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Biliary Obstruction Promotes 
Multilineage Differentiation of Hepatic 
Stem Cells
Mladen I. Yovchev,1 Edward J. Lee,1 Waldemar Rodriguez-Silva,1 Joseph Locker,1,2 and Michael Oertel1-3

Because of their high regenerative potential, stem cells are an ideal resource for development of therapies that replace  
injured tissue mass and restore function in patients with end-stage liver diseases. Using a rat model of bile duct 
ligation (BDL) and biliary fibrosis, we investigated cell engraftment, liver repopulation, and ectopic tissue formation 
after intrasplenic transplantation of epithelial stem/progenitor cells. Fetal liver cells were infused into the spleens 
of Fisher 344 rats with progressing biliary fibrosis induced by common BDL or rats without BDL. Cell delivery 
was well tolerated. After migration to the liver, donor-derived stem/progenitor cells engrafted, differentiated into 
hepatocytes and cholangiocytes, and formed large cell clusters at 2 months in BDL rats but not controls. Substantial 
numbers of donor cells were also detected at the splenic injection site where they generated hepatic and nonhe-
patic tissue. Transplanted cells differentiated into phenotypes other than hepato/cholangiocytic cells only in rats that  
underwent BDL. Quantitative reverse-transcription polymerase chain reaction analyses demonstrated marked up-
regulation of tissue-specific genes of nonhepatic endodermal lineages (e.g., caudal type homeobox 2 [Cdx2], pancre-
atic and duodenal homeobox 1 [Pdx1], keratin 13 [CK-13]), confirmed by immunohistochemistry. Conclusion: BDL 
and its induced fibrosis promote liver repopulation by ectopically transplanted fetal liver-derived cells. These cell 
fractions contain multipotent stem cells that colonize the spleen of BDL rats and differentiate into multiple gastro-
intestinal tissues, including liver, pancreas, intestine, and esophagus. The splenic microenvironment, therefore, rep-
resents an ideal niche to assess the differentiation of these stem cells, while BDL provides a stimulus that induces 
their differentiation. (Hepatology Communications 2019;3:1137-1150).

With their high proliferative capacity and 
differentiation potential, stem cells have 
great potential for regenerative therapy 

of liver disease.(1-3) Our prior research demonstrated 
that fetal liver stem/progenitor cells (FLSPCs) can 
repopulate a cirrhotic liver and significantly reduce 
fibrosis.(4) Such experiments not only show the thera-
peutic potential of fetal cells(5) but also set a precedent 
for eventual therapy with pluripotent cells, such as 

reprogrammed adult cells (induced pluripotent stem 
cells [iPSCs]).(6-9)

Cell transplantation is the standard procedure to 
evaluate the in vivo lineage potency of stem cells. 
Such studies are typically performed under selec-
tive (noncompetitive) conditions that are achieved 
by complete inhibition of host hepatocyte pro-
liferation and that provide a growth advantage of 
infused cells, resulting in massive cell proliferation 
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and liver replacement (see reviewed models(5,10)). 
However, to determine the true biological capac-
ity and therapeutic potential of stem cells, studies 
must be performed using competitive repopulation 
models that adequately reproduce human diseased 
microenvironments.

To date, the most favorable repopulation levels 
under nonselective conditions have been achieved 
with FLSPCs, isolated from timed-pregnant  
dipeptidyl-peptidase IV (DPPIV)+ Fisher (F)344 
rats and infused through the portal vein into the 
liver of DPPIV– recipient rats.(5) These immature 
cells differentiate into hepatocytes and cholangio-
cytes(11) and significantly replace normal hepatic tis-
sue,(12,13) which requires only a partial hepatectomy 
(PH) prior to cell infusion.(12) Moreover, in rats 
with advanced fibrosis/cirrhosis induced by chronic 
thioacetamide (TAA) administration, intravenously 
infused FLSPCs replace severely injured paren-
chyma without a PH,(4) demonstrating that the cir-
rhotic injury process substituted the effect of a PH 
in normal liver. These cells exhibit major character-
istics of stem cells, e.g., extensive proliferation, dif-
ferentiation into at least two lineages, liver-specific 
function, and long-term tissue replacement.(14) We 
refer to these cells as stem/progenitor cells because 
they are a heterogeneous mixture that includes at 
least three different liver epithelial cell types(15,16) 
and may also contain undefined small populations 
with greater multipotency.

Chronic liver diseases that obstruct bile ducts lead 
to bile duct proliferation and alter the microenviron-
ment to induce progressive biliary fibrosis.(17) To study 

the influence of this liver injury on the engraftment, 
differentiation, and repopulation of high numbers of 
ectopically transplanted FLSPCs without an addi-
tional regenerative stimulus, we treated DPPIV– F344 
rats with common bile duct ligation (BDL).(18) BDL 
causes marked proliferation of small bile ducts along 
with activation of fibroblasts and stellate cells(19) and 
is a milder injury than cirrhosis induced by TAA.(4) 
Our experiments demonstrated that intrasplenically 
infused cells differentiated into hepatocytes and chol-
angiocytes in both liver and spleen. Surprisingly, we 
observed gastrointestinal and pancreatic DPPIV+ tis-
sues that formed at the injection site of the spleen in 
BDL rats, which led us to study the multilineage dif-
ferentiation potential of fetal liver-derived, endoder-
mal stem cells.

Materials and Methods
animals anD BDl

Timed-pregnant wild-type (DPPIV+) F344 
rats were purchased from Charles River. F344-Tg 
(enhanced green fluorescent protein [EGFP]) F455/
Rrrc rats and mutant DPPIV– F344 rats (both orig-
inally obtained from the Rat Resource and Research 
Center, University of Missouri-Columbia) were bred 
at the University of Pittsburgh and used to derive 
timed-pregnant DPPIV+/EGFP+ and male DPPIV– 
F344 rats. For BDL, the common bile duct of 
2-3-month-old DPPIV– F344 rats was exposed and 
two ligatures placed at the proximal and distal duct 
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ends, followed by excision of the central part. All ani-
mal studies were conducted under protocols approved 
by the Institutional Animal Care and Use Committees 
of the University of Pittsburgh in accordance with 
National Institutes of Health guidelines.

isolation oF emBRyoniC Day 
15 Fetal liVeR Cells

After microdissection of embryonic day (ED)15 
fetal livers derived from pregnant DPPIV+ F344 or 
F344-Tg (EGFP) F455/Rrrc rats, fetal liver cell sus-
pensions were isolated using a two-step digestion 
method, as detailed.(20) Briefly, dissected fetal liver 
tissue was first minced and incubated with ethylene 
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic 
acid, which was then followed by incubation with 
collagenase. The obtained unfractionated cell suspen-
sions exhibited viabilities of at least 95%.

Cell tRansplantation anD 
liVeR Repopulation

ED15 fetal liver cells (1.5 ± 0.1 × 108) were trans-
planted without a PH into the spleens of DPPIV– 
F344 rats at 2 or 4 weeks after BDL or age-matched 
untreated normal recipients. Rats were killed at dif-
ferent time points following cell transplantation. For 
engraftment studies, transplanted fetal liver cells were 
detected by EGFP (see below). Liver replacement was 
determined by enzyme histochemistry for DPPIV, as 
described.(21)

HistoCHemistRy anD 
immunoHistoCHemistRy

Detailed information regarding immunohisto-
chemical analyses and the periodic acid–Schiff (PAS) 
detection of glycogen with or without pretreatment 
with 0.5% α-amylase is described in the Supporting 
Materials and Methods.

miCRosCopy anD imaging
Tissue sections were assessed using an AxioObserver 

Z1 microscope (Carl Zeiss). Microscopic images were 
obtained with an AxioCam HRc camera and pro-
cessed with ZEN pro 2012 imaging software (Carl 
Zeiss MicroImaging).

QuantitatiVe  
ReVeRse-tRansCRiption 
polymeRase CHain ReaCtion 
analysis

Total RNA was extracted from snap-frozen tissue 
samples using the Trizol reagent (Life Technologies) and 
treated with deoxyribonuclease I (New England Biolabs), 
followed by cleanup using the RNeasy Plus Mini/
Micro Kit (Qiagen). Quantitative reverse-transcription  
polymerase chain reaction (qRT-PCR) was per-
formed with at least two independent experiments, 
each with duplicate assays, using the StepOnePlus 
Real Time PCR System (Applied Biosystems). 
Samples were analyzed using Power SYBR Green 
Master Mix (Applied Biosystems). Messenger RNA 
(mRNA) abundance was determined by normaliza-
tion of the data to the expression levels of glyceralde-
hyde 3-phosphate dehydrogenase (Gapdh) mRNA. A 
complete list of primers is shown in Supporting Table 
S1. Data were analyzed using Excel (Microsoft Office 
2010) software and are reported as mean ± SEM.

Results
intRaspleniC inFusion oF 
Fetal liVeR Cells anD tHeiR 
engRaFtment in tHe liVeR 
aFteR BDl

To test the feasibility of ED15 fetal liver cells for 
repopulation of the liver damaged by BDL, ~1.5 × 108 
unfractionated cells were infused into the spleen at 
4 weeks (n = 4). All studies were performed without 
2/3 PH, a proliferative stimulus that would have been 
required for fetal liver stem/progenitor cells to engraft 
and repopulate under nonselective normal liver condi-
tions.(12) Fetal liver cells were isolated from transgenic 
EGFP+ F344 rats. EGFP is expressed throughout the 
cell cytoplasm and nucleus on ED15 and therefore can 
be readily used as a marker to trace individual embry-
onic donor cells early after cell transplantation.(4,20)

Despite the large number of infused cells, the treat-
ment was well tolerated, and tissue samples were ana-
lyzed at day 1 and 7 after cell transplantation. At day 
1, large areas of engrafted donor-derived EGFP+ cells 
were observed in the injection site of recipient spleen 
(Fig. 1A). Some of the transplanted stem/progenitor 
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cells migrated to the recipient liver and were detected 
in close proximity to expanding portal areas (Fig. 1B, 
left panel). At day 7, small groups of EGFP+ hepato-
cyte-like cells were observed (Fig. 1B, right panel), indi-
cating proliferation of engrafted stem/progenitor cells.

Repopulation oF Fetal stem/
pRogenitoR Cells in BDl Rats

To investigate whether stem/progenitor cells are 
capable of repopulating the liver after BDL without the 
additional stimulus provided by a PH that is required in 

normal liver, we performed cell transplantation experi-
ments using DPPIV to follow the fate and expansion of 
donor cells. DPPIV is a marker of differentiated hepatic 
lineage cells that first appears at ED17/18 and then 
gradually changes to different patterns characteristic of 
mature hepatocytes and cholangiocytes. Unfractionated 
fetal liver cells were isolated from wild-type DPPIV+ 
F344 rats and infused into the spleen of DPPIV– F344 
rats at 2 or 4 weeks after BDL (n = 8). As controls, we 
included age-matched normal rats that received intra-
splenic cell infusion without BDL (n = 4).

In bile duct-ligated rats, ectopically infused fetal 
liver cells migrated and engrafted in the recipient liver 
to form small and large DPPIV+ periportal hepatocyte 
clusters that replaced up to 2% of the liver at 2 months 
after cell infusion (Fig. 2A, left). In contrast, cells 
transplanted into control rats without BDL showed 
minimal repopulation by DPPIV+ cells at 2 months, 
with only single cells or very small clusters apparent 
(Fig. 2A, right). In BDL rats, donor-derived stem/pro-
genitor cells differentiated into clusters of hepatocytes 
with canalicular DPPIV and also formed bile ducts 
with cytoplasmic DPPIV (Fig. 2B, left). Although the 
clusters were far smaller in sham-operated rats, they 
also showed hepatocyte and bile duct expression pat-
terns (Fig. 2B, right). Finally, dual immunohistochem-
istry (IHC) for DPPIV with hepatocyte nuclear factor 
(HNF)4α or claudin (Cldn)-7, performed on the large 
donor-derived cell clusters that were observed only in 
BDL rats, confirmed differentiation of stem/progeni-
tor cells into both hepatic lineages (Fig. 2C). We did 
not observe other types of DPPIV+ cells in the liver.

BDL therefore stimulates tissue replacement by 
transplanted fetal liver cells, although engraftment 
and repopulation levels were lower than that achieved 
by intraportal infusion of fetal liver cells in TAA-
induced cirrhosis.(4) Nevertheless, even the moderate 
injury and fibrosis of BDL promotes repopulation by 
maturing fetal liver cells.

multilineage 
DiFFeRentiation oF Fetal 
liVeR-DeRiVeD  
stem/pRogenitoR Cells  
in tHe spleen

Despite the lack of liver repopulation in recipient 
rats without BDL, DPPIV+ fetal liver cells engrafted 
at the injection site of the spleen and formed large 

Fig. 1. Engraftment of ectopically transplanted stem/progenitor 
cells in bile duct-ligated rats. Bile duct proliferation and fibrosis 
was induced by ligation of the common bile duct, and ~1.5 × 108 

EGFP+/DPPIV+ ED15 fetal liver cells were infused without PH 
into the spleen of DPPIV– F344 rats at 2/4 weeks after BDL. 
IHC for EGFP (brown) shows (A) engraftment of EGFP+ cells 
in the splenic injection site and (B, left) after migration into the 
liver at day 1 (arrowheads). (B, right) Proliferating EGFP+ cells 
in the recipient liver at day 7. Original magnification (A) ×100,  
(B, left) ×200, (B, right) ×640. Image in panel A contains  
36 merged microscopic fields.
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regions of extrahepatic epithelial tissues at 2 months 
after cell infusion, small ducts lined by simple cuboi-
dal epithelium, and two hepatocyte patterns, acini 
with central canalicular lumens and cords with small 
bile canaliculi. These structures recapitulate the liver 
parenchyma and bile ductules of both immature and 

mature liver. Ducts and hepatocytes were dispersed 
within connective tissue that displaced the normal 
splenic architecture (Supporting Fig. S1).

Spleens in recipient rats with BDL also showed 
large regions of engrafted and differentiated donor 
cells (Fig. 3A), but these contained a wide variety 

Fig. 2. Tissue repopulation by transplanted fetal liver cells in bile duct-ligated and control rats. ED15 fetal liver cells derived from 
DPPIV+ donors were transplanted without PH into the spleen of DPPIV– F344 rats with BDL or untreated rats. (A) In BDL rats, 
enzyme histochemistry for DPPIV (red) shows that transplanted stem/progenitor cells engrafted in the liver and formed hepatic cell 
clusters of various sizes at 2 months (A, left). However, only single cells or individual very small cell clusters (arrowheads) were observed 
in the liver of control rats (A, right). (B) Cells differentiated into hepatocytes expressing DPPIV in a bile canaliculi or bile duct cells 
expressing DPPIV in the cytoplasm. (B, right panels) Atypical larger cell clusters were used to show DPPIV expression patterns in the 
control group. (C) Differentiation into both hepatic lineages was confirmed by dual IHC for DPPIV/HNF4α (C, above) or DPPIV/
Cldn-7 (C, below), performed on tissue sections derived from BDL rats. Original magnification (A) ×100, (B,C) ×200. Images in A 
contain 36 merged microscopic fields. Abbreviations: Bd, bile duct cells; DAPI, 4′,6-diamidino-2-phenylindole; Hc, hepatocytes.
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of DPPIV+ epithelial structures (Fig. 3B) in addi-
tion to hepatocytes (Fig. 3C,a) and small ducts  
(Fig. 3C,b). Some larger ducts and cysts were lined 
with flattened epithelium and others with “hobnail” 
epithelium (Fig. 3C,c). Organized structures included 
branching intestinal segments lined by columnar epi-
thelium with interspersed goblet cells that had lumina 
filled with deteriorating cells and mucin (Fig. 3C,d,e). 
Nonluminal structures included round masses of 
cuboidal cell groups that recapitulated pancreatic islets 
(Fig. 3C,f ).

To further characterize intrasplenic formation of 
(non)hepatic tissues, we examined tissue samples for 
specific gene expression. We used RT-PCR anal-
yses, controlled by analysis of ED15 fetal liver, to 
survey endoderm-derived tissues (Fig. 4; Supporting 
Fig. S2). The relatively low mRNA expression values 
of progenitor markers (Fig. 4), which are normally 
highly expressed on ED15(5) (Supporting Fig. S2A),  

and abundant expression of hepatocyte- and bile 
duct-related genes (Fig. 4) indicated maturation 
and liver lineage differentiation of donor cells at  
2 months after cell infusion in both control and  
BDL spleens. Subsequent immunohistochemical anal-
yses for alpha-fetoprotein (AFP) and δ-like (Dlk)-1 
showed that the majority of transplanted cells differ-
entiated into mature cells because these progenitor 
markers were rarely detected (Supporting Fig. S3).  
The expression patterns of hepatocyte phenotypes 
were confirmed by IHC for HNF4α (Fig. 5A). 
Furthermore, glycogen detection by the PAS reaction 
demonstrated hepatocyte maturation and hepato-
cyte-specific metabolic activity in the spleens of 
both control and BDL rats (Fig. 5B). Other markers, 
comprising SRY-related high-mobility group box 9 
(Sox-9), Cldn-7, cytokeratin (CK)-7, oval cell marker 
(OV-6), and CK-19, showed patterns characteristic of 
bile ducts (Fig. 5C,D; Supporting Fig. S4A-C).

Fig. 3. Differentiation of fetal liver cells into nonhepatic tissues in the recipient spleen of BDL rats. (A,B) Panels show histochemical 
detection of DPPIV in tissue formed at the intrasplenic injection site 2 months after ED15 fetal liver cell infusion. Note the variety of 
donor-derived DPPIV+ cell structures with nonhepatic phenotypes in rats that underwent BDL prior to cell transplantation, mature 
hepatic cords with small central DPPIV+ and hepatic acini with a central DPPIV+ lumens, hepatic cords and cholangiolar ducts, 
and an intestinal tube with goblet cells. (C) Hematoxylin and eosin staining of spleen tissue in BDL rats at 2 months after cell 
infusion. The panels show (a) hepatic cords, (b) cholangiolar ducts, (c) simple cysts lined with f lattened (arrows) or “hobnail” epithelium 
(arrowheads), (d) an intestinal cyst, (e) an intestinal tube with goblet cells surrounded by a circumferential stroma, (f) and a pancreatic 
islet with adjacent acini. Original magnification (A; C,a-c,e,f) ×200, (B) ×400, (C,d) ×80. Each image in panel A contains 20 merged 
microscopic fields.
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Fig. 4. Gene expression of tissue outgrowth in spleens 2 months after cell infusion. RNA was extracted from control spleens and 
cell-infused spleens from rats with or without BDL (n = 3/group), pooled, and analyzed by qRT-PCR. Plots show mean ± SEM values 
of two replicates for each analysis. Abbreviations: Alb, albumin; CD133, clusters of differentiation 133; Epcam, epithelial cell adhesion 
molecule; Gcg, glucagon; G6Pase, glucose-6-phosphatase; Ins2, insulin 2; Lgr5, leucine-rich repeat containing G protein-coupled 
receptor 5; Muc2, mucin 2 oligomeric mucus/gel-forming; Sprr1a, small proline-rich protein 1A; Tat, tyrosine aminotransferase; Vil1, 
villin 1.
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To relate these expressions to induced nonhepatic 
tissue structures, we performed immunohistochemi-
cal analyses for pancreatic and duodenal homeobox 1 

(Pdx1), insulin, caudal type homeo box 2 (Cdx2), villin, 
CK-1, and CK-13, which characterize mature pancre-
atic tissue, intestinal epithelium, and esophagus (Fig. 6) 

Fig. 5. Characterization of DPPIV+ donor cell-derived tissue structures in the spleens of BDL or untreated DPPIV– recipient rats at  
2 months after cell infusion. (A) Tissue sections from spleen regions at the injection site of fetal liver cells were immunohistochemically 
analyzed for hepatocyte-specific HNF4α. (B) Panels illustrate glycogen storage detected by PAS staining in donor-derived mature 
hepatocytes (B, upper panels). Pretreatment with diastase confirmed hepatocyte-specific glycogen in transplanted cells (B, lower panels). 
(C,D) Tissue sections were immunohistochemically analyzed for bile duct-specific Sox-9 and Cldn-7 expression. Liver sections were 
used as controls. DPPIV detection gives central linear staining of bile canaliculi in hepatic cords, the luminal surface of cholangiocytes 
in bile ducts, and cytoplasmic staining of scattered intestinal cells, vascular, and undifferentiated ducts. Original magnification ×400 
(additional analyses in Supporting Fig. S4).
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and are not expressed in fetal (Supporting Fig. S5) or 
adult livers (Fig. 6). We observed ductular cell structures 
with nuclear Pdx1 expression and islets of Langerhans 

with scattered Pdx1-positive and insulin-positive cells 
in spleens of BDL rats, indicating differentiation into 
multiple pancreatic lineages (Fig. 6A,B). Cdx2 and 
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villin were expressed in donor cell-derived intestinal 
epithelium in BDL rats but not in normal recipi-
ent rats (Fig. 6C,D). Moreover, various cytokeratins 
(CK-7/14[OV-6]/19) normally expressed in bile ducts 
and intestine were also expressed in the induced non-
hepatic tissues (Supporting Fig. S4, middle panels). 
Further immunohistochemical analyses for CK-1/13 
demonstrated esophageal tissue structures within the 
spleen of cell-transplanted BDL rats (Fig. 6E,F). 
Moreover, simultaneous detection of DPPIV/Pdx1,  
DPPIV/villin, and villin/Cdx2 confirmed that non-
hepatic tissues observed in the spleen of BDL rats 
were derived from transplanted stem/progenitor cells  
(Fig. 6G).

Taken together, these studies clearly demonstrate 
that cells from fetal liver show multilineage endoder-
mal differentiation and maturation in the spleen when 
stimulated by BDL.

Discussion
Growing evidence that fibrosis and cirrhosis can 

be reversible in humans raises hope that patients with 
chronic liver diseases can be treated with an appro-
priate antifibrotic therapy in the future.(22) Numerous 
antifibrotic strategies have been evaluated to date in 
rodents; however, therapeutic options are still limited 
in humans. Therefore, alternative strategies are des-
perately needed to compensate for the loss of func-
tional tissue mass and fibrosis in diseased livers.

For a better understanding of key factors and con-
ditions stimulating engraftment and expansion of 
stem cells in the host microenvironment that augment 
hepatic tissue replacement, we established two hepatic 
fibrosis models in mutant DPPIV– F344 rats.(4,19) 
Using BDL, a preclinical model of biliary fibrosis with 
a milder liver injury than TAA-induced cirrhosis, we 
made important observations with potential for future 
clinical and research applications. First, our studies 
demonstrated that high numbers of fetal liver cells can 

be infused into the recipient spleen without adverse 
side effects. Ectopically transplanted epithelial stem/
progenitor cells migrated to the fibrotic liver where 
they engrafted, differentiated into both hepatic cell 
lineages, and formed cell clusters. Second, we showed 
that fetal liver cells exhibit multilineage differentiation 
potential into intestine, pancreas, and esophagus that 
form at the injection site of the spleen in BDL rats. 
Thus, rat fetal livers harbor endodermal multipotent 
stem cells while BDL provides a stimulus that causes 
them to differentiate into nonhepatic endodermal 
tissues. Although fetal liver is a potential source of 
therapeutic endodermal stem cells, the human coun-
terpart is not likely to be used for therapeutic liver 
repopulation. Nevertheless, the stem cells represent an 
excellent tool to identify the essential properties that 
enable fetal cells to effectively engraft and repopulate 
the liver, with the ultimate goal of engineering human 
cells to reproduce these properties. Moreover, BDL/
splenic injection is an experimental system that can 
be applied to differentiation of both endogenous and 
iPSC-derived stem cells (Fig. 7).

Cell delivery through the portal circulation is 
the preferred route for clinical cell transplantation. 
However, ectopic infusion will be necessary if the 
portal vein is inaccessible and can reduce the risk 
of portal hypertension and liver infarction after 
transplantation of high cell numbers.(23,24) Using a 
preclinical swine model, Raschzok et al.(25) demon-
strated that hepatocytes that were infused intra- 
arterially into the spleen migrated and engrafted 
in the recipient liver with significantly decreased 
microembolization compared to intraportal cell 
infusion whereas cells directly injected into the 
splenic parenchyma were retained. In a recent phase 
I-II, matched, case-control study, preliminary results 
suggest that infusion of human unfractionated fetal 
liver cells through the splenic artery could be a 
well-tolerated procedure in patients with advanced 
cirrhosis.(26) Because the authors transplanted 
unlabeled cells of low quantity, subsequent studies 

Fig. 6. Multilineage differentiation of transplanted fetal liver cells within the splenic microenvironment of BDL rats. (A-F) 
Immunohistochemical analyses of donor cell-derived tissue structures in the spleen of recipient rats with or without BDL prior to cell 
infusion. Tissue-specific markers were used to characterize differentiated fetal liver cells. Sections from pancreas, intestine, esophagus, 
or liver were used as positive or negative controls (first or second column). Antibody-stained sections demonstrated that intrasplenically 
engrafted donor cells differentiated into various nonhepatic tissues in BDL rats (third column) but not in normal recipient rats (fourth 
column). (G) Simultaneous IHC confirmed that newly generated tissue structures derived from differentiated donor cells. Original 
magnification (A-G) ×200, (G, right panel) ×400, (E, second panel from right) ×640; additional analyses in Supporting Fig. S5.
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exploring engraftment and differentiation behavior 
of immature donor cells are missing. In the present 
study, we transplanted high numbers of fetal liver 
cells into the spleen of BDL rats and showed that 
this delivery route was well tolerated. Our analyses 
provided clear documentation that BDL stimulates 
differentiation and expansion of engrafted cells in 
the liver. Because engraftment/repopulation levels 
at 2 months were only a few percent, considerably 
lower than observed in advanced fibrosis/cirrhosis,(4) 
we did not expect an effect of stem/progenitor cells 
on fibrogenesis and therefore did not characterize 
liver function or fibrosis levels. Nevertheless, the 
results show that even mild injury drives expansion 
of ectopically transplanted stem/progenitor cells.

Liver cells originate from the foregut endoderm 
and start expressing hepatic lineage genes with the 
formation of the hepatic bud on ~ED9.(27) At ED14, 
three types of hepatic lineage epithelial cells were 
identified, bipotential AFP+/albumin+/CK-19+ cells, 
hepatocytic AFP+/albumin+/CK-19¯ cells, and bili-
ary AFP¯/albumin¯/CK-19+ cells.(15,16) However, the 
majority of fetal liver cells are hematopoietic. Early 

lineage cells without these markers are also likely. 
Both AFP+ populations express Dlk-1, another pro-
genitor marker that is absent from mature liver but 
reactivated in adult progenitor cells.(11,28) Under non-
selective conditions, intraportally infused Dlk-1+ fetal 
cells engraft in the liver.(11) We now show that fol-
lowing intrasplenic injection, epithelial fetal liver cells 
also engraft in the spleen and differentiate into more 
mature hepatic lineages.

Our previous reports showed that unfractionated 
or Dlk-1-enriched cell suspensions derived from 
ED14/15 rat fetal livers differentiated predominantly 
into hepatocytes and cholangiocytes in normal and in 
TAA-induced cirrhotic liver. Repopulated DPPIV+ 
cells expressed albumin, asialoglycoprotein recep-
tor, uridine 5’-diphospho-glucuronosyl transferase, 
and glutamine synthetase. They also showed glu-
cose-6-phosphatase expression and glycogen storage. 
All are characteristic markers of mature functional 
hepatocytes.(4,11,12) Moreover, transplanted fetal liver 
cells formed ducts and expressed CK-19, Cldn-7, 
OV-6, epithelial cell adhesion molecule (EpCAM), 
clusters of differentiation (CD)44, and connexin 43, 

Fig. 7. Experimental summary.
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indicating differentiation to cholangiocytes.(4,11) The 
present study also showed differentiation to hepato-
cyte and cholangiocyte lineages in the liver as there 
were characteristic DPPIV expression patterns and 
HNF4α or Cldn-7 expression for hepatocytes and 
cholangiocytes, respectively. However, growth in the 
spleen showed different processes. Without BDL, 
the cells made a network of small ducts and hepatic 
structures showing Sox-9, Cldn-7, CK-7, OV-6, 
CK-19, HNF4α, and hepatocyte-specific glycogen. 
Hepatocytes and bile ducts were still present after 
BDL but were now accompanied by multipotent for-
mation of intestine, pancreas, and esophagus. This 
multiorgan differentiation suggests stimulation of 
prehepatic endodermal stem cells within the injected 
cell mixture(29); such stem cells have been character-
ized in the fetal intrahepatic biliary tree.(30) The high 
expression of Sox-9, which marks the differentiation 
of stem cells into a variety of tissues and organs,(31) 
shows a critical feature of this multilineage differenti-
ation. In addition, prominent expression of Cdx2 and 
Pdx1 reveals the cell fate specification into intestinal 
and pancreatic structures.(32-34)

The present study uncovered the remarkable dif-
ferentiation potential of fetal liver. The newly gener-
ated nonhepatic tissues (mainly intestinal structures 
and to a lesser extent pancreatic islets and esophagus) 
were observed after BDL, indicating the presence 
of specific systemic factors or cytokines that stimu-
late stem cell differentiation. It is also important to 
consider how BDL stimulates this differentiation of 
nonhepatic endoderm. Because the initiating process 
is in the liver, stimulation of differentiation in the 
spleen must act through an endocrine mechanism. 
Bile acids, cytokines, and other disease-specific fac-
tors are all possibilities. High serum concentrations 
of bile acids are characteristic of BDL rats(35,36) and 
have also been reported in humans with obstruc-
tive cholestasis, advanced cirrhosis, and end-stage 
cholestatic liver diseases.(37) Moreover, bile acids can 
induce ectopic expression of Cdx2 and mucin 2 oligo-
meric mucus/gel-forming (Muc2)(38) and can initi-
ate hepatic differentiation of stem cells(39) through 
activation of the farnesoid X receptor (FXR).(40) 
However, our analyses detected very low levels of 
Fxr mRNA in both freshly isolated and differenti-
ating fetal liver cells (Supporting Fig. S6A). A direct 
effect of bile acids during the observed multilineage 
differentiation process therefore seems unlikely. 

Three other factors are prominent. We recently 
demonstrated marked up-regulation of interleukin 
(IL)-6, fibroblast growth factor (FGF)18, and oste-
opontin following BDL.(19) Osteopontin, a pleio-
tropic cytokine and downstream target of Sox-9, is 
a major regulator of liver fibrosis,(41) and FGF18 
stimulates proliferation in liver and small intestine 
as a growth factor.(42) However, we found no evi-
dence that previous studies investigated the effect of 
osteopontin or FGF18 on Cdx2 or Pdx1 expression. 
High serum concentrations of IL-6 were reported 
in experimental fibrosis/cirrhosis models(43,44) and 
in patients with liver cirrhosis of different etiolo-
gies.(45) IL-6, a multifunctional cytokine synthesized 
by fibroblasts, monocytes, Kupffer cells, T cells, and 
endothelial cells,(46) can induce up-regulation of 
Cdx2 in epithelial cells.(47,48) Because differentiat-
ing fetal liver cells express high mRNA levels of the 
essential IL-6 signal transducer glycoprotein 130(46) 
(Supporting Fig. S6B), IL-6-mediated signaling 
could be involved in the discovered multilineage dif-
ferentiation. Nevertheless, all three of these factors 
warrant further investigation.

Our observations could have a significant impact 
on the field of regenerative medicine. Cell-based ther-
apies have aimed to restore normal liver function, and 
numerous studies have characterized the liver repop-
ulation capacity of various candidate cell populations. 
Different protocols have been established to induce 
hepatocyte-like cells in vitro from immature cells, 
e.g., iPSCs.(49,50) However, these are not the same 
as the stem cells of normal development or the spe-
cialized stem cells that arise in injured livers. Specific 
injury provides new stimuli for differentiation that 
might refine the programming of donor stem cells. 
Identifying these stimuli is therefore an important 
goal. Moreover, the splenic microenvironment pro-
vides an excellent platform for studying the differenti-
ation potential of populations designed for cell-based 
therapies.
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