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ABBREVIATIONS 

The species of a given subpopulation of cells is indicated by a small letter preceding the acronym for 

the subpopulation:  p= porcine; m= murine; h=human. 

AHEP, adult hepatocytes;   AFP, α-fetoprotein; ALB, albumin; BGs, Brunner’s Glands (also called 

duodenal glands), stem cell niches in the submucosa of the duodenum; BTSCs, biliary tree stem cells, 

multiple stem cell subpopulations found throughout the biliary tree and within the walls (intramural) or 

attached to the outside of the walls (extramural) of the ducts; CD, common determinant; CD44, 

hyaluronan receptors; CD133, prominin; Cdx2, caudal type homeobox 2;  CFTR, cystic fibrosis 

transmembrane conductance regulator; CK, cytokeratin protein; CXCR4, CXC-chemokine receptor 4 

(also called fusin or CD184; also called platelet factor 4); DEG, differential expression of genes; EGF, 

epidermal growth factor; ELSMCs, early lineage stage mesenchymal cells, consisting of angioblasts 

and their descendants, precursors to endothelia and to stellate cells;  EpCAM, epithelial cell 

adhesion molecule; FAH, fumaryl-acetoacetate hydrolase, an enzyme critical to tyrosine metabolism 

(its absence results in type I tyrosinemia); FGF, fibroblast growth factor; HBs, hepatoblasts; HGF, 

hepatocyte growth factor; HGF, hepatocyte growth factor; HpSCs, hepatic stem cells; KM, Kubota’s 

Medium, a serum-free, wholly defined medium found effective for multiple endodermal stem cell 

subpopulations; KRT, cytokeratin gene; LGR5, Leucine-rich repeat-containing G-protein coupled 

receptor 5 that binds to R-spondin; Mafa, V-Maf Musculoaponeurotic Fibrosarcoma Oncogene 

Homolog A;  MMPs, matrix metallo-proteinases,  a large family of proteinases associated with dissolution 

of extracellular matrix, with cell migration and with regenerative responses; MSCs, mesenchymal stem 

cells; NANOG, a transcription factor critically involved with self-renewal; NCAM, neural cell adhesion 

molecule; NGN, neurogenin; NRG, NOD-Rag1-/-IL2RgammaC-null; NIS, sodium iodide symporter; 

OCT4, (octamer-binding transcription factor 4) also known as POU5F1 (POU domain, class 5, 

transcription factor 1), a gene expressed by stem cells; PBGs, peribiliary glands, stem cell niches for 

biliary tree stem cells; PDGs, pancreatic duct glands, stem cell niches in the head of the pancreas in 

pigs; PDX1, pancreatic and duodenal homeobox 1, a transcription factor critical for pancreatic 

development; SALL4, Sal-like protein 4 found to be important for self-replication of stem cells; SOX, Sry-

related HMG box; SOX2, a transcription factor that is essential for maintaining self-renewal, or 

pluripotency in embryonic and determined stem cells. SOX9, transcription factor associated with 

endodermal tissues (liver, gut and pancreas); SOX17, a transcription factor essential for 

differentiation of liver; VEGF, vascular endothelial cell growth factor. 
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ABSTRACT 

A network of co-hepato/pancreatic stem/progenitors exists postnatally in the intrahepatic, 

extrahepatic and intrapancreatic biliary trees of pigs and humans and found to support hepatic and 

pancreatic regeneration throughout life. The stem/progenitors have genetic signatures in 

liver/pancreas-related RNA-seq data based on Correlation, hierarchical clustering, KEGG and Short 

Time-series Expression Miner (STEM) analyses. Representative phenotypic traits are expression of 

pluripotency genes (SOX2, OCT4, KLF4), endodermal transcription factors (SOX9, SOX17, PDX1, 

NGN3), other stem cell traits (NCAM, EpCAM, BMI-1, CD44), and proliferation biomarkers (Ki67).  

 Stem/progenitor niches in vivo are in peribiliary glands (PBGs) throughout the intrahepatic and 

extrahepatic biliary tree, in duodenal submucosal glands (Brunner’s Glands), and in pancreatic duct 

glands (PDGs).  The highest numbers of niches in humans are in PBGs in the hepato/pancreatic 

common duct, a duct missing in pigs; by contrast, the highest numbers in pigs are in Brunner’s Glands 

and in a subset of PDGS, those nearest to the duodenum.  Elsewhere in PDGs in the porcine 

pancreas, and in all PDGs in the human pancreas, are found only committed unipotent and bipotent 

progenitors.   

Multipotentiality of the stem/progenitors was indicated by their ability to yield hepatic versus 

pancreatic fates under distinct ex vivo conditions or in vivo when organoids of them were transplanted 

onto liver versus pancreas using patch grafting strategies. The findings establish pigs as logical hosts 

for translational/preclinical studies assessing grafts of organoids of the biliary tree’s co-

hepato/pancreatic stem cells as cell therapies for diseases and dysfunctions in liver and pancreas both 

for humans and for veterinary animals.  

 

INTRODUCTION 

The hepato/pancreatic biliary tree in all mammals comprises ramifying ducts connecting the liver 

and pancreas to the duodenum1-5.  Descriptions of the biliary tree, its connections to the duodenum in all 

domestic animals2,4,6-8 and in humans9-13, and its embryological development have been described 

previously1,6,8,14-17.  

Various breeds of pigs (Sus scrofa domestics) are major animal species used in translational 

research, surgical models, and procedural training and are used increasingly as alternatives to primates 

for preclinical testing of pharmaceuticals and bioengineered products18-20. The similarities of pigs and 

humans in their anatomic and physiologic characteristics in organs have also made them a primary 

species of interest as organ donors for xenograft procedures21-23. Regulatory agencies require that a 

treatment be proven safe and effective in two species: a small animal (mice, rats) and a large one (pigs, 

dogs or primates).  After a review of the biological properties of liver, biliary tree, pancreas and duodenum 
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in various large animals, we have chosen pigs as models for preclinical studies of stem cell therapies for 

their ready availability, their costs, and especially for their many features that parallel those in humans. 

The veterinary literature provides extensive characterizations in all domestic animal species of the biliary 

tree and its connections to the duodenum3,24-28.  However, there is no information on whether pigs are 

like humans and postnatally have a network of co-hepato/pancreatic stem/progenitor populations and 

whether the features of the networks are similar2,6-8. Therefore, it was necessary to determine if a network 

of these stem/progenitors exist in pigs and, if so, to characterize the network with respect to the genetic 

signatures, in situ locations, and behavior of isolated stem/progenitors ex vivo and when transplanted in 

vivo.  

Extensive studies and characterizations of the human network have offered guides to 

experimental studies of the co-hepato/pancreatic stem/progenitors network5,26,29-33 .   In humans, the 

complex network is comprised of stem cells in extramural peribiliary glands (PBGs), ones tethered to the 

outside of the large ducts (³300 µm), and in intramural PBGs (within the duct walls), and in duodenal 

glands, also called Brunner’s Glands, in the submucosa of the duodenum5,29-31,34,35.  The extramural PBGs 

29,34 and Brunner’s Glands32 contain the most primitive of the stem cell populations identified and have 

anatomical connections to the intramural subpopulations5,29.   Key known functions of the biliary tree and 

pancreatic ducts are of being a conduit for bile from the liver and for digestive enzymes from the pancreas 

and, discovered now to be also a reservoir of multiple stem/progenitor subpopulations contributing 

throughout life to biliary, hepatic and pancreatic regeneration5. 

Intramural PBGs are found throughout the intrahepatic and extrahepatic biliary tree, especially at 

the branching points, in the cystic duct, and with the highest numbers in humans in the hepato-pancreatic 

common duct and the second highest numbers in the large intrahepatic bile ducts5,29,34,36. Mapping the 

phenotypic traits of stem/progenitors subpopulations in the intramural niches has made apparent a radial 

axis of maturation from a deep position within intramural PBGs, near to the fibromuscular layer; 

transitioning to a superficial position close to the duct’s lumen, at which site the cells have matured fully5.  

There is also a proximal to distal axis of maturation from the duodenum and extrahepatic biliary tree to 

the organ (liver or pancreas) in which the radial axes of lineages in ducts near the liver result in maturation 

to hepatic traits versus those in ducts near to or in the pancreas, acquire pancreatic traits.  Therefore, 

the intramural PBG niches by the fibromuscular layer are effectively stem cell crypts5,29,36.   

In humans, the intramural stem/progenitors give rise to late stage stem/progenitor populations 

located at the bottoms of villi in the gallbladder that has no PBGs30 and  to hepatic stem cells (HpSCs), 

located in the canals of Hering, and then to hepatoblasts (HBs) in or adjacent to the canals of Hering37.  

The HpSCs and HBs give rise to mature hepatocytes and cholangiocytes that continue the stepwise 

maturation ending with terminally differentiated, polyploid parenchymal cells near the central veins 37.  
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The terminal axin+ hepatocytes, linked on their lateral borders to endothelia forming the central vein, are 

diploid and are hypothesized to serve a regenerative role by replacing senescing, polyploid hepatocytes 

38.  The contributions of the terminal, diploid hepatocytes to facets of liver regeneration in rats has been 

implicated further by a recent extensive study of transcriptomic analyses  characterizing progenitor and 

mature traits in parenchymal cells of different ploidy and in particular zones of the liver acinus 39.  Although 

such a comprehensive and extensive transcriptomic study has yet to be done in humans or pigs, the 

implications are that the regenerative contributions of the terminal, diploid parenchyma handle apoptotic 

cells in normal liver and perhaps also certain pathologies such as damage from zone 3 toxins (e.g. CCL4).  

These regenerative responses complement those contributed by multipotent co-hepato/pancreatic stem 

cells within the biliary tree and the cellular lineages into the liver and pancreas and that they fuel.  

Although in humans there are stem cells in the accessory duct to the dorsal pancreas, there is 

evidence thus far only for bipotent and unipotent progenitors within the pancreas proper; rare cells within 

the pancreas express pluripotency genes, and in those cells, the expression is primarily or entirely 

cytoplasmic40,41 . The progression of maturational lineage stages within most regions of the pancreas has 

yet to be defined in either humans or pigs.   

Stem/progenitors have been found to contribute to liver and pancreatic organogenesis throughout 

life in humans5,31,34 and respond to regenerative demands in mice42 and humans5,35 .  In addition, the co-

hepato/pancreatic stem/progenitor network is recognized now as central to an understanding of certain 

pathologies relevant either to liver or pancreas or both31,35,43,44. 

Here we demonstrate parallels in the networks of co-hepato/pancreatic stem/progenitors in pigs 

and humans.  We used genetic signature studies by which to identify key biomarkers and then used those 

to locate niches of these cells within the liver, biliary tree, duodenum, and pancreas in pigs. Proof of their 

multipotentiality was achieved by isolating the stem/progenitor cell subpopulations and assessing their 

ability to give rise to hepatic or pancreatic cells ex vivo under defined culture conditions or with 

transplantation by patch grafting methods and strategies onto liver or pancreas. 

 

RESULTS 

Gross Anatomy of the Biliary Tree and Pancreatic Duct System in Pigs 

The gross anatomy of the hepato/pancreatic biliary tree is similar in all mammalian species in being 

comprised of ramifying ducts within the liver and the pancreas plus branching regions that are exterior to 

the organs and connecting the liver to the duodenum via the common bile duct and connecting separately 

the dorsal and ventral pancreas to the duodenum.  An exception to this pattern has been reported for two 

mammalian species, pigs and ox, that do not have a connection between the ventral pancreas and the 

duodenum and so do not have an hepato-pancreatic common duct found in all other species.  Given that 
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the hepato-pancreatic common duct is the site in all other mammals at which there are the largest 

numbers of niches for hepato-pancreatic stem/progenitors. It was necessary to re-evaluate the gross 

anatomy of the biliary tree and pancreatic duct system in pigs to confirm or to clarify these past reports.  

Newborn piglets euthanized for reasons unrelated to this study were collected for the purpose of 

mapping the gross anatomy of the intrahepatic, extrahepatic, and extrapancreatic and pancreatic bile 

ducts. CT scans were used to clarify their structures. The imaging reagent, Iopamidol 300, was pumped 

steadily into the common bile duct for imaging the structure of the entire porcine extrahepatic and 

intrahepatic biliary tree and their connections to the gallbladder and the cystic duct. (Fig 1A-B).  A 

reconstructed 3D image from the CT scan shown in Fig 1C indicates the intrahepatic and extrahepatic 

biliary tree of pigs share a similar structure and gross anatomy to that in humans with the exception that 

in pigs there is no ventral pancreatic duct that joins with the common bile duct.  Therefore, in pigs the 

connections with the duodenum comprise that between the duodenum and the dorsal pancreas and 

separately that between the common bile duct from the liver and the duodenum.    

To obtain greater clarity, the scans were repeated and combined with use of India ink injections.  Fig 

1D presents the gross anatomy of the biliary tree of a newborn piglet. Shown is the common duct, formed 

by the merger of the cystic duct and the extrahepatic ducts (Fig 1D-a), as well as the dorsal pancreatic 

duct, that entered the muscle layers of the second segment of the duodenum (Fig 1D-b).   

We were less successful with the intrapancreatic duct system.  The scans showed fragmented images 

of the ducts within the pancreas. The reasons for this are unknown.  Furthermore, when injecting India 

ink into the common duct, no dye was observed in the pancreas and pancreatic duct, a finding confirming 

that there is no direct connection between the common duct and the ventral pancreas (Fig 1E). Serial 

sections of the adjacent sites of the pancreas and common duct from 4 weeks-old piglets (Fig S1), 

provided further confirmation that there is no hepato-pancreatic common duct postnatally in pigs. A 

summary of the anatomical features in pigs is given in Fig 10A. 

 

Genetic Signature Studies comparing Porcine and Human Stem/progenitors versus Adult Cells 

Genetic signature studies (Figs 2-3) were used to guide us as to which markers could prove 

useful in identifying porcine stem/progenitors with findings to be compared with those found previously 

in the human network5,30,31,35.  RNAs from the porcine biliary tree (intrahepatic, extrahepatic), the 

accessory pancreatic duct, and the duodenal and gastric mucosal were collected for qPCR analysis and 

guided by the findings in the RNA seq studies. In Figs 2, 3, the porcine biliary tree’s stem/progenitors 

from gallbladder, cystic duct and common duct were compared with those of duodenal and gastric 

mucosal cells.  The findings revealed distinctions in genetic expression between cells within the biliary 

tree versus the duodenum and stomach.   
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We prepared cell suspensions of the neonatal piglet tissues  including the  gallbladder, cystic 

duct, and common duct, and from them isolated pBTSCs for the analyses by RNA-seq. Prior 

characterizations of human biliary tree, liver and pancreatic tissue5,31,35 included genetic signature studies 

using RNA-seq43.  The combination of the prior and current studies on human cells versus current ones 

on porcine cells enabled us to compare the findings in pigs with those from humans using data from the 

following fractions:  

CD45-, EpCAM+ cells from the extrahepatic biliary tree: biliary tree stem cells (BTSCs) 

CD45- , EpCAM+, NCAM+ cells from fetal liver cell suspensions: hepatic stem cells (HpSCs) 

CD45-, EpCAM+, ICAM-1+ cells from fetal liver cell suspensions: hepatoblasts (HBs) 

CD45-, EpCAM- cells from adult liver cell suspensions with cell sizes being >17/18 µm, being 

adult hepatocytes (AHeps) comprised of both diploid and polyploid hepatocytes. 

The genetic traits in the subpopulations [BTSCs to HpSCs, to HBs, to AHeps] were shown 

previously to be in patterns reflecting maturational stages from BTSCs to adult hepatocytes 43 (Fig 3). 

The differential analysis showed that there are only 174 differentially expressed genes between hBTSCs 

and hHpSCs, and 267 genes between hHBs and hAHeps (Fold Change>2; adjusted P-value<0.05, Fig 

3C). Therefore, hBTSCs are more similar to hHpSCs, while hHBs resemble hAHeps based on the 

correlation, hierarchical clustering and differential analyses (Fig 3). 

In Fig 2A, when mixing the pBTSCs data set with that from the RNA-seq analyses of the four 

maturational stages of human subpopulations [hBTSCs to hHpSCs, to hHBs, to hAHeps], the correlation 

analysis among the cell fractions showed pBTSCs share more genetic similarities with hBTSCs and 

hHpSCs rather than with hHBs and hAHeps, confirming that the pBTSCs have a genetic signature 

appropriate for stem cells.  The species differences between humans and pigs were indicated in heat 

maps of all genes with most significant SD values (Figs 3D-3E). Still the heatmap of the top 5,000 genes 

with most significant SD values (Fig 2B) and the top 3,000 genes with most significant SD values (Fig 

3E) indicated that pBTSCs’ genetics clustered with those of hBTSCs and hHpSCs and not with hHBs 

and hAHeps (Fig 2B, Fig 3).  

To confirm whether pBTSCs are more similar to hBTSCs or are nearer to hHpSCs, the 174 

differentially expressed genes between hBTSCs and hHpSCs were obtained. The clustering analysis of 

pBTSCs with those 174 genes indicated pBTSCs are more similar to hHpSCs than to hBTSCs (Fig 2C). 

Interestingly, when focusing only on the 90 up-regulated genes in hHpSCs, hypothesized to represent 

the stem cell characteristics of the hepatic lineages rather than that of the more primitive pBTSCs, these 

clustered more with hBTSCs (Fig 2D). Also, when focusing on 84 genes highly expressed in hBTSCs, 

the pBTSCs are at quite an early stage so that these 84 up-regulated genes in hBTSCs did not offer 

distinctions with those in the other lineage stages studied (data not shown).  
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For the sake of visualizing the relationship primarily between pBTSCs, hBTSCs and hHpSCs, the 

PCA analysis was also applied to the 174 differentially expressed genes and 90 up-regulated genes 

between hBTSCs and hHpSCs respectively. As is shown in Fig 2E, pBTSCs were located between 

hBTSCs and hHpSCs alongside the Principal Component 1 (PC1), consistent with the aforementioned 

clustering results. Taken together, the genetic signature study indicated that pBTSCs are stem cells in 

an intermediate maturational stage between hBTSCs and hHpSCs.  

 

pBTSCs are similar to hBTSCs 

Given that pBTSCs are at an intermediate stage between hBTSCs and hHpSCs (Fig 2A-2E), we 

defined further the maturational stage of the pBTSCs.  The differentially expressed genes (DEG) in cells 

at the stages (pBTSCs, hBTSCs, hHpSCs and hHBs) were compared to the genetic signature of adult 

parenchymal cells, hAHeps, to obtain their log Fold Change (logFC), representing their genetic distance 

from hAHeps.  

As shown in Fig 2F, the significant correlation coefficients of whole genes are gradually reduced 

from 0.49, 0.47 to 0.44 when the logFC of pBTSCs was compared to logFC of hBTSCs, hHpSCs and 

hHBs, indicating that pBTSCs are in a stage much closer to hBTSCs when compared to hAHeps. Of 

note, pBTSCs shares 1515 common DEGs with hBTSCs,1,115 with hHpSCs, but only 193 with hHBs, 

which confirmed our finding that pBTSCs in organoids are at an intermediate stage between hBTSCs 

and hHpSCs (Figure 2E). Interestingly, when further comparing the 1,515 common differentially 

expressed genes (DEGs) of pBTSCs and hBTSCs with the 1,115 common DEGs of pBTSCs and 

hHpSCs, a total of 814 intersected genes were shared (Fig 2G), implying that hBTSCs, pBTSCs and 

hHpSCs were similar with each other, consistent with our previous study that hBTSCs are closer to 

hHpSCs while hHBs are closer to hAHeps (Fig 2A-2E, Fig 3).  

Correlations of DEGs (pBTSCs: hAHeps) versus DEGs (hBTSCs: hAHeps) of the 814 intersected 

genes was R=0.7 (P<2.2E-16, Fig 2H), while for DEGs (pBTSCs: hAHeps) versus DEGs (hHpSCs: 

hAHeps) was R=0.65 (P<2.2E-16, Fig 2I). When including the other 701 genes of DEGs (pBTSCs: 

hAHeps) versus DEGs (hBTSCs: hAHeps) in Fig 2G, a more significant correlation coefficient was 

obtained (Rall=0.75, P<2.2E-16, Fig 2H). In contrast, when including the other 301 genes of common 

DEGs (pBTSCs: hAHeps) versus DEGs (hHpSCs: hAHeps), a lower correlation coefficient was achieved 

(Rall=0.62, P<2.2E-16, Fig 2I), thereby revealing pBTSCs and hBTSCs have higher similarity than 

pBTSCs and hHpSCs no matter analyzed by all common DEGs, intersected DEGs or the independent 

common DEGs. In summary, the correlation analyses indicated that pBTSCs are closer to hBTSCs rather 

than hHpSCs.  Taken together, all the computational analyses above revealed that pBTSCs are 

genetically clustered most closely to hBTSCs. 
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SOX2, SOX17 and PDX1 are highly expressed in hBTSCs and pBTSCs 

In Table 1 of Fig S4 are summarized the lineage markers for the stem cell populations identified in 

human studies5,34,36. A comparison of gene sequences of the markers in pigs and humans was done. It 

was found that the genes have >80% similarities in the two species, making them logical candidates for 

defining the porcine stem/progenitors (Fig 4). To confirm this hypothesis, we analyzed the expression 

patterns of those markers in human and porcine BTSCs versus in the fractions containing the more 

mature cells (Fig 3A and Fig 4). Both the human and porcine BTSCs express SOX2, SOX17 and PDX1 

but do not express mature parenchymal cell markers such as albumin (ALB), alpha-fetoprotein (AFP), or 

cystic fibrosis transmembrane conductance regulator (CFTR).  

Although there was less clean separation in the pig fractions as compared with the human 

fractions, the results yielded confidence that, at the least, the genetic traits of pBTSCs were clearly 

defined, were very similar to hBTSCs, and so could be used to guide immunohistochemistry and in situ 

hybridization studies to identify the locations of the niches of BTSCs in surveys of the tissues of neonates 

(Fig 5), weanling pigs (Fig 6) and 7-week-old pigs (Fig S2, S3).  

 

Stem/progenitor Niches were Identified in Piglets with BTSCs Stem Cell Markers 

A survey for the biomarkers identified for pBTSCs was done for the location of these cells in pigs 

of several ages and with special attention to where the largest numbers of them might be, given the 

absence of an hepato-pancreatic common duct4,5,8,36, a finding confirmed by our gross anatomy and initial 

microscopic studies.  The survey was done of the entire biliary tree and pancreatic ducts plus the 

Brunner’s Glands in the duodenum.  We prepared formalin-fixed liver, pancreas, biliary tree, gallbladder, 

and duodenum from piglets and embedded the organs and tissues from each neonatal piglet into a single, 

extra-large paraffin block, enabling us to evaluate all sites in a thin section of the relevant tissues (liver, 

pancreas, gallbladder, duodenum, and biliary tree) for biomarkers of stem cell traits. This significantly 

facilitated the survey to learn if the stem/progenitors exist and, if so, where they might be located.  

We found patterns of niches in newborn piglets (Fig 5), weanling (4-weeks-old) piglets (Fig 6), 

and 7-week-old pigs (Figs S2-S3). IHC staining for the SOX2, SOX17 and PDX1 was done on sections 

of the neonatal piglet tissue blocks (Fig 5). Positive cells were found in the PBGs in extrahepatic and 

intrahepatic biliary tree and in the portal zone of the liver but not in lobules within the liver and none within 

the gallbladder. In the neonatal pig pancreas, they were found in the accessory duct and inside the 

pancreas in the PDGs of the large intrapancreatic ducts, those nearest to the duodenum.   

We surveyed also for the expression pattern for EpCAM and Ki67 to identify sites for proliferation 

versus quiescent cells in the organs using Ki67 to indicate proliferating cells and EpCAM+/Ki67-negative 
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cells to identify quiescent epithelial cells. Sequential sections of these zones were assessed.   In Fig 6 

are shown the proliferating versus quiescent zones in the various tissues from neonatal piglets. In the 

liver, EpCAM+ cells were enriched in regions negative for Ki67, the ductal zone/portal zones of the livers. 

By contrast, Ki67+/EpCAM-negative zones were found in the rest of the parenchymal and non-

parenchymal zones of the neonatal pig liver.  

For neonatal pig pancreas, Ki67+ cells were found outside the ductal zone and indicated 

developing acinar cells as part of exocrine development during the first week of postnatal life; the neonatal 

pig pancreatic islets were EpCAM-negative. EpCAM+ cells were found at the ductal and some of the 

acinar zones near the islets.  For the neonatal piglets, the pancreas’s Islet and the ductal zones shared 

similar expression patterns for stem cell traits. However, the expression patterns showed a difference, 

which helped us to catalog the neonatal pancreas into islet portions, ductal portions and the remaining 

portions that included the acinar cells and the connective tissue. 

In the duodenum of neonatal piglets, Ki67+/ EpCAM-negative zones were found in the submucosa 

of the duodenum (near the intestinal crypts). By contrast, EpCAM+/Ki67-negative zones were found in 

the mucosa.  A summary of the findings is given in the table in Fig 6E.  

 

The BTSC niches in 4-week-old Pigs showed An Enrichment in the Cystic Duct 

IHC staining for the stem cell biomarkers was done using weanling 4-week-old pigs. By this age 

of pigs, the size of the tissues precluded embedding all of the tissues into one block.  In some of the 

images in Figure 7, the extrahepatic biliary tree containing the gallbladder, cystic duct, and common bile 

duct was detached from the liver, while the pancreas, pancreatic duct, the minor papilla and duodenum 

were prepared separately.  

In Fig 6A pluripotency markers (e.g. SOX2) were used to survey the stem cell niches in the 

tissues. Unlike that observed in newborn piglets, the gallbladder for the 4-weeks-old piglets presented as 

a much thicker, multi-layer structure and in which the cystic duct, the neck of the gallbladder connecting 

to the common bile duct, contained PBGs with cells recognized by antibodies to SOX2. There were no 

other zones positive for these traits found in the rest of the biliary tree for the 4-weeks-old piglet. There 

were positive signals observed in the PBGs at the major papilla region of the duodenum but at levels 

lower than observed in the cystic duct.  

The expression patterns of PDX1 and SOX17 were used also for locating the stem cells. Co-

expression of PDX1 and SOX17 implicates co-precursors for the pancreatic and hepatic/biliary lineages. 

The results shown in Fig 6A indicate that PDX1+ and SOX17+ signals were found in PBGs at the junction 

zone of the hepatic bile duct and cystic duct, as well as the cystic duct connection with the gallbladder, 
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and at the major duodenal papilla region. Interestingly no other regions of the biliary tree indicated positive 

cells.  

To identify niches in the pancreas, we used assays for various stem cell traits (EpCAM, PDX1, 

OCT 4, SOX2, SOX9) as well as for some mature markers (insulin, other islet hormones, acinar markers 

such as amylase). For piglets at 4-weeks of age, insulin expression was spread throughout the pancreas 

as clusters of cells. but these did not yet have an adult islet morphology.  EpCAM and PDX1 positive 

signals were observed in the large pancreatic duct in the head of the pancreas near the duodenum. There 

were no cells positive for either EpCAM or PDX1 in the body or tail of the pancreas at this age of pigs45 

 

Ex Vivo evidence of multipotency of pBTSC stem/progenitors  

We isolated pBTSCs from porcine biliary trees and generated organoids by protocols established 

previously for human stem/progenitors45.  The cells were maintained in serum-free Kubota’s Medium 

supplemented with 0.1% hyaluronans, conditions proven successful for ex vivo maintenance of 

stem/progenitor traits in BTSCs, HpSCs, and HBs43. In Fig S5A, IHC staining of the organoids indicated 

that they were positive for biomarkers of stem/progenitors (SOX2, OCT4, SOX9, SOX17, PDX1, EpCAM) 

and were negative for biomarkers of more mature parenchymal cells (AFP, insulin).  Some cells on the 

surface (but not the interiors) of the organoids were weakly albumin positive.  

Subjecting the organoids to defined hepatic versus pancreatic differentiation conditions (Table 

S3), resulted in cells rapidly losing stem cell traits.  The cells in the hepatic conditions converted from 

organoids to monolayer cultures with classic parenchymal morphology and with cells exhibiting increases 

in lipid depositions as indicated with Oil Red O staining (Fig S5B); in data not shown, they also increased 

expression of albumin, CYP2A19, and CFTR. With conditions for pancreas, the organoids transitioned to 

aggregates or clusters with islet morphology and with expression of Insulin and glucagon (Fig S5B and 

S5C).   

 

In Vivo Studies providing evidence of multipotency of porcine BTSC stem/progenitors  

To confirm further the multipotent differentiation potential of pBTSCs, we used patch grafting 

methods described previously to transplant organoids prepared from GFP+ transgenic pigs onto the 

liver versus pancreas of wild type pigs45.  Patch grafting, a novel form of transplantation of cells to solid 

organs, resulted in engraftment of donor cells throughout much of the liver (or pancreas) within a week 

45.  It occurred in two phases:  a remodeling phase in the 7-10 days post-transplantation, followed by a 

differentiation phase in the next 1-2 weeks of donor cells transitioning into mature cells.  In the 

remodeling phase, the liver’s Glisson`s capsule and the pancreatic capsule disappeared along with the 

histological structures dictated by extracellular matrix.  Donor cells were found throughout the 
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remodeling zone similar to that found previously.  The phenomena correlated with expression of matrix 

metalloproteinases (MMPs), especially secretory isoforms (e.g. MMP1, MMP2),  by donor organoids45. 

In the differentiation phase, the expression of MMPs faded followed by restoration of the organ 

capsules, matrix-dictated histological features and rapid differentiation of donor cells to adult fates. 

Patch grafts of GFP+ organoids onto the livers of wild type pigs resulted in classic remodeling 

(Fig 7A) with loss of the Glisson`s capsule and histological structures and with donor GFP+ cells found 

throughout the liver within a week. At this time point, the donor cells were observed at early stages of 

differentiation towards a liver fate with expression of HNF4α and α-fetoprotein (Fig 7B).  Within another 

week, the Glisson`s capsule was restored along with matrix component-dictated histological structures, 

and the donor cells had matured and expressed adult functions that included albumin, and, not shown, 

also other markers of mature hepatocytes such as CFTR, and CYP2A19.   

Patch grafts of GFP+ organoids attached to the pancreases of wild type pigs resulted in rapid and 

dramatic engraftment within a week (Fig 7C). GFP+ donor cells had migrated throughout much of the 

pancreas at the grafted site. Higher magnification images (Fig 7C) are of sections stained for insulin and 

with an antibody coupled to a red fluoroprobe, Novored; the section was also stained with DAPI for the 

nuclei. This enabled one to identify donor acinar cells (GFP+); host acinar cells (DAPI+); donor islets 

(yellow/orange color from merger of GFP and red fluoroprobes); and host islets (red).  The result shows 

that the donor cells have given rise to a significant percentage of the mature cells in the host pancreas 

and ones that are integrated fully amidst the host cells.   

 

DISCUSSION 

A network of co-hepato/pancreatic stem/progenitor niches is found in the intrahepatic, 

extrahepatic and intrapancreatic biliary tree and in Brunner’s Glands of the duodenum of postnatal pigs 

and that has parallels with the network in humans5,31 with respect to genetic signatures, expressed 

phenotypic traits, and locations of their niches in situ. A distinction is that the largest number of the 

stem/progenitors in humans is in the hepato-pancreatic common duct, but in pigs with no hepato-

pancreatic common duct postnatally, they are, instead, found within pancreatic duct glands (PDGs) in 

regions of the dorsal and ventral pancreas near to the duodenum. Elsewhere in the porcine pancreas, 

only bipotent and unipotent progenitors were found.   

In humans, there is evidence for life-long organogenesis of liver and pancreas derived from 

stem/progenitors in the biliary tree5,31.  In pigs, the findings support that they exist postnatally for 

developmental stages evaluated. qualifying young pigs for translational, preclinical studies for stem cell 

therapies.  Complementing the regenerative processes provided by the biliary tree-derived 
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stem/progenitors are other mechanisms such as plasticity of mature parenchyma and contributions by 

the terminal, diploid, axin+ hepatocytes38,39.  

  

Markers used to identify stem/progenitor niches 

Markers and niches for co-hepato/pancreatic stem/progenitors in human tissues were well defined 

in prior studies5,31,32,35 but had not yet been characterized in pigs. Genetic signature studies enabled us 

to define these in porcine tissues.  Those selected included SOX2, implicating pluripotent cells, and 

SOX2+ cells co-expressing SOX9, implicating determined endodermal stem cells.  Co-expression of 

SOX17 and PDX1 defined common ventral foregut progenitors46 cells giving rise to both liver and 

pancreas. Therefore, a combination of SOX2, SOX9, SOX17, and PDX1 for IHC staining proved sufficient 

to locate the stem cell niches in the tissues. 

PDX1 and SOX17 are known hepato/bilio/pancreatic stem cell markers that are detectable in 

murine embryos by e8.5. The expression of SOX17 in the ventral foregut endoderm region has been 

found essential for the segregation between liver and pancreato-biliary systems47. Deletion of SOX17 at 

e8.5 results in failure of expression of PDX1 and the loss of biliary structures and ectopic pancreatic 

tissue in the liver bud and common duct48. By contrast, overexpression of SOX17 suppresses pancreas 

development and promotes ectopic biliary-like tissue throughout the PDX1+ domain49. 

In humans, there are cells co-expressing PDX1+ and SOX17+ in the PBGs of the cystic duct and 

in PBGs throughout the intrahepatic and extrahepatic biliary tree; the largest numbers being in the PBGs 

of the hepato-pancreatic common duct and in the PBGs of the large intrahepatic bile ducts29,36.  In 

humans, in the gallbladder, that is devoid of PBGs, there are descendants of hBTSCs with late stemness 

traits29,30. Also, in humans there are descendants, hHpSCs, in canals of Hering, and their descendants, 

hHBs, next to canals of Hering, with late stemness traits and giving rise to hepatocytes and 

cholangiocytes. These adult hepatic parenchymal cells undergo stepwise changes in their phenotypic 

traits in parallel with changes in ploidy going from diploid cells near the portal triad to polyploid ones near 

the central vein 37. The final stage in liver, an hepatocyte, bound on its lateral border to the endothelia of 

the central vein, is diploid, shown to be regulated by Wnt signaling, and contributing to regenerative 

processes in replacement of terminally differentiated, polyploid hepatocytes38. 

An equivalent progression of stages in pancreas has not yet been done, though progression at 

least from the BTSCs to bipotent pancreatic ductal progenitors in pancreatic duct glands has been 

established 29,34,40,41. 

 

 

Wsd2- 0.239-3+ 
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Brunner’s Glands, duodenal glands in the submucosa 

Brunner’s Glands, submucosal duodenal glands, are composed of neutral, mucin-secreting, 

cuboidal to columnar cells with basally located nuclei and are comprised of cells arranged in lobules 

containing thin fibrous septa16. To date, much is known about the ways in which Brunner’s glands 

participate in ion transport and production of secreted factors, such as EGF receptor ligands15,16. 

However, until recently, nothing was known of them as a reservoir of stem/progenitors  related to hepatic 

and pancreatic cells.  Recent studies of these duodenal glands in humans indicate that they contribute  

postnatally to pancreatic and hepatic regeneration32. The studies here indicate that such stem/progenitors 

in the porcine duodenal glands exist, but further investigations are needed to define any relevance to 

hepatic and pancreatic fates. 

 

Major sites for the hepato/pancreatic stem/progenitors in pigs 

In pigs, four major stem cell niches were identified with cells with expression of SOX2, SOX9, 

SOX17, and PDX1. Primary sites were at the connection from the duodenum to the common bile duct 

and to the pancreatic accessory duct for all ages of pigs studied.  A third site with large numbers of the 

stem/progenitors materialized in the cystic duct in older animals (> 4 weeks of age).  The fourth site, 

unique to pigs, is in the PDGs, in regions of the dorsal and ventral pancreas near to the duodenum. 

Elsewhere in the porcine pancreas the precursors identified are progenitors. BY contrast, in humans, with 

rare exceptions, there are no stem cells within the human pancreas proper31,40,41,50.  Rather, the cells 

found in humans have negligible expression of pluripotency genes, although there are ones with traits 

indicative of bipotent or unipotent progenitors 40,41,50,51 .  

 

The missing hepato-pancreatic common duct in pigs 

An unsolved mystery was the missing hepato-pancreatic common duct in pigs (and true also for 

the ox)52.  During porcine embryo development, the rudiments of the nascent liver and pancreas develop 

similarly to that in all other mammals with there being a duct between the duodenum and the liver and 

two between the duodenum and the pancreas, one for the dorsal pancreas and one for the ventral 

pancreas. Differences in pigs develop at the 120 cm stage of embryos, following which the ventral 

pancreatic duct disappears, and the hepatic common duct and dorsal pancreatic duct connect separately 

with the duodenum.  This is demonstrated in the animation in the online supplement comparing 

development of the connections in pigs versus most mammals (represented by the dog).  
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We further confirmed this finding by evaluating pigs at several developmental ages.  Neonatal 

piglets proved an excellent first anatomical model that was easier to trace the connections of liver and 

pancreas to the duodenum due to the scarcity of fat tissue around the abdominal organs as compared to 

that found in adult animals. Both the anatomical and histological results showed no evidence of the 

existence of the ampulla for the hepatopancreatic common duct to the ventral pancreas after the 120 cm 

stage in fetuses and in neonates, confirming that from prior studies1,3,52.  We learned that the 

hepato/pancreatic co-stem/progenitors do exist in pigs, with many of the locations being the same as in 

humans (and other mammals), but with distinct subpopulations being in PDGs within the pancreas and 

near to the duodenum.  

 

Mystery of management of acinar-derived factors and their delivery to the intestine 

Another mystery that remains is how do acinar cell-derived factors, the digestive enzymes, gain access 

to the gut.  The only certain connection in pigs is the accessory pancreatic duct from the dorsal pancreas 

to the duodenum.  We are incredulous that all the digestive enzymes from the porcine pancreas are 

delivered through that channel, especially given the extraordinary sizes of the pancreas in adult pigs.  

Although considerable efforts were spent to identify any remnants postnatally of the ventral pancreatic 

duct in serial sections of the pancreas and of the duodenum and even to regions of the small intestine, it 

was never found.  We speculate that the especially close apposition of the duodenum to the head of the 

dorsal and ventral pancreas and to the initial regions of the small intestine might reveal an alternative, 

novel connection(s) allowing passage of pancreatic factors into the duodenum or intestine, an hypothesis 

to be tested in future studies. 

 

Conclusions 

Despite the primary distinction of pigs from all other mammals in not having an hepato-pancreatic 

common duct, pigs have a network of co-hepato/pancreatic stem/progenitors capable of maturing into 

liver or pancreas, one comparable to that in humans and other mammals.  Pigs are commonly used large 

animal models for translational/preclinical studies due to the similarity of the organ size and metabolic 

patterns between humans and pigs. Most aspects of the networks of stem/progenitors in humans and 

pigs are remarkably similar in location (summarized in Fig S6) and phenotypic traits, in the methods 

successful for their isolation, cryopreservation, and culture, and in the strategies for eliciting their 

differentiation to adult fates ex vivo and in vivo.  Other species-specific distinctions include: 

 1) there are larger numbers of PBGs in humans throughout the biliary tree, but the intrapancreatic 

biliary tree contained only bipotent and unipotent progenitors. By contrast, in pigs, there are stem cell 

populations within the pancreas in the PDGs near to the duodenum.  
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2) PBGs in pigs are fewer in number, concentrated near the duodenum, in the accessory duct to 

the dorsal pancreas, within PDGs within regions near to the duodenum, and, in older animals, also in the 

PBGs of the cystic duct. Elsewhere in the pancreas are bipotent and unipotent progenitors.   

The pig model used has a highly heterogeneous genetic background and is desirable in that it 

parallels the heterogeneous genetic constitutions in human populations. Considering that there are more 

than 40 breeds of the domestic pig, there might be distinct patterns of stem/progenitors in the biliary tree 

and duodenum for the other breeds, a suggestion worthy of future studies.  The studies to date support 

the conclusion that pigs should be ideal models for translational/preclinical studies relevant to the cell 

therapy potential of the stem/progenitors in normal and diseased conditions.  In our case, we hope to do 

such studies focused on patch grafting of organoids of BTSCs for treatment of hepatic and pancreatic 

diseases. 

 

MATERIALS AND METHODS 

The ones for this manuscript are provided in the online supplement. Many of the methods have been 

used routinely in multiple research studies and so are presented in similar or even verbatim 

descriptions to those in related publications45,53-56. 
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FIGURE LEGENDS 

Figure 1. The anatomical features of the porcine biliary tree and its connections to liver, pancreas 

and duodenum    

A. CT scans of porcine hepatic segments and biliary tree of a 7-weeks-old pig.  The 5 lobes can be 

distinguished from the image: 3 right lobes (right medial lobe, right lateral lobe, caudate lobe), 

and 2 left lobes (left lateral lobe, left medial lobe). Lipiodol ultra-fluid was pumped into the entrance 

of the common bile duct for the CT scan (Red arrow) for ~1h.  

B. The schematic structure of porcine hepatic bile duct and gallbladder.  

C. A 3D reconstituted model of porcine biliary tree was built according to the CT scan image by 

Osirix. The model shows the details of the biliary tree network in the pig's liver and the connections 

with the gallbladder and duodenum.  

D. Illustration of the abdominal organs for a 1-days-old piglet. The common duct and pancreatic duct 

enlargements in 1Da and 1Db have separate openings to the duodenum. Indian ink dye (blue) 

injections were made for further confirmation. No blue ink was found outside of the site where 

common duct enters the duodenum.  This was demonstrated from injections at multiple sites into 

the pancreatic duct and pancreas parenchyma.  

E. By splitting open the duodenum along the vertical axis, the minor duodenal papilla was located, 

indicated by blue ink, and is ~2 cm downstream to the hepatic bile duct connection to the primary 

duodenal papilla. 

 



Zhang et al 
Co-hepato/pancreatic stem/progenitor networks 

	

25	

	

  

Liver

Gallbladder

Stomach

Kidney
Pancreas

Duodenum

a

Accessory 
pancreatic duct

b

a

b

Common bile 

duct

Common bile 
duct

E

Interlobular 
bile duct

Common 
hepatic duct

Cystic Duct

Common 
bile duct

Gallbladder

Left 
hepatic duct

Perilobular bile 
duct

Duodenum

D

Gallbladder

G
a
llb

la
d

d
e
r

Pig Liver Lobes Biliary TreeB

Gallbladder

C

Fig 1 A



Zhang et al 
Co-hepato/pancreatic stem/progenitor networks 

	

26	

	

 

Figure 2. Genetic signature studies reveal similarities in porcine and human biliary tree stem cells   

A. Heatmaps of correlation of porcine biliary tree stem cells (pBTSCs, 5 samples) and four human cell 

subpopulations (hBTSCs, hHpSCs, hHBs and hAHeps) were prepared for the similiarity studies. The 

RNA-seq data of the five porcine biliary tree stem cells were mixed with the RNA-seq data of the four 

human cell subpopulations, and then the correlation analysis was done of all five types of cells for 

determining the lineage stages of the porcine cell subpopulations.  The correlation heatmap of the five 

types of cells indicating two main clusters, pBTSCs cluster with hBTSCs and hHpSCs, while hHBs cluster 

with hAHeps.  

B.  Top variable 5,000 genes among five types of cells (pBTSCs, hBTSCs, hHpSCs, hHBs and hAHeps) 

also shown the same pattern as the correlation heatmap. pBTSCs shares similar expression pattern with 

hBTSCs and hHpSCs, while a more distinguished pattern with precursor or mature lineages.  

C. Clustering analysis based on 174 differentially expressed between hBTSCs and hHpSCs.   

D. Clustering analysis of pBTSCs and four human lineages based on 90 up-regulated genes in hHpSCs 

comparted to hBTSCs.   

E. PCA analysis was processed for determining the equivalent lineage stage of pBTSCs in human 

hepato-biliary stem cells lineages.  

F. The pBTSCs, hBTSCs, hHpSCs, hHBs were all compared with hAHeps. In all scatterplots, individual 

genes are plotted based on log (fold change) value. R is Pearson’s coefficient of significant genes.  

G. Venn plot of common DEGs in Figure 2F, showing common DEGs of hBTSCs, pBTSCs and hHpSCs, 

and compared to hAHeps, respectively. The common DEGs among hBTSCs, pBTSCs and hHpSCs were 

named as intersected DEGs.  

H-I. Pearson’s coefficient of significant genes were used indicating further the similarities of DEGs 

(pBTSCs:AHEPs) compared to DEGs(hBTSCs:AHEPs) or DEGs(hHpSCs:AHEPs). R represents 

Pearson’s coefficient of DEGs. Rall= Pearson’s coefficient of all DEGs. 
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Figure 3.  Distinct genetic signatures in lineages as stem versus mature cells and analyzed by 

RNA-Seq. Comparison of the porcine versus human stem cells.  

A. Expression analysis for the top 3,000 genes of hBTSCs, hHpSCs, hHBs and hAHeps presented 

as four distinct populations.  

B and C. Principal components analysis (B) and Volcano Plots (C) demonstrate the similarities and 

difference of gene expressions between the two cell types. The red spots indicate genes that are 

upregulated in the cell type, while the blue spots indicate the ones downregulated. The spots locate 

in further distance to the center of the graph are the genes that have the most distinct expression in 

one of the cell types. The adjust p values are all below 0.05. Only the genes that had fold changes 

>4 (log fold change>2) were shown in the volcano plots.  

D. The clustering analysis of the correlation heatmaps of all genes that were the most distinct 

among all the five cell subpopulations; and E. the top 3,000 genes that had most significant SD 

values were presented to show the similarities among pBTSCs and hBTSC, hHpSCs versus hHBs 

and hAHeps.  
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Figure 4.  Selection of biomarkers to identify porcine stem/progenitors  

A. Candidate biomarkers for the niches. Heatmaps of the expression pattern of stem cells markers 

versus maturation markers of porcine biliary tree stem cells (pBTSCs, 5 samples) and four human cells 

(hBTSCs, hHpSCs, hHBs and hAHeps) were presented for selecting markers that can be used for the 

study of niches in porcine biliary trees.  

B. Candidate locations for the niches. Sections of the large, formalin-fixed, paraffin-embedded (FFPE) 

blocks include the liver, gallbladder, pancreas, duodenum, and the connective tissues from four 1-day-

old piglets.  They were studied for the distribution of PBGs among those organs and tissues.  

C. PAS staining of a section of neonatal peribiliary glands (PBGs) at the duodenum papilla.   

D. Table summarizing the abundance of the niches at different sites in the biliary tree and duodenum.  

E. qPCR for endodermal stem cell markers versus maturation markers for duodenum and biliary tree 

tissues of neonatal piglets.  

 



Zhang et al 
Co-hepato/pancreatic stem/progenitor networks 

	

31	

	

 



Zhang et al 
Co-hepato/pancreatic stem/progenitor networks 

	

32	

	

Figure 5.  Stem cell niches in neonatal piglets  

Localization in situ of stem cells niches in 1-day-old piglet livers, pancreas and duodenum. 

Immunohistochemistry was processed on the sections of the Large-sized FFPE blocks of 1-day-old 

piglets using the set of stem cell markers (SOX2, SOX17, and PDX1) to identify the location of the stem 

cells niches in neonatal pig liver, pancreas, and duodenum. The left panel for every marker staining is 

the scaled image from the scanning of the entire section and presented to give the landscape of the 

stem cell niches for endodermal stem cells.  

A. SOX2. Notice that the liver shows a uniform dark staining in the section stained for SOX2. The SOX2+, 

SOX17+, PDX1+ stem cell niches can be observed primarily at the duodenum papilla where the 

hepatic common duct joins to the duodenum. For pancreas, the zones are mostly in the glands in the 

pancreatic duct located at the pancreas head and partially in the next region of the pancreas, but not 

in the tail lobe.  Cells doubly positive for Sox17 and PDX1 at the stem cell niches at the major papilla 

site at the duodenum.   

B. Compared to the stem cells markers and EpCAM, Ki67 was found in the parenchyma of the liver, 

pancreas and duodenum, and interestingly in distinct patterns in the three organs.  

C. SOX17. Peribiliary glands at the large intrahepatic bile duct, the accessory pancreatic duct as well as 

the Brunner`s glands in the submucosa at the duodenum indicated SOX17+ signals. 

D.  PDX1. The large extrahepatic bile duct was found to be PDX1-, while the peribiliary glands in the 

accessory pancreatic duct as well as the Brunner`s Glands in duodenum were PDX1+. 

E. A table is presented to summarize the staining pattern in the parenchyma and ductal areas for liver 

and pancreas, and for the submucosal Brunner's Glands and mucosa of the duodenum. 
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Figure 7. Survey of the niches in weanling (4-week-old) pigs 

A. Staining of SOX2, SOX17 and PDX1 showed a significant enrichment at the cystic duct and in the 

major papilla at the duodenum, illustrating the retention of stem cells niches for the adult pigs. Notice the 

positive signal for SOX17 in the deeper submucosa area of the duodenum.   

B. Staining of the pancreas of the weanling piglet. The stem cell niches were observed at the pancreatic 

duct near the duodenum and in the duodenal lobe adjacent to the head of the pancreas, according to the 

staining of EpCAM and PDX1.  They are not evident in the remaining lobes of the pancreas, where there 

are committed progenitors, but not stem cells, distinguished by expression of SOX9, FOXA2, INSULIN, 

but not PDX1, SOX2 and SOX17. 
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Figure 6. Niches in the weanling (4-week-old) pigs 

A. Staining of SOX2, SOX17 and PDX1 showed a significant enrichment at the cystic duct and in the 

major papilla at the duodenum, illustrating the retention of stem cells niches for the adult pigs. Notice the 

positive signal for SOX17 in the deeper submucosa area of the duodenum.   

B. Staining of the pancreas of the weanling piglet. The stem cell niches were observed at the pancreatic 

duct near the duodenum and in the duodenal lobe adjacent to the head of the pancreas, according to the 

staining of EpCAM and PDX1.  They are not evident in the remaining lobes of the pancreas, where there 

are committed progenitors, but not stem cells, distinguished by expression of SOX9, FOXA2, INSULIN, 

but not PDX1, SOX2 and SOX17. 
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Figure 7. In Vivo Differentiation potential of organoids of porcine GFP+ BTSCs  

A. Patch graft of GFP+ biliary tree stem/progenitor organoids on the liver of a wild type piglet.  Graft site 

at one-week post-transplantation.  The liver section was stained with an antibody to GFP and that was 

linked to Novored. Host nuclei are blue (4,6-Diamidino-2-phenylindole; DAPI). The GFP+ donor cells 

have pink nuclei (merger of Novored and the DAPI).  Even at a week, the donor cells had engrafted 

throughout the liver. The spring green color indicates stellate cells’ vitamin A autofluorescence; the forest 

green indicates parenchymal cells due to their autofluorescing lipofuscins.  

B.  Patch graft of GFP+ biliary tree stem/progenitor organoids on the liver of a wild type piglet. Graft site 

at one week showing loss of Glisson`s capsule and of altered hepatic histological features. In sites (1) 

(2), and (3), there are enlargements, shown on the right, and indicating that the engrafting organoids in 

the patch (1), and engrafted cells in the liver parenchyma are acquiring hepatic traits succh as the hepatic 

transcription factor, HNF4-a (2), and a-fetoprotein (3). 

C. Patch graft of GFP+ biliary tree stem/progenitor organoids on the pancreas of a wild type piglet. Within 

a week GFP+ donor cells had engrafted and migrated throughout much of the pancreas. The section was 

stained with DAPI for the nuclei. This enabled one to identify donor acinar cells (GFP+); host acinar cells 

(DAPI+); host islets (1, red) and donor islets (2, yellow/orange color from merger of GFP and red 

fluoroprobes). 
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