel cell transplantation strategies and to elucidate

basic mechanisms necessary for successful tissue replacement, critical for development of

useful protocols to treat patients with advanced liver diseases.
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EXPERIMENTAL PROCEDURES

Animals and TAA administration

Pregnant ED14 DPPIV+ F344 rats were purchased from Charles River. F344-Tg(EGFP)

F455/Rrrc rats were obtained from the Rat Resource and Research Center of the University

of Missouri-Columbia and used to provide time pregnant EGFP+ F344 rats. Male DPPIV−

F344 rats were provided by the Liver Research Center, Albert Einstein College of Medicine

(AECOM). 200 mg/kg b.w. TAA was injected i.p. into DPPIV− F344 rats (1.5 to 2 months

of age) twice weekly for up to 3 months prior to cell transplantation, followed by 100 or 200

mg/kg b.w. TAA twice weekly after cell infusion. All animal studies were conducted under

protocols approved by the Institutional Animal Care and Use Committees of AECOM and

University of Pittsburgh in accordance with NIH guidelines.

Isolation of fetal liver cells and hepatocytes

Unfractionated fetal liver cells were isolated from ED14/15 fetal livers of pregnant DPPIV+

or DPPIV+/EGFP+ F344 rats, as described previously (18,19). Hepatocytes were isolated

from livers of adult DPPIV+ F344 rats. Detailed information concerning the cell isolation

procedures can be found in Supplemental Material & Methods of Ref. 21.

Cell transplantation and liver repopulation

Fetal liver cells (viability >95%) or adult hepatocytes (viability >80%) were transplanted

through the portal vein into DPPIV− F344 rats (22) treated with TAA or untreated recipients

with or without 2/3 PH (hepatectomized liver lobes were used to assess liver fibrosis and for

other studies). After rats were sacrificed at different times following cell transplantation,

liver repopulation was determined by enzyme histochemistry for DPPIV, as described

previously (18,19). For engraftment studies, transplanted fetal liver cells were detected by

immunohistochemistry for EGFP.

RT-PCR and qRT-PCR analysis

RT-PCR analysis—Total RNA was extracted from snap frozen liver tissue derived from

TAA-treated DPPIV− F344 rats and untreated age-matched control rats. Qualitative RT-PCR

analyses were performed at least twice. Quantitative real-time RT-PCR was performed in

doublet/triplicate, as described in Supplemental Material & Methods of Ref. 21. A list of the

primers is shown in Supplemental Table 1.

Histochemistry and Immunohistochemistry

Information concerning histochemical and immunohistochemical analyses can be found in

Supplemental Material & Methods.

Hydroxyproline (HYP) determination

Using two different fragments per liver, the HYP content was determined biochemically, as

described previously (23).

Yovchev et al. Page 3

Hepatology. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Microscopy and Imaging

Tissue slides were examined under an AxioObserver Z1 microscope. Images were obtained

with an AxioCam ICc3, ICm1 or HRc camera and processed with AxioVision 4.8 or ZEN

imaging software (Carl Zeiss MicroImaging).

Data analysis

Data were analyzed using SigmaStat 2.01 (SPSS Scientific), GraphPad Prism5 (GraphPad),

and NIS-Elements D (Nikon) software and are reported as mean ± SEM.

RESULTS

Characterization of hepatic fibrosis/cirrhosis after TAA treatment

After chronic TAA administration (200 mg/kg b.w., twice weekly), liver fibrosis was

assessed (Fig. 1) using the Laennec classification system (24). At 6 weeks, the progressive

liver injury produces moderate fibrosis and mild cirrhosis, i.e., predominant nodularity

caused by narrow fibrous septa bridging portal areas. By 3 months, more advanced fibrosis

occurs, leading to moderate to severe cirrhosis in different parts of the liver. Previously

narrow septa have thickened; many nodules are surrounded by broad septa and in some

areas, extensive tracts of fibrous tissue contain a few larger nodules and small regions of

fragmented nodules. In addition, immunohistochemistry for α-SMA in liver sections of

TAA-treated rats, compared to non-treated control rats, showed increasing numbers of α-

SMA-positive cells in intralobular septa in areas of fibrosis, indicating activation of hepatic

stellate cells.

To determine the expression levels of genes relevant to advanced fibrosis/cirrhosis, we

performed RT-PCR analysis in liver tissues 3 months after TAA administration compared to

age-matched non-treated liver (Fig. 2A & B). We observed elevated expression of α-SMA,

platelet-derived growth factor receptor β (PDGFRβ), desmin, neural cell adhesion molecule

(N-CAM), and vimentin mRNAs (Fig. 2A). In addition, after induction of advanced fibrosis/

cirrhosis, procollagen α2(I) (Col1α2), matrix metalloproteinase-2 (MMP-2), MMP-9, tissue

inhibitor of metalloproteinase-1 (TIMP1), TIMP2 were up-regulated, and glial fibrillary

acidic protein (GFAP) was down-regulated (Fig. 2A). The expression profiles of these genes

clearly reflect activation of stellate cells and ongoing fibrogenesis. Furthermore,

biochemical analysis of the relative HYP content in non-treated vs. TAA-treated liver (n=6/6

rats) increased from 0.23 ± 0.02 to 1.38 ± 0.18 mg HYP/g liver, indicating advanced

fibrosis/cirrhosis at 3 months after TAA administration.

We observed increased expression of AFP, Dlk-1, CD133, Sox-9, FoxJ1 and nestin mRNAs

(Fig. 2A), indicating increased numbers of progenitor cells (14,16,25–28) after induction of

advanced fibrosis/cirrhosis. Compared to normal hepatic tissue, liver samples with advanced

fibrosis also showed down-regulation of glucose-6-phosphatase (G6Pase),

asialoglycoprotein receptor (ASGPR), and cytochrome 3A1 (CYP3A1) mRNAs (all of

which are related to hepatocyte-specific cell functions), indicating hepatocellular damage or

loss. In contrast, biliary epithelial cell-specific genes (cytokeratin-19 [CK-19], connexin43,
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EpCAM) were upregulated in strongly fibrotic liver (Fig. 2A). These data were confirmed

and fold changes quantified by qRT-PCR analysis for selected genes (Fig. 2B).

Repopulation studies in rats with TAA-induced liver fibrosis transplanted with hepatic
cells

In a pilot experiment, we tested whether fetal liver cells are capable of repopulating the

fibrotic liver. To induce moderate hepatic fibrosis, 200 mg/kg TAA was injected into

DPPIV− F344 rats twice weekly for 6 weeks, followed by a maintenance dose of 100 mg/kg

TAA after cell transplantation. Since repopulation of the normal liver by FLSPCs occurs

only after two-thirds PH (13,19), PH was performed just prior to cell infusion (~1.5 × 107

ED14 unfractionated fetal liver cells, of which ~2.5% are AFP+/CK-19+ bipotential stem/

progenitor cells; refs. 17,22). At both one and two months after cell transplantation, we

observed extensive liver repopulation with more than 50% tissue replacement in many areas

of TAA-treated recipient liver (n=3 rats) (Fig. 3A, upper left & middle panel). In contrast,

only small cell clusters were observed in age-matched rats that did not receive TAA, with

very little liver repopulation at 1 month (n=2) (Fig. 3A, upper right panel).

Having demonstrated that transplanted fetal hepatic cells can repopulate a liver with

moderate fibrosis, we next tested whether cell transplantation is feasible in recipient rats

with advanced fibrosis. After inducing advanced liver fibrosis in DPPIV− F344 rats (200

mg/kg TAA, twice weekly for 10 weeks; followed by 100 mg/kg TAA after cell

transplantation), we infused ~1.5 × 107 ED14 fetal liver cells into TAA-treated rats in

conjunction with PH. At 2 months after cell transplantation (n=3), we observed small and

large DPPIV+ cell clusters in host livers with extensive fibrosis. Many repopulating cell

clusters encompassed entire fibrotic lobules (Fig. 3A, lower left panel). Although many

areas showed extensive liver repopulation with multiple adjacent DPPIV+ regenerating

nodules, other areas showed only limited repopulation. The majority of transplanted FLSPCs

differentiated into hepatocytic cells; however, substantial bile duct generation, mainly within

the fibrotic bands, was also observed (Fig. 4B, below). Furthermore, we transplanted

FLSPCs into TAA-treated rats w/o PH and normal rats w/o PH (n=4/2) and observed

scattered repopulation clusters in the fibrotic rat livers. Some of theseclusters were of large

size (Fig. 3A, lower middle panel), in contrast to normal rats w/o PH in which no liver

repopulation was achieved by FLSPCs (Fig. 3A, lower right panel).

Although a limiting factor in liver repopulation might be the ability of hepatocytes, which

are of large size, to engraft in the fibrotic liver tissue (29), we investigated the repopulation

potential of differentiated mature hepatic cells in the TAA fibrosis model. Hepatocytes were

infused into rats with advanced liver fibrosis/cirrhosis (produced by administration of 200

mg/kg TAA, twice weekly for 10–12 weeks; followed by 100 mg/kg TAA after cell

transplantation). In two TAA-treated rats transplanted with ~1.5 or 2 × 106 hepatocytes in

conjunction with PH, DPPIV+ hepatocytic clusters were observed in both rats at 2 months,

remarkably with up to 10% liver repopulation in the rat transplanted with ~2 × 106

hepatocytes (Fig. 3B, left panel). In addition, we transplanted ~2 or 5 × 106 hepatocytes into

TAA-treated rats w/o PH (n=5). Small and larger repopulating hepatocyte clusters were seen

in all rats with advanced fibrosis/cirrhosis (Fig. 3B, middle panel). In contrast, normal
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untreated rats transplanted with similar numbers of hepatocytes w/o PH (~5 × 106 cells;

n=3) showed only single cells in the parenchyma, without cluster formation or significant

liver repopulation (Fig. 3B, right panel).

Comparative repopulation studies in rats with advanced fibrosis/cirrhosis transplanted
with FLSPCs vs. mature hepatocytes

For definitive long-term repopulation studies under the most stringent fibrosis conditions,

we infused cells into rats at 3 months after starting TAA administration (200 mg/kg) and

continued with the same TAA dose after cell infusion. In these experiments, we attempted to

inoculate equivalent numbers of hepatic epithelial lineage cells, based on our previous

analysis showing that “bipotential” stem/progenitor cells (AFP+/CK-19+) represent ~2.5%

of total unfractionated ED14 fetal liver cells (17). We therefore estimated that 8 × 107

unfractionated fetal liver cells contained ~2 × 106 “bipotential” FLSPCs, comparable to 2 ×

106 mature hepatocytes. To obtain sufficient numbers of cells for these studies, we isolated

unfractionated hepatic stem/progenitor cells from ED15 fetal livers.

While maintaining the TAA dose after cell transplantation into advanced fibrotic rat liver

(Figs. 4 & 5), levels of 35.7 ± 6.4% and 40.8 ± 10.3% repopulation were achieved with

FLSPCs at 2 and 4 months, respectively (n=4/4). FLSPCs differentiated into hepatocytes

(Fig. 4A) and bile duct cells. The large DPPIV+ clusters of hepatocytes typically had

DPPIV+ bile ducts along the edges of fibrous septae (see Fig. 4). In some cases, DPPIV+

bile ducts extended into surrounding DPPIV-negative regions (Fig. 4B), presumably

resulting from a stimulus for bile duct proliferation in the injured liver. The cells formed

large DPPIV+ clusters with extensive tissue replacement (Fig. 4C & E). In comparison,

substantial numbers of transplanted mature hepatocytes engrafted in the cirrhotic liver,

proliferated long-term, and replaced diseased liver mass (Fig. 4A, right panels, & 4D).

However, liver repopulation levels with mature hepatocytes were lower at 2 and 4 months

after cell transplantation (8.3 ± 2.0% and 10.5 ± 3.2%, respectively; n=3/4) compared to that

obtained with FLSPCs (35.7 ± 6.4% and 40.8 ± 10.3%, respectively). Although there was

higher repopulation with transplanted stem/progenitor cells, which indicates a higher

engraftment or proliferation rate, our findings with mature hepatocytes also represent a

significant new observation in the fibrotic liver.

Simultaneous immunohistochemical analysis for DPPIV (CD26) and α-SMA (Fig. 5A)

showed that DPPIV+ cell clusters derived from transplanted FLSPCs completely replaced

host hepatocytes within liver nodules surrounded by fibrous host tissue containing α-SMA+

cells (Fig. 5A, left panels), a phenomenon also observed after hepatocyte transplantation

(Fig. 5A, upper right panel). Double label immunohistochemistry for DPPIV (CD26) and

Ki-67 (Fig. 5B) showed that FLSPC and hepatocyte-derived cell clusters contained actively

proliferating cells for up to 4 months (Fig. 5B, middle and lower panels) and “competed”

with proliferating host hepatocytes (Fig. 5B, upper right panel). Furthermore, DPPIV and

G6Pase expressing hepatocytic cells were detected at 2 and 4 months after transplantation of

FLSPCs or hepatocytes (Fig. 5C), demonstrating hepatocyte-specific metabolic activity of

transplanted cells.
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Engraftment and repopulation of the liver with advanced fibrosis/cirrhosis after
transplantation of fetal liver cells in the absence of PH

Since we showed that FLSPCs can form cell clusters in the fibrotic liver without PH (Fig.

3A), we performed additional cell transplantations to determine whether substantial liver

repopulation could be obtained under these conditions. These studies required infusion of

~1.5 × 108 donor cells into DPPIV− rats without PH at 3 months after TAA administration.

At 4 months after cell transplantation, 23.8 ± 4.4% liver repopulation was achieved and

G6Pase-expressing, differentiated cells were integrated in the cirrhotic liver environment.

Compared to non-transplanted TAA-treated livers, analysis of mRNA showed that FLSPC

transplantation up-regulated genes related to specific hepatocytic functions (G6P, 3.7-fold;

CYP3A1, 3.5-fold; TAT, 1.8-fold; n=3/3) (Supplemental Figure 1).

The above findings suggested that a significant number of FLSPCs can engraft in the

cirrhotic liver and substantial repopulation can be achieved in the absence of PH. FLSPC

transplantation under these conditions is well tolerated and we observed a mortality of 11%.

We next studied the dynamics of donor cell engraftment and expansion immediately after

FLSPC infusion. Since DPPIV is not expressed before ED18, ED15 FLSPCs were isolated

from EGFP-marked transgenic F344 rats to identify engrafted cells. We infused ~1.5 × 108

EGFP-expressing fetal liver cells into 3 DPPIV− rats at 3 months after TAA administration

without PH. At days 1 and 3 after cell infusion, single EGFP+ cells (Fig. 6A) and small

groups of EGFP+ cells (Fig. 6B) were detected in the host liver parenchyma, respectively,

demonstrating successful engraftment of transplanted stem/progenitor cells into the cirrhotic

liver. By day 7, expanding fetal liver cells formed small cell clusters primarily along the

border of fibrotic bands (Fig. 6C), demonstrating ongoing repopulation in the cirrhotic liver

tissue environment.

Effect of stem/progenitor cells on fibrogenesis

Having demonstrated that transplanted fetal hepatic cells can engraft and significantly

repopulate the recipient liver with advanced fibrosis/cirrhosis, we next determined whether

stem/progenitor cells can effect fibrogenesis and the extent of liver fibrosis. After inducing

advanced fibrosis in DPPIV− rats (200 mg/kg TAA, twice weekly for 3 months), we infused

~1.8 × 108 unfractionated ED15 fetal liver cells into TAA-treated rats that had not

undergone PH (n=6). Two months later, TAA administration was discontinued and rats were

sacrificed 5 weeks later. Other rats received identical TAA-treatment without cell

transplantation (n=6). Repopulation analysis of the cell transplant recipients showed that

26.9 ± 6.3% of the liver mass was repopulated by FLSPC-derived hepatocytes that

expressed albumin at the same level as observed in adjacent host liver tissue (Figure 7A &

B). Selective expression of glutamine synthetase in the centrilobular regions of engrafted

liver tissue suggested complete zonal differentiation by repopulating FLSPC-derived

hepatocytes (Figure 7B, lower panels). Double label immunohistochemistry for CD26 and

CK-19/EpCAM demonstrated that transplanted stem/progenitor cells also differentiated into

bile duct cells (Figure 7C). Furthermore, a marked decrease of α-SMA, PDGFRβ, desmin,

vimentin, TIMP1, and TIMP2 mRNA was observed in the FLSPC-transplanted group

(Figure 8A), indicating a dramatic reduction of the fibrinogenic process. This also correlated
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with a marked reduction in activated α-SMA-positive stellate cells (Figure 8B). Histological

examination of Sirius Red-Stained sections showed more macronodules in FLSPC

recipients, i.e., intact regions without internal fibrosis (Figure 8C). Quantification of Sirius

Red-Stained collagen showed less collagen in the liver of FLSPC recipients compared to

non-transplanted rats (15.4 ± 2.8% vs. 19.6 ± 0.5%, Figure 8C, right panel; see also Col1α1

mRNA levels in Figure 8A), although these changes were not statistically significant.

DISCUSSION

Several rodent models of cirrhosis in rodents have been established to study the mechanism

of fibrosis progression or anti-fibrotic therapies (reviewed in ref. 30). To develop a cell

transplantation model for epithelial stem/progenitor cells in a cirrhotic recipient background,

we induced fibrosis/cirrhosis in the mutant DPPIV− F344 rat (31), an inbred strain originally

utilized to follow the fate of transplanted wt. DPPIV+ hepatocytes in DPPIV− recipients

(32). TAA-induced liver fibrosis was selected in preference to CCl4 and other known

fibrosis models, because it produces more extensive and stable fibrosis and is most similar to

human fibrosis in clinical progression (30,33,34). We demonstrated that advanced fibrosis/

cirrhosis was established at 3 months after chronic TAA administration, indicated by

characteristic hepatic lesions and collagen deposition (33). The cirrhotic liver showed

increased HYP, α-SMA, PDGFRβ, procollagen, TIMP1, and MMP-2, indicating increased

numbers of activated stellate cells and ongoing fibrogenesis (8,35,36), and decreased GFAP,

which is down-regulated in activated stellate cells in advanced fibrosis (37). Advanced

fibrosis/cirrhosis in the recipient liver was further supported by decreased levels of unique

hepatocyte-specific mRNA transcripts (e.g., ASGPR, CYP3A1, and G6Pase mRNA) (see

also Fig. 5C). Finally, an increased number/activation of cholangiocytes, which secrete

fibrogenic growth factors and activate stellate cells in fibrotic/cirrhotic liver (30), was

reflected by augmented CK-19, connexin43 and EpCAM levels in TAA-treated liver.

Using the TAA-induced experimental model of liver fibrosis/cirrhosis, we have made five

major observations. First, we showed that rat fetal liver-derived epithelial stem/progenitor

cells can engraft into the recipient liver with advanced fibrosis/cirrhosis and differentiate

into hepatocytes, i.e., cells with hepatocyte-specific morphology and metabolic function.

Second, the engrafted cells expand and replace failing liver mass within a short time after

cell infusion. Third, efficient liver repopulation by transplanted epithelial stem/progenitor

cells can be achieved in a densely fibrotic liver without an additional stimulus provided by

liver regeneration. Fourth, the engrafted liver exhibited reduced fibrinogenic activity. Fifth,

we also showed that transplanted mature hepatocytes proliferate and form large cell clusters

with substantial tissue replacement.

Rodent fibrosis models are crucial to investigate the efficiency of anti-fibrotic agents (30).

Since it is impossible to distinguish between the anti-inflammatory and anti-fibrotic effects

of agents tested in hepatotoxin-induced fibrosis models, CCl4 or TAA is generally

withdrawn during drug administration and the rate of fibrosis recovery is determined to

assess the effectiveness of the tested treatment (30). Because the main focus of the present

study was to assess whether transplanted epithelial stem/progenitor cells can restore hepatic

parenchyma in a chronically injured liver environment during evolution of fibrosis/cirrhosis,
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we continued TAA administration after cell infusion. Then, to evaluate whether transplanted

FLSPCs have an anti-fibrotic effect, in some studies, we discontinued the TAA

administration after successful cell engraftment and repopulation.

Potential obstacles to effective repopulation of fibrotic tissue include infarction of the liver

by infused cells or poor engraftment of transplanted cells. Indeed, fibrotic rats infused

through the portal vein with 5 × 106 hepatocytes in conjunction with PH died within 48

hours (n=3). Infusion of 2 × 106 cells was better tolerated, although a noticeable mortality

was still observed (data not shown). Rat FLSPCs are much smaller than adult hepatocytes

(10–12 μm vs. 20–35 μm diameter, respectively, see ref. 13; for human fetal cells, see ref.

15), which allowed us to infuse high numbers of unfractionated fetal liver cells (8 × 107 or

1.5 × 108 cells, contains ~2 × 106 or 4 × 106 “bipotential” FLSPCs, respectively), with or

without PH. Importantly, a preliminary study of FLSPCs enriched by immuno-magnetic

bead cell sorting showed that we can significantly increase the number of FLSPCs

transplanted without increasing the total cell number infused (see Supplemental Figure 2).

Previously, we have demonstrated that FLSPCs can effectively repopulate the (near-)normal

liver, but only in conjunction with PH (13,19), suggesting that PH is required for their

engraftment and/or expansion (19). However, the present study showed substantial early

engraftment and efficient repopulation after FLSPC infusion into the TAA-treated recipient

liver without PH. These results suggest that chronic injury during evolution of cirrhosis, or

the altered cirrhotic liver microenvironment, favors engraftment and proliferation of

transplanted epithelial stem/progenitor cells. However, to achieve long-term correction of

cirrhosis after hepatic stem cell transplantation, additional modifications of the

microenvironment may be necessary (38). During the past 2 decades, several model systems

have been developed to study liver repopulation by transplanted hepatic cells (reviewed in

ref. 17). In these models, substantial liver replacement by transplanted wt. hepatocytes was

achieved by genetic modifications of the host liver causing massive hepatic injury (39,40) or

by inhibition of the proliferative capacity of host hepatocytes through administration of

DNA damaging agents or liver irradiation (41–43). Liver replacement was observed in the

α1-antitrypsin deficient transgenic mouse, in which the proliferation of endogenous

hepatocytes is impaired (44). These repopulation models are characterized by a strong

growth advantage of transplanted cells compared to host hepatocytes. Although previous

studies demonstrated increased survival of rats with decompensated liver cirrhosis after

intrasplenic hepatocyte transplantation (45), to our knowledge, there is no previous report

showing significant hepatic tissue replacement by transplanted epithelial stem/progenitor

cells in an experimental model of advanced liver fibrosis/cirrhosis.

There are currently only a few pioneering human studies of mature or fetal hepatic cell

transplantations in patients with chronic liver diseases (46–48). Nevertheless, animal studies

must provide critical understanding of the basic requirements and mechanisms for effective

liver repopulation. In the present study, using experimental conditions that reflect

circumstances similar to human fibrosis/cirrhosis, we have demonstrated that transplanted

progenitor cells can efficiently proliferate after their engraftment and are capable of

differentiating into hepatic cell lineages. In conjunction with replacement of 20–30% of

hepatocytic mass by FLSPCs, hepatic fibrogenesis was reduced, as evidenced by reduced
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stellate cell activation, decreased expression of fibrogenesis genes, and reduced collagen in

the tissue. Thus, transplantation of epithelial stem/progenitor or FLSPC-like cells engineered

via iPS cell technology, perhaps combined with targeted anti-fibrotic therapy, holds great

promise for treatment of patients with end-stage liver diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Liver fibrosis in thioacetamide (TAA)-treated rats. 200 mg/kg TAA was injected i.p. into

mutant DPPIV− F344 rats twice weekly for up to 3 months. (A) Normal rat liver and liver at

3 months after administration of TAA are shown. (B) Pathologic changes at 6 weeks and 3

months were determined using Masson’s trichrome staining, immunohistochemistry for α-

SMA, and H&E staining. Tissue samples derived from non-treated rats were used as

controls. Original magnification, x50 (upper and middle panels), x200 (lower panels).
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Figure 2.
Gene expression in TAA-induced liver fibrosis. (A) Liver RNA extracts from two TAA-

treated rats at 3 months after starting TAA administration compared to two age-matched

non-treated rats were analyzed for mRNA expression. These experiments were performed at

least twice. (B) Quantitative RT-PCR analysis of selected genes in fibrotic liver. Values are

mean ± SEM of liver samples from TAA-treated rats (n=4), expressed as fold differences in

gene expression compared to age-matched non-treated rats (n=4). One representative

experiment for each gene, from at least 2 replicate experiments, is shown. qRT-PCR

analysis was also performed for AFP, Dlk-1, Sox-9 and FoxJ1, expressed in all 4 fibrotic

liver samples (Ct values ranged from 29 to 33) were undetectable in normal liver.
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Figure 3.
Enhanced repopulation of fibrotic liver by transplanted ED14 FLSPCs and adult

hepatocytes. DPPIV enzyme histochemistry showing repopulation by unfractionated wt.

ED14 FLSPCs (~1.5 × 107, A) and adult hepatocytes (~2 × 106, B, left panel; ~5 × 106, B,

middle & right panel) transplanted into DPPIV− TAA-treated rats at 6, 10 or 12 weeks after

initiating TAA administration (200 mg/kg TAA, followed by a maintenance dose of 100

mg/kg TAA twice weekly after cell transplantation) vs. non-treated normal rats in

conjunction with (+) or without PH (−). Rats were sacrificed at 1 or 2 months (mo) after cell

infusion. Single cells/small cell clusters are highlighted by arrowheads (A & B, right

panels). Original magnification, x50.
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Figure 4.
Repopulation of transplanted cells in host liver with progressing fibrosis/cirrhosis. Donor

cells (~8 × 107 fetal liver cells vs. ~2 × 106 hepatocytes) were infused in conjunction with

PH into rats at 3 months after starting TAA administration, which was continued at the same

dose, thereafter (200 mg/kg, twice weekly). Liver repopulation was analyzed at 2 (A,B,C)

and 4 months (D,E) after cell transplantation. ED15 FLSPCs differentiated into hepatocytes

(A, lower left panel) and bile ducts (B). Original magnification, x50 (A, upper panels), x200

(A, lower panels; B). (C,D,E) Whole liver sections with the highest repopulation level

observed at 2 and 4 months after cell transplantation are shown. Images contain 30, 41 or 64

merged adjacent microscopic fields (original magnification, x50) and can be zoomed in

online.
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Figure 5.
Expansion of transplanted ED15 FLSPCs and hepatocytes transplanted in conjunction with

PH into recipient rats with progressing fibrosis/cirrhosis. (A) Localization of transplanted

cell clusters in recipient liver with advanced fibrosis/cirrhosis using simultaneous

immunohistochemistry for DPPIV (CD26) and α-SMA. (B) Detection of proliferating cells

in normal, fibrotic and recipient liver after cell transplantation, using co-staining for CD26

and Ki-67. (C) Functional integration of transplanted cells in cirrhotic liver. Normal lobular

distribution and gradients of glucose 6-phosphatase expression (C, upper right panel) in

untreated wt DPPIV+ F344 rat liver (C, upper left panel) compared to cirrhotic liver after 3

months TAA administration (C, right panel, 2nd row) in mutant F344 rats negative for

DPPIV (C, left panel, 2nd row). The panels in C, 3rd to 6th row, compare DPPIV and G6Pase

staining of nearby liver sections. Where transplanted cells have proliferated and generated

new hepatocytes, large DPPIV+ cell clusters showed normal expression of glucose-6-

phosphatase. Panels in the 4th row demonstrate that transplanted stem/progenitor

cellsdifferentiate into both DPPIV+ bile ducts (see asterisks) and hepatocytes, but only

hepatocytic clusters express glucose-6-phosphatase. Original magnification, x50 (A, upper

panels; C), x100 (A, lower panels; B).
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Figure 6.
Engraftment and early expansion of ED15 FLSPCs transplanted into recipients with

advanced fibrosis/cirrhosis without PH. Donor fetal liver cells (~1.5 × 108) were infused into

rats at 3 months after starting TAA administration (200 mg/kg, twice weekly). Single

EGFP+ cells were detected at day 1 (A; arrowheads), which divided at day 3 (B), and

formed small cell clusters by day 7 (C). Original magnification, x100 (A–C), x630 (insets).
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Figure 7.
Repopulation and functional incorporation of differentiated, donor-derived cells after

transplantation without PH. ED15 fetal liver cells (~1.8 × 108 cells) were transplanted into

DPPIV− rats 3 months after starting TAA administration (A). Images contain 65 or 25 tiled

microscopic fields (original magnification, x50 and x100). (B) Patterns of DPPIV (CD26)

and albumin expression, and DPPIV and glutamine synthetase (GS) expression in

consecutive liver sections demonstrate that DPPIV+ cells differentiated into hepatocytes and

become incorporated into morphologically normal hepatocyte plates. (C) Transplanted

FLSPCs showed a canalicular pattern of CD26 staining characteristic of mature hepatocytes

and also differentiated into bile ducts coexpressing CD26 with CK-19 or EpCAM (see

arrows). Original magnification, x10 and x5 (B), x40 (C).
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Figure 8.
Effect of FLSPC transplantation on hepatic fibrogenesis. ED15 fetal liver cells (~1.8 × 108

cells) were transplanted into DPPIV− rats 3 months after starting TAA administration, which

was continued for 2 months thereafter. Five weeks later, rats were sacrificed. (A)

Quantitative RT-PCR analysis for mRNA of genes for stellate cell activation and

fibrogenesis. Values are mean ± SEM of liver samples from FLSPC-transplanted fibrotic

rats (n=6) or non-cell transplanted fibrotic rats (n=6) compared to age-matched normal

control rats, set at a value of 1 (n=3). One representative example from at least 3 replicate

experiments is shown. (B) Immunohistochemical detection of α-SMA-positive cells in rat

livers with (left) or without (right) cell transplantation. Images contain 25 adjacent

microscopic fields (original magnification, x100). (C) Selected areas of Sirius Red-Stained

tissue sections of rat livers with (left) or without (middle) cell transplantation. Quantification

of Sirius Red-Stained collagen (right). Values are mean ± SEM of whole liver sections

(n=6/6).
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