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Orthotopic liver transplantation continues to be the only effective therapy for patients with end-stage liver disease. 
Unfortunately, many of these patients are not considered transplant candidates, lacking effective therapeutic options that 
would address both the irreversible progression of their hepatic failure and the control of their portal hypertension. In this 
prospective study, a swine model was exploited to induce subacute liver failure. Autologous hepatocytes, isolated from the left 
hepatic lobe, were transplanted into the mesenteric lymph nodes (LNs) by direct cell injection. At 30-60 days after transplan-
tation, hepatocyte engraftment in LNs was successfully identified in all transplanted animals with the degree of ectopic liver 
mass detected being proportional to the induced native liver injury. These ectopic livers developed within the LNs showed 
remarkable histologic features of swine hepatic lobules, including the formation of sinusoids and bile ducts. On the basis of 
our previous tyrosinemic mouse model and the present pig models of induced subacute liver failure, the generation of auxiliary 
liver tissue using the LNs as hepatocyte engraftment sites represents a potential therapeutic approach to supplement declining 
hepatic function in the treatment of liver disease.
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Liver diseases are responsible for over 30,000 deaths 
annually in the United States.(1) Orthotopic liver 
transplantation (OLT) is too often the last resort and, 

currently, the only curative treatment for patients suf-
fering from irreversible hepatic failure.(2,3) Yet, OLT 
remains limited to the patients with favorable clinical 
conditions that would allow them to undergo a major 
operative procedure. Up to 30% of the patients with 
end-stage liver disease (ESLD) requiring OLT are either 
not considered candidates due to significant comorbid-
ities and advanced age or are expected to have reduced 
posttransplant survival.(4-6) Furthermore, donor short-
age remains a major challenge facing potential organ 
recipients affected by ESLD. Lastly, the cost of these 
operative procedures is an additional concern. For these 
reasons, cell-based transplantation has been proposed as 
one therapeutic alternative to OLT or as a bridge therapy 
while patients are waiting for organ transplantation.(7)

To date, hepatocyte transplantation has demon-
strated its functional utility in some limited animal 
models. From the transgenic urokinase(8-10) to the 
induced tyrosinemic mouse and pig models,(11-19) 
hepatocyte transplantation has successfully established 
its therapeutic potential with complete regeneration of 
the liver. Despite this encouraging prospect, human 
hepatocyte transplantation is still an experimental 
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procedure(7,20) with the expectation that successful 
preclinical animal studies would be further translated 
into innovative clinical options. For patients with 
ESLD, there is an additional challenge: most cellu-
lar therapies require cell engraftment in the diseased 
liver. Transplanted hepatocytes are generally injected 
in the spleen through the splenic artery, directly into 
the splenic parenchyma, or intravenously into the liver, 
through the portal vein (PV). Injected hepatocytes can 
rapidly migrate, actively or passively, to the diseased 
liver, regenerating hepatic mass. Such an approach 
limits, and possibly prevents, the efficacy of cellu-
lar therapy in a vast majority of patients with ESLD 
due to the presence of poor vascularized tissue in their 
diseased fibrotic and cirrhotic livers.(21) Furthermore, 
portal hypertension is a major complication of ESLD, 
making hepatocyte transplantation into a high- 
pressure portal system a risky procedure. In ESLD 
patients with massive fibrosis and irreversible lobular 
disarray, the intended induction of native liver regener-
ation by cell transplantation is a major biological chal-
lenge, and alternative sites for hepatocyte transplantation 
should be considered to meet the continued and sub-
stantial clinical demand while providing potential ther-
apeutic benefits through meaningful cell engraftment.

Previously, our laboratory showed that primary 
hepatocytes transplanted into tyrosinemic mice jejunal 

lymph node (LN) will engraft, proliferate, and generate 
an ectopic liver that will rescue the animal from a fatal 
liver disease. Here, as a first step to address the lack of 
an effective therapeutic option that would affect both 
the control of portal hypertension and the subsequent 
enhancement of the total functional hepatocellular mass, 
we developed a protocol in an outbred pig model to sur-
gically induce subacute hepatic failure. The aim of this 
study was to evaluate safety and feasibility of hepato-
cyte transplantation into LNs and to generate an ectopic 
liver tissue in a large animal model of subacute hepatic 
failure, different from the mouse tyrosinemic model.

Materials and Methods
aniMals
Six-month-old female Landrace pigs (~70  kg) from 
a certified vendor (Animal Biotech Industries, Inc., 
Doylestown, PA) were used in this study. All animal 
procedures were performed in compliance with the 
University of Pittsburgh after the approval of a protocol 
by the Institutional Animal Care and Use Committee 
regulations and were conducted within US Department 
of Agriculture regulations and an Association for 
Assessment and Accreditation of Laboratory Animal 
Care International facility.

sWine MODels OF liver inJUrY
The swine models of liver injury were conceived as the 
translational proof-of-concept preclinical experiments 
based on our encouraging results obtained with a fah−/− 
mouse model of tyrosinemia type 1.(22,23) We applied a 
similar concept in this Landrace swine model, where a 
surgically induced liver injury (right portal vein ligation 
[RPVL] or portacaval shunt [PCS]) with partial hepa-
tectomy was followed by hepatocyte transplantation 
into the mesenteric and perihepatic LNs. All animals 
included in this study were transplanted as described 
in the schematic illustration of Fig. 1A. The purpose 
of autologous hepatocyte transplantation was to mini-
mize immunogenicity while avoiding issues related to 
the use of immunosuppressive therapy.

eXperiMental Design
The operative procedures were conducted by a team 
of senior transplant and hepatobiliary surgeons and 
under general anesthesia provided by certified animal 

Address reprint requests to Eric Lagasse, Pharm.D., Ph.D., McGowan 
Institute for Regenerative Medicine, Department of Pathology, School 
of Medicine, University of Pittsburgh, 450 Technology Drive, Room 
329, Pittsburgh, PA 15219. Telephone: 412-624 5285; FAX: 412-
624-5363; E-mail: lagasse@pitt.edu

Eric Lagasse is the Chief Science Officer, Paulo Fontes is the Chief 
Medical Officer, and Roberto Lopez is a consultant to LyGenesis, Inc., 
and all own shares in the company.

This study was supported by an intramural research grant from the 
McGowan Institute for Regenerative Medicine and the National 
Institutes of Health, National Institute of Diabetes and Digestive and 
Kidney Diseases (R01DK114282 to Eric Lagasse).

*These authors contributed equally to this work.

Copyright © 2020 The Authors. Liver Transplantation published 
by Wiley Periodicals LLC on behalf of American Association for the 
Study of Liver Diseases. This is an open access article under the terms 
of the Creative Commons Attribution-NonCommercial-NoDerivs 
License, which permits use and distribution in any medium, provided 
the original work is properly cited, the use is non-commercial and no 
modifications or adaptations are made.

View this article online at wileyonlinelibrary.com.

DOI 10.1002/lt.25872

mailto:lagasse@pitt.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/


liver transplantatiOn, vol. 26, no. 12, 2020 FOntes et al.

Original article | 1631

Fig. 1. Ectopic transplantation of hepatocytes in swine models of subacute hepatic failure. (A) Schematic representation of the procedure. 
(B) Summary table of hepatocyte transplantations in 2 surgically induced liver injury models (RPVL or PCS). The number of cells 
injected and the number of LNs transplanted is shown. (C) Biochemical parameters during the course of the experiments (30 days). 
Results are expressed as mean ± SD of biochemical markers in animals with RPVL plus  left lobe hepatectomy (n = 3, blue line) or 
complete PCS plus left lobe hepatectomy (n = 3, red line).



FOntes et al. liver transplantatiOn,  December 2020

1632 | Original article

care takers. The surgical area (abdomen) was initially 
shaved and extensively scrubbed with povidone. The 
animals were prepped and draped in a sterile fashion 
after being stable under general anesthesia. The ab-
dominal cavity was entered through a midline incision. 
Abdominal retractors were used for further surgical 
exposure. The liver hilum was exposed, and the left lat-
eral segment (LLS) vasculature was isolated. The LLS 
was excised in a bloodless manner through the use of a 
reticulated stapler (Ethicon Inc., Somerville, NJ). The 
LLS was perfused ex vivo through the left PV with 
ringer lactate at 4°C and subsequently packed in an 
ice container for subsequent cell isolation. The right 
PV was properly isolated and further ligated (RPVL) 
prior to hepatocyte autologous infusion. The PCS 
was performed after complete isolation of the main 
PV beyond the confluence between the splenic and 
superior mesenteric veins (SMVs). The infrahepatic 
inferior vena cava (IVC) was isolated and encircled 
by vascular tape. The main PV was transected at the 
bifurcation level with a reticulated stapler (Ethicon) 
after previous proximal clamping at the SMV/splenic 
vein confluence. A vascular clamp (Satinsky, Medline 
Industries Inc, Northfield, IL) was placed to allow 
partial clamping of the IVC. An end-to-side anas-
tomosis (6-0 Prolene running suture) was performed 
between the main PV and the IVC after proper po-
sitioning and intraluminal flushing with heparinized 
saline solution. The clamps were removed after the 
completion of the PCS, and additional hemostasis 
was performed. A central intravenous (IV) access 
(Broviac, BD, Covington, GA) was placed into the 
superior vena cava for the postoperative care.

HepatOcYte isOlatiOn anD 
transplantatiOn
The cold ischemia time for the left liver lobe was  
<2 hours after the left lateral lobe hepatectomy (LLH). 
The liver segment was flushed with cold lactated 
Ringer’s solution in the back table, packed in a double 
sterile plastic bag with ice, and sent to the laboratory at 
4°C for subsequent hepatocyte isolation. Hepatocytes 
were isolated using a method derived from the 2-step 
collagenase perfusion procedure(24) with a viability 
over 90% and with a cellular mix containing more than 
90% hepatocytes. The animals remained in the oper-
ative room (OR) under general anesthesia during the 
cell isolation procedure (approximately 4 hours). The 
hepatocytes were transported back to the OR from 
the cell transplant facility in a cooler at 4°C. Separate 

5-mL syringes were used for cell infusion under sterile 
technique. Isolated hepatocytes (0.3 to 1.8 × 109 cells) 
were transplanted into 3-18 periportal/mesenteric LNs 
using 23- to 25-gauge needle syringes (25 to 50 × 106 
cells/mL) under direct vision. Capsular hemostasis was 
briefly performed with electrocautery (Bovie Medical 
Corporation, Melville, NY). No immediate intraop-
erative complications from the repeated hepatocyte 
intraparenchymal LN infusions were observed. The 
abdominal cavity was profusely irrigated with antibiot-
ics and antifungal solutions after meticulous hemosta-
sis had been achieved. The abdominal wall was closed 
in a 2-layer fashion. A sealing surgical dressing was 
placed (3M, Saint Paul, MN) over the skin closure. 
Experimental animals were properly killed at 30 days 
(n = 4) and 60 days (n = 2) after transplantation for 
the end-study necropsy (Table in Fig. 1B).

pOstOperative care
The animals were allowed to recover from anesthesia 
with appropriate monitoring and resume spontaneous 
ventilation. They received daily IV antibiotics and ad-
ditional medication by mouth twice a day. Postoperative 
care of the animals was under the direction of the med-
ical team and staff veterinarians. All animals received 
postoperative Banamine (Merck Animal Health, 
Madison, NJ; flunixin meglumine, 2.2 mg IV, intra-
muscular once every 6 hours) for analgesia. Animals 

taBle 1. Definition of genes investigated

Gene Symbol Gene Name Assay ID

ALB Albumin Ss03378640_u1

CYP1A2 Cytochrome P450, family 1, 
subfamily A, polypeptide 2

Ss04246175_m1

ASGR1 Asialoglycoprotein receptor 1 Ss04327457_m1

OTC Ornithine carbamoyltransferase Ss03374894_m1

CYP7A1 Cytochrome P450, family 7, 
subfamily A, polypeptide 1

Ss03378689_u1

CYP27A1 Cytochrome P450, family 27, 
subfamily A, polypeptide 1

Ss03377319_u1

ABCB1 ATP binding cassette subfamily B 
member 1

Ss03373436_m1

ABCC2 ATP binding cassette subfamily C 
member 2

Ss03373436_m1

DPP4 Dipeptidyl peptidase-4 Ss03383683_u1

LYVE1 Lymphatic vessel endothelial 
hyaluronan receptor 1

Ss03376355_u1

EpCAM Epithelial cell adhesion molecule Ss03384752_u1

PPIA Peptidylprolyl isomerase A Ss03394782_g1
ACTB Actin Beta Ss03378640_u1
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were monitored 24 hours/day by trained intensive care 
unit staff (Critical Care Technicians) from McGowan 
Institute for Regenerative Medicine (Pittsburgh, PA). 
Liver function tests were obtained daily for the first 
10 days and up to 30 or 60 days. Animals experiencing 
signs of hepatic encephalopathy (HE) and high serum 
ammonia levels were successfully treated with lactu-
lose (30 mL per os [po] 3 times a day) or neomycin 
(500 mg po quater in die) if showing signs of intrac-
table diarrhea. Early laboratorial evidence of massive 
hepatocellular necrosis (significantly high aspartate 
aminotransferase [AST] and alanine aminotransferase 
[ALT] serum levels) led to transient hepatic insuffi-
ciency but not to liver failure.

enD stUDY prOceDUres anD 
eXplant prOtOcOl
Each animal underwent a complete necropsy examina-
tion at the end of its established protocol. At 30-60 days 
after transplant, glucose was administered according to 
the results of the blood sample analysis and the general 
state of the animal, taking into particular consideration 
whether it was eating and drinking freely. Thiopental (le-
thal dosage) was given intravenously using the established 
central vein cannula to initiate euthanasia. Subsequently 
the animals had potassium chloride administered at a le-
thal dose to achieve cardiac arrest and electrocardiogram 
silence. A complete necropsy was conducted focusing on 
the transplanted LNs. The native liver was removed, ex-
amined, weighed, and processed for histology. Any gross 
change was described and photographed.

BiOcHeMical analYses OF 
BlOOD saMples
Blood collection was performed every day for the 
first 10 days and at 30  days after surgery. Porcine 
ALT, AST, alkaline phosphatase (ALP), total biliru-
bin, direct bilirubin, gamma-glutamyl transpeptidase 
(GGT), and ammonia concentration were measured 
by enzyme-linked immunosorbent assay (ELISA).

HistOlOgical analYses anD 
iMMUnOstainings
Tissues were fixed in 4% paraformaldehyde (PFA) for 
4 hours, infiltrated in 30% sucrose for 12 hours, and then 
embedded in optimal cutting temperature medium, 
frozen, and stored at −80°C. Alternatively, following 

24  hours of PFA incubation, tissues were embedded 
in paraffin. Histological stains (hematoxylin-eosin [H 
& E], Oil Red O, and Masson’s trichrome staining) 
were performed in paraffin-embedded sections, as de-
scribed elsewhere. For fluorescent immunohistochem-
istry staining, frozen sections were rehydrated with 
phosphate-buffered saline (PBS) and blocked with 
5% bovine serum albumin (BSA) or milk for 30 min-
utes. Sections were then incubated with primary an-
tibody for 1 hour followed by incubation with Alexa 
Fluor 488 and/or 594 conjugated secondary antibody 
(Invitrogen Corporation, Carlsbad, CA) for 30 min-
utes. Sections were mounted with Hoechst (Hoechst 
33342, Trihydrochloride, Trihydrate, Thermo Fisher 
Scientific, Waltham, MA)-containing mounting media.  
For chromogenic immunohistochemistry staining, 
paraffin sections were deparaffinized in xylene and re-
hydrated in graded alcohol. Endogenous peroxidases 
were blocked using 3% hydrogen peroxide for 10 min-
utes. Antigen unmasking was performed using 10-mM 
sodium citrate buffer with pH 6.0. Nonspecific binding 
was blocked by incubating the slides in 3% BSA in PBS 
supplemented with 0.05% Tween 20 (Thermo Fisher 
Scientific) for 30 minutes. The slides were exposed to 
primary antibodies overnight at 4°C, incubated with bi-
otinylated secondary antibody and later incubated with  
streptavidin horseradish peroxidase; 3,3´-diaminobenzidine  
was used as a chromogen. Immunostained sections 
were counterstained with Mayer’s (Sigma-Aldrich 
Chemicals Company, St. Louis, MO) hematoxylin and 
mounted in Permount mounting medium (Thermo 
Fisher Scientific). Images were captured with an 
Olympus IX71 (Olympus Corporation, Shinjuku City, 
Tokyo, Japan) inverted microscope.

antiBODies
The following reagents were purchased for immuno-
histochemistry in porcine tissues: ER-TR7, α smooth 
muscle actin (α-SMA), CD31, E-cadherin, Ki-67 
(Abcam, Cambridge, UK); cytokeratin (CK) 18 
(Chemicon International, Thermo Fisher Scientific); 
peripheral node addressin (PNAd), (BD Biosciences, 
Franklin Lakes, NJ); albumin (ALB; Bethyl 
Laboratories, Montgomery, TX); and cytochrome 
P450 7A1 (CYP7A1), cytochrome P450 27A1 
(CYP27A1), multidrug resistance–associated protein 
2 (MRP2), bile salt export pump (BSEP), CK7, and 
CK19 (Santa Cruz Biotechnology, Dallas, TX).
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Messenger rna eXpressiOn OF 
liver-relateD genes
Total RNA was isolated from the normal liver and 
LNs of a nontransplanted swine and from an ectopic 
and native liver of P147-13 using the RNAeasy kit 
(Qiagen, Hilden, Germany). RNA was quantified with 
the Nanodrop 2000c Spectrophotometer (Thermo 
Scientific). Reverse transcription was performed using 
TaqMan Universal polymerase chain reaction (PCR) 
Master Mix (Life Technologies, Carlsbad, CA) fol-
lowed by real-time PCR on an StepOne Plus real-time 
PCR thermal cycler (Applied Biosystems, Foster 
City, CA). TaqMan probes and primers were pur-
chased from Life Technologies (Table 1). Expression 
was normalized to β-actin (ACTB). Values repre-
sent mean  ±  standard deviation (SD; n  =  3 in each  
group).

tissUe Bile aciD MeasUreMent
Tissues were rinsed in ice-cold PBS, minced to small 
pieces, and then homogenized in 500 μL PBS by ul-
trasonication. The homogenates were centrifuged for 
15  minutes at 5000  rpm. Total bile acid (TBA) was 
measured in the supernatant by ELISA (BlueGreen 
Biotech, Shanghai, China), following the manufactur-
er’s protocol.

Results
aniMals
All animals survived the operative procedures and had 
no surgical complications. They displayed a transient 
weight loss with reversible mild-to-moderate hepato-
cellular damage, while showing signs of HE and labora-
torial evidence of massive hepatocellular necrosis. The 
RPVL animals with LLH (n = 3) were killed 30 days 
after LN injections. RPVL animals were clinically sta-
ble while showing signs of moderate HE, which was 
well controlled with continuous administration of lact-
ulose and neomycin. The PCS animals with LLH were 
sacrificed 30 days (n = 1) and 60 days (n = 2) after LN 
injections, respectively (Table in Fig. 1B). These 3 ani-
mals showed moderate HE and hepatocellular damage 
by laboratorial parameters. Eventually, all 6 animals 
included in this study showed clinical and laboratory 
signs of progressive recovery from the surgically in-
duced hepatocellular insult.

BiOcHeMical analYses OF 
BlOOD saMples cOllecteD 
DUring tHe eXperiMents
Liver function tests showed a classic pattern of hepato-
cellular necrosis in both groups. Transient elevations of 
ALT, AST, and ALP were a direct consequence of the 
liver injuries induced by the lack of portal flow, with 
the PCS group showing slightly more severe liver inju-
ries than RPVL group (Fig. 1C). As expected, eleva-
tions in serum total and indirect bilirubin were higher 
after the PCS. Direct bilirubin and GGT were similar 
in both groups. Surprisingly, the PCS animals rapidly 
restored most of their liver functions similarly to the 
RPVL animals, indicating the possible regeneration of 
hepatocellular mass lost in both groups.

HepatOcYte engraFtMent in 
lns aFter rpvl anD llH
CK18 was used as a hepatocyte marker during the ini-
tial immunohistological analysis. The positive control 
staining was established with the native liver, and the 
negative control staining was established with the nor-
mal LNs (Fig. 2A). ER-TR7, a marker of reticular fi-
broblast, was used to contrast CK18+ hepatocytes with 
the connective tissues delineating swine hepatic lobu-
lation patterns. Additionally, α-SMA and CD31 were 
used to assess the vasculatures in the different tissues 
collected, and PNAd was staining for high endothelial 
venules in LNs (Fig. 2A).

The transplanted LNs were identified by surgical 
clips placed after the initial cell injections (Fig. 2B). 
Macroscopic signs for the presence of ectopic hepatic 
tissue were consistently observed and initially seen as 
small red/brown patches within the parenchyma of 
the transplanted LNs. These ectopic sites of hepatic 
tissue were further identified by histology as clus-
ters of CK18+ and E-cadherin+ hepatocytes mostly 
under the LN capsule (Fig. 2C). The engrafted ecto-
pic hepatocytes were close to α-SMA+ vessels, but 
lacking a complete morphology of swine hepatic lob-
ules. ER-TR7 staining was dispersed around CK18+ 
hepatocytes, revealing additional signs of immature 
liver tissue. Furthermore, the proliferation marker 
Ki-67 was absent in hepatocytes engrafted into the 
LNs but was positive in lymphoid germinal centers, 
indicating that the RPVL created a transient ischemic 
event to the liver parenchyma, which was short lived. 
This result indicates the lack of further stimulation 
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for ectopic hepatocyte proliferation beyond 30 days in 
the RPVL animals. Our initial findings in the RPVL 
group suggested that transplanted hepatocytes can 

engraft, survive up to 30 days, and form some poorly 
organized hepatic tissue in the LNs. However, the size 
of the hepatic engraftment appears to be limited by the 

Fig. 2. Liver tissue generated by hepatocyte transplantation in LNs of pigs undergoing RPVL and partial hepatectomy. (A) Reticular 
and vascular networks in control pig liver and LN. Normal pig native liver immunostained for hepatocytes with (top left) CK18 (red) 
and for reticular fibroblasts and fibers (ER-TR7, green) and (top right) endothelial cells (CD31, red) or hepatic artery/PV with α-SMA 
(green). Normal pig LN stained with (bottom left) CK18 (red) and ER-TR7 (green) or (bottom right) CD31 (red) and high endothelial 
venules (PNAd, green). (B) Macroscopic view of a transplanted LN with surgical clips (circled in orange) to identify the sites where the 
hepatocytes were injected. Additional hepatic engraftments are observed on the surface of the LN and are indicated by yellow arrows. 
(C) Immunostaining of the engrafted hepatocytes in LN from transplanted animals P35-12, P36-12, and P37-12. The yellow rectangles 
highlight the area of magnification presented on the right side of the panel. (left) P35-12: general view of the injected LN and the limited 
engraftment of hepatocytes (CK18, green). White arrowheads indicate hepatocyte engraftment in a LN. (right) General view and higher 
magnification of the injected LN for P36-12 (top) and P37-12 (bottom). E-cadherin and CK18 (green) stained the hepatocytes; α-SMA 
(red) stained the vasculature; and Ki-67 (red) stained the proliferating cells. All immunostainings were counterstained with Hoechst 
33342 dye. Scale bar, 100 μm or as indicated.
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magnitude of the hepatic injuries induced in this swine 
model.

HepatOcYte engraFtMent 
in lns aFter pcs anD partial 
HepatectOMY
The PCS group was expected to be more effective 
than the RPVL for hepatocyte engraftment because 
it caused extended and sustained hepatocellular in-
jury due to the complete lack of portal flow. At 1 
month after liver cell transplantation, macroscopic 
signs of hepatocyte engraftment characterized by 
dark red tissue were clearly observed within the pa-
renchyma of the injected LNs (Fig. 3A, left image, 
yellow arrows). CK18+ and E-cadherin+ hepato-
cytes were identified at these locations forming he-
patic tissues, with a sagittal thickness up to 500 μm 
(Fig. 3A, middle images). The presence of Ki-67+ 
proliferating hepatocytes at the site of engraft-
ment after 30  days was an indication that induced 
hepatic injury was still present in the PCS animals 
when compared with RPVL animals (Fig. 3A, right 
image). Because of these encouraging data with the 
presence of actively dividing hepatocytes, the last 2 
animals were killed 2 months after hepatocyte injec-
tion. At necropsy, the injected LNs were identified 
and sliced longitudinally to macroscopically observe 
the presence of ectopic hepatic tissue (Fig. 3B, left 
image). A much larger mass of hepatic tissue, over 
1 mm in thickness, was identified in LNs by its red 
color. Moreover, immunostaining analyses of frozen 
sections using CK18/ER-TR7 detected the presence 
of normal hepatocytes properly organized within a 
normal swine cytoarchitecture in the formation of 
hepatic lobules (Fig. 3B, middle image), while dis-
playing normal swine sinusoidal and presumptive 
central vein histological features. However, Ki-67 
was not expressed in these hepatocytes, indicating a 
lack of further hepatic proliferation at 60 days in the 
PCS group (data not shown).

In the last animal with PCS (P147-13), devascular-
ization of the right and middle hepatic lobes conducted 
during the initial procedure generated additional liver 
injuries and prevented potentially the formation of 
perihepatic portal venous shunts toward the liver cap-
sule. In this animal, the regenerative response of the 
transplanted hepatocytes was even more robust, with 
large patches of hepatic tissues being identified 60 days 
after the initial transplant. Interestingly, an increased 

thickness on the LN-bounded ectopic hepatic tissue 
up to several millimeters was clearly detectable with 
feeder vessels (Fig. 3C, left images; Fig. 4B, for tissue 
thickness summary) when compared with previous 
specimens. A representation of 4 transplanted LNs 
collected and immunostained with CK18/ER-TR7 
showed a 43%-67% presence of hepatocytes per tissue 
section, with a weight of 2.3-5.7 g for the entire LN 
mass (Fig. 4C, lower left images). An estimated 30 g 
of ectopic liver tissue mass was regenerated in this 
animal, which represented approximately 2% of the 
1.5-kg native liver collected at the time of necropsy. 
Furthermore, similar to the control normal swine liver 
tissue, the presence of distinct hepatic lobules was 
observed by histology in the newly developed ectopic 
livers within the transplanted mesenteric LNs (Fig. 
3C, right top and bottom images). In addition, orga-
nized neovascularization containing red blood cells 
was identified at high magnification in these perisi-
nusoidal spaces, which were very similar to what was 
observed in the control liver (Fig. 3D). Interestingly, 
the development of hepatocellular steatosis, a com-
mon feature observed in hepatic segments after por-
tosystemic shunt, was present in the native liver but 
was not found in the ectopic liver tissues generated in 
the mesenteric LNs (Fig. 3D).

The presence of hepatic lobular configurations in 
the ectopic livers at 60 days after hepatocyte trans-
plantation was confirmed by Masson’s trichrome stain 
(Fig. 4A), outlining the normal hepatic–like collagen 
features in the new extracellular matrix developed 
after the initial ectopic hepatocyte engraftment into 
the LNs. Masson is a standard staining for the liver 
extracellular matrix, revealing specific features of 
hepatic scaffold anatomy, where the presence of col-
lagen fibers from the newly formed hepatic lobules 
is shown by the red background of hepatocytes sur-
rounded by blue-colored collagen, along the perisi-
nusoidal spaces. These classic structural features of 
hepatic lobular anatomy were clearly demonstrated 
to be present in the ectopic liver developed within the 
LN after hepatocyte transplantation. However, the 
staining with glutamate synthetase, which was posi-
tive in the ectopic liver of the tyrosinemic mouse,(22) 
is not positive in our pig’s model (not shown), indi-
cating a potential immaturity in the lobule formed. 
We hypothesized that the timing of the termination 
of the experiment (2 months) and the regeneration of 
the native liver may have prevented full maturation 
of the ectopic liver.
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Important information regarding the volume 
of the ectopic livers was further assessed indirectly 
through the measurement of the thickness of ecto-
pic liver tissues engrafted into LNs (Fig. 4B). In the 
RPVL animals, the thickness of ectopic liver tissue 
was limited to approximately 500 μm and was similar 
across all 3 animals in this group. In contrast with 
the PCS animals, ectopic liver tissue thickness was 
increased from >500 μm at 30 days to several mil-
limeters at 60 days, particularly after the additional 
liver injury performed in the third animal (P147-
13). These results indicate that the level of native 
liver injury was apparently driving the regenerative 
potential of ectopic liver growth. However, a surpris-
ing outcome was the absence of Ki-67+ hepatocytes 
60 days after PCS. This observation suggested a loss 
of stimuli for hepatocyte proliferation and liver tis-
sue growth in the PCS group once the lack of portal 
flow was fully compensated by intrahepatic shunts 
developed within the right lobe along the IVC. To 
quantify the regeneration of the native livers after the 
devascularization procedures, these specimens were 
weighed and further examined after the end-study 
necropsy. Both morphology and weight revealed a 
compensatory growth of the remaining native liver, 
regaining an average 1.5 kg expected liver mass for 
pigs weighing approximately 70 kg on average (Fig. 
4C). This finding was not particularly surprising in 
the swine model, despite the complete lack of por-
tal flow through the native PV after the PCS. The 
IVC is completely engulfed by the right hepatic lobe, 
which allows a close to full restoration of trophic 
portal flow to the right lobe through the formation of 

new intrahepatic shunts after a complete PCS. The 
liver-wrapped IVC would explain the compensatory 
growth observed after PCS, limiting longterm stud-
ies with this swine model.

ectOpic liver FUnctiOn in 
tHe pigs aFter tHe pcs
The ectopic livers presented similar histological mor-
phology to the native healthy livers, regarding ALB 
expression and glycogen storage (Fig. 3D and not 
shown). More importantly, bile duct cells and the neo-
formation of biliary ducts were clearly identified in 
and around the ectopic liver tissues developed in the 
LNs (Fig. 5A,B). This observation is different from 
our previous experience because no bile duct cells were 
identified in our mouse models of ectopic livers.(22,23) 
Both intrahepatic and extrahepatic CK19+ and CK7+ 
bile duct cells were detected in the swine ectopic livers 
(Fig. 5A,B).

Next, to determine if bile acids were being accumu-
lated into the LN-bounded ectopic livers, bile acids 
were quantified in and around ectopic liver tissue. 
This analysis included the native liver, the ectopic 
liver, the engrafted LN (after removal of the ectopic 
liver tissue), and nonengrafted LN from experimen-
tal animal P147-13. A control (native) liver tissue 
was collected and used from a control pig. Analyses 
for the presence of bile acids revealed no accumu-
lation in the ectopic livers, suggesting bile secretion 
and extrahepatic transportation outside the ectopic 
liver tissue (Fig. 5C). In addition, no signs of intra-
hepatic cholestasis were observed in the ectopic liver 

Fig. 3. Hepatocyte engraftment in LNs after PCS and partial hepatectomy. (A) Macroscopic view of the sagittal section of the liver 
of pig P148-12 LN at 30 days after hepatocyte transplantation. The yellow arrows indicate the presence of highly vascularized hepatic 
engraftment. The yellow rectangles indicate the area of magnification presented in the panels to the right. The immunostaining of the 
frozen sections with CK18 and E-cadherin (green) highlights the presence of hepatocytes; ER-TR7 (red) indicates the reticular fibroblasts 
and fibers; PNAd (red) shows the high endothelial venules; and Ki-67 (red) shows the proliferating cells. (B) Macroscopic view of 
pig P194-12 LN 60 days after hepatocyte transplantation. Frozen sections were stained with CK18 (hepatocytes, green) and ER-TR7 
(reticular fibroblasts and fibers, red) and underscore the presence of hepatic lobules. (C) Macroscopic view of the abdominal region of 
pig P147-13 at 60 days after hepatocyte transplantation and in the place where hepatic engraftment was localized. A graphic drawing 
pointed out the presence of ectopic hepatic tissue with large vasculature. Frozen sections of normal native liver and ectopic liver tissue in 
LN were stained with CK18 (green) and ER-TR7 (red) to demonstrate the similar architecture of the pig hepatic lobules in normal native 
liver and in ectopic liver tissue. Four different LNs from the same animal were immunostained with CK18/ER-TR7 to show a similar 
engraftment in different LNs. The numbers represent the percentage of estimated engraftment of hepatic tissues per LN as well as the 
weights of isolated LNs. (D) (first and second columns) Paraffin-embedded sections of P147-13 LN with H & E showing the localization 
of ectopic tissue under the LN capsule (open arrowheads) as well as higher magnification of the rectangle with dotted lines demonstrating 
microvascularization between the hepatic plates with the presence of red blood cells. An ALB staining of the ectopic liver tissue is also 
shown. (third column) The control native liver H & E at low and high magnification. (fourth column) H & E of the native liver of pig 
P147-13 at low and high magnification showing vacuolated hepatocytes. The inserted picture after Oil Red O staining demonstrates the 
presence of fat and lipids in vacuolated hepatocytes of the native liver following PCS. Counterstaining for panels A-C was done with 
Hoechst 33342 dye. Scale bar, 100 μm or as indicated.
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tissue (Fig. 5A). To assess further molecular func-
tions of the ectopic livers, messenger RNA (mRNA) 
expression of liver-related genes was quantified. The 
mRNA levels of ALB, asialoglycoprotein receptor 1 
(ASGR1), ornithine carbamoyltransferase (OTC), 
CYP1A2, and dipeptidyl peptidase-4 (DPP4) in the 
ectopic livers were lower but were present when com-
pared with those in the control native liver (Fig. 5D). 
These results could be explained to some extent by a 

potential dilution of the remaining lymphoid tissues 
still present in the hepatized LN tissue analyzed, as 
well as the use of β-actin expression for normaliza-
tion. The expression levels of genes associated with 
the synthesis of bile acids from cholesterol and their 
secretion were also examined (Fig. 5D). Specifically, 
we focused on 2 members of the cytochrome P450 
gene family: CYP7A1, codifying for a rate-limiting 
enzyme in the synthesis of bile acid from cholesterol 

Fig. 4. Development of an auxiliary liver in pig LNs. (A) Masson’s trichrome stain to show the presence of liver lobules surrounded by 
blue colored collagen in (top left panel) the control liver and (top right and lower panel) auxiliary liver in LN. (B) Summary of hepatocyte 
engraftment in LNs by ectopic liver tissue thickness. (C) Weights of resected liver lobe, ectopic liver tissues, and native livers collected 
after each necropsy. All 6 experimental animals were used for this graph and presented as mean ± SD. Scale bar, 100 μm or as indicated.
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and CYP27A1, codifying for an enzyme prominently 
involved in the biosynthesis of bile acids.

Also, we examined 2 genes with products that 
are important for bile acid transports: ATP binding 

cassette B1 (ABCB1) and ATP binding cassette C2 
(ABCC2). We found these genes to be all expressed 
in the ectopic livers. In addition, immunostaining of 
BSEP as well as CYP7A1, CYP27A1, and ABCC2 
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showed positive hepatocyte (Fig. 5E), reinforcing our 
findings regarding the integrity of some biliary secre-
tion pathways in the ectopic livers. These results were 
consistent with the bile acid levels present in the ecto-
pic liver, which were at similar levels to the normal liver 
(Fig. 5C). This outcome suggests that hepatocytes in 
the ectopic livers were able to metabolize cholesterol 
into bile acids then to export these bile acids, possibly 
through newly formed CK7+/CK19+ bile ducts.

Discussion
Livers and LNs are unique organs with complemen-
tary cell biology features, as the former can regener-
ate effectively while the latter can nurture cell growth 
and expansion continuously as a natural bioreactor. By 
transplanting hepatocytes into LNs, we had previously 
demonstrated our ability to regenerate anatomically and 
histologically functional ectopic liver tissues, which act 
as auxiliary livers capable of rescuing tyrosinemic mice 
from a lethal liver disease.(22,23) In the present study, our 
goal was to demonstrate that hepatocytes transplanted 
in large animal models of liver disease, different from 
tyrosinemia, could also engraft within the LN and 
could organize into complex ectopic liver tissues with 
normal cytoarchitecture such as liver lobules and mi-
crovascularization. Our swine models of subacute liver 
failure are more clinically relevant to patients experi-
encing progressive liver failure than tyrosinemic models 
because reliable large animal models for ESLD remain 
elusive. In addition, swine and human livers have sev-
eral anatomical similarities that create unique oppor-
tunities for proof-of-concept preclinical experiments 
regarding innovative hepatobiliary therapies.

PCSs have been extensively used as a reliable model 
for subacute liver failure in large animals. Furthermore, 
portosystemic shunts have evolved clinically into more 
selective and minimally invasive procedures, such as 
the transjugular intrahepatic portosystemic shunt, 
which became the standard of care in a selected group 

of patients with ESLD that was complicated by portal 
hypertension. We also used our knowledge in auxiliary 
liver experimentation, where important concepts of 
hepatotrophic factors and feedback regulation between 
native and ectopic liver segments have been elegantly 
documented in the past.(25,26) These PCS experiments 
were an attempt to create the proper conditions for 
ectopic hepatocyte regeneration and growth in a chal-
lenging environment for the native liver experiencing 
the acute interruption of effective portal flow followed 
by massive hepatocellular necrosis and potential sub-
hepatic failure. However, this model, which simulates 
early hepatocyte engraftment and proliferation after 
transplantation, also lacks a prolonged up-regulation 
of hepatic regeneration.

During the course of moderate hepatic damage, we 
showed that autologous hepatocytes transplanted into 
LNs have the ability to proliferate and, subsequently, to 
organize into functional vascularized ectopic liver tissues 
containing hepatic lobulation and neoformed biliary 
structures. Our results demonstrated the validity in our 
approach of transplanting hepatocyte into the LNs with 
the newly developed hepatic tissue responding positively 
to hepatic injury as previously seen in auxiliary liver 
models. The well-described hepatostat feedback regu-
lation mechanism involving the native liver is capable 
of both promoting and limiting ectopic liver growth,(27) 
as subsequent native hepatic regeneration and compen-
satory growth can limit the growth of the ectopic liver 
downstream by direct hepatocellular competition.

In this swine model, the histological evidence of 
biliary duct structures associated with the basic biliary 
functions confirmed by transcriptional and metabolic 
assays reinforces our conviction about the feasibility of 
organogenesis driven by cell transplantation into the 
LNs as natural bioreactors. The presence of biliary cells 
may have come as a contaminant from the isolated liver 
cells infused into the LNs. However, recent evidence 
has suggested the origin of induced biliary differenti-
ation from early progenitor cells(28) while others have 
proposed transdifferentiation from hepatocytes.(29) 

Fig. 5. Auxiliary liver and biliary system. (A) Whole liver tissues engrafted in a LN of animal P147-13. Multiple pictures of H & E 
staining were taken to present the whole engrafted liver tissue in LN. The black rectangle indicates the area of magnification presented in 
the middle panel and the location where small bile ducts were identified, outside of the hepatic engraftment. In the left panel, the inset is 
a CK19 staining (brown) on a serial paraffin-embedded section identifying bile ducts. (B) Immunostaining of frozen sections from ectopic 
and control liver showing the presence of CK7+ bile duct cells, as well as the presence of intrahepatic ducts. (C) Tissues bile acid analyses. 
Bile acids were quantified in the normal (native) liver, ectopic liver, engrafted LN (without ectopic liver tissue collected), nonengrafted 
LN (in the experimental animals), and native liver (in the experimental animals). (D) The mRNA expression by quantitative polymerase 
chain reaction of ALB, CYP1A2, ASGR1, OCT, CYP7A1, CYP27A1, ABCB1, ABCC2, DPP4, LYVE1, EpCAM, ACTB, and PPIA; 
n = 3 per group, presented as mean ± SD. (E) Immunostaining of CYP7A1, CYP27A1, BSEP, and MRP2 (ABCC2) on frozen sections 
of the ectopic liver (red). All immunostainings were counterstained with Hoechst 33342 dye. Scale bar, 100 μm or as indicated.
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Interestingly, ectopic liver tissues have a similar to 
slightly higher level of TBA when compared with a 
normal liver, suggesting that bile acids are produced 
by hepatocytes in the ectopic liver and transported out 
of the newly formed hepatic lobules, possibly through 
neoformed biliary ducts. The apparently physiological 
bile efflux from the ectopic liver tissue could be draining 
into the intestinal lumen through newly formed septal/
area/segmental ducts seen macroscopically during the 
necropsy as potential microenteric lymphatic-biliary 
fistulas. Although we detected the presence of chol-
angiocytes and bile duct structures in the PCS swine 
model, confirmed the presence of bile acid transport-
ers, and detected no accumulation of bile acids in the 
ectopic liver, we have no data to indicate their func-
tionality in bile flow, from secretion to excretion. The 
LNs containing ectopic hepatic tissue did not show 
any macroscopic signs of bilomas during the necropsy. 
Rather, these LNs showed very fine white strings of 
lymphatic tissue, resembling the internal microbiliary- 
enteric fistulas seen in patients with biliary atresia 
years after a Kasai procedure has been performed.(30) 
Interestingly, the lymphatic transport of bile acids has 
been reported previously in humans,(31-34) suggesting 
that direct uptake of bile acids in the intestinal lymph 
is also possible.

Our study describes, for the first time, engraftment 
of hepatocytes into LN of a large animal with the devel-
opment of ectopic liver tissue that is independent from 
tyrosinemia. This result complements our previously 
published work with the tyrosinemic mouse model.(22,23) 
Our experimental pigs as models of acute liver damage 
were not designed to simulate massive liver loss but 
rather the induction of acute hepatocellular necrosis as 
a driving force for active but limited liver regeneration. 
Our preclinical experiments were aimed to show the 
safety and the feasibility of engrafting hepatocytes in 
the LNs of animals experiencing acute hepatocellular 
necrosis through the derivation of the main PV flow 
into the vena cava. The LNs where the hepatocytes 
engrafted showed increased size and possible blood 
flow from the local circulation, as a compensatory 
mechanism for the acute decrease of functional hepa-
tocellular mass. However, the regenerative process in 
our pig models was of a short duration, which explains 
the relatively small size of the ectopic liver tissue in 
LN when compared with the tyrosinemic mouse. For 
example, P147-13, the animal with the largest ectopic 
liver mass in LNs, had approximately 30 g or 2% of the 
native liver mass, possibly limited by the compensatory 

growth of the native liver that had regained its normal 
weight. This limited the growth of the ectopic liver 
mass in our pig model, which resulted in an inability 
to demonstrate the functionality of the transplanted 
hepatocytes as well as a difficulty in demonstrating the 
level of ectopic liver support that would be expected for 
patients with ESLD. Interestingly, in some patients 
with liver diseases, proliferation of hepatocytes in their 
native diseased liver has been reported previously,(35-37) 
and on the basis of our previous observations in animal 
models, we envision that transplantation of hepatocytes 
into the LNs of patients suffering from advanced liver 
disease could result in a more robust engraftment, pro-
liferation, and expansion of hepatocytes to form func-
tional auxiliary liver tissue.

For subsequent clinical applications of this combined 
approach of organogenesis and auxiliary liver develop-
ment through hepatocyte transplantation into the LNs, 
additional preclinical studies will be necessary to deter-
mine if allogeneic hepatocytes can properly engraft and 
grow when facing major histocompatibility issues requir-
ing the use of nonspecific immunosuppressive therapy. 
We previously showed that allogeneic mouse hepatocytes 
could engraft and develop in an allogeneic ectopic liver in 
a mouse LN,(23) but many factors can influence the sur-
vival of the transplanted allogeneic human hepatocytes, 
which will require a very focused initial target population 
in humans experiencing liver diseases. We are currently 
completing additional large animal studies using stan-
dard immunosuppression therapy in a fully mismatched 
allogeneic combination, where new options for cell injec-
tion are also being tested.

Moreover, a recent clinical trial of transplanting a 
very large number of allogeneic hepatocytes into the 
portal flow resulted in a robust acute cellular rejection 
and graft failure, potentially raising the question about 
the ideal route for hepatocyte transplantation away 
from the hepatic sinusoidal endothelial system.(38) 
Direct intraparenchymal hepatocyte transplantation 
into the LNs might allow better initial cell engraft-
ment and the subsequent induction of peripheral tol-
erance, becoming a less immunogenic transplantation 
approach site when compared with direct hepatocyte 
injection within the portal circulation.(39)
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