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Abstract

Purpose of review—Although the liver possesses a unique, innate ability to regenerate through 

mass compensation, transplantation remains the only therapy when damage outpaces regeneration, 

or liver metabolic capacity is irreversibly impacted. Recent insight from developmental biology 

has greatly influenced the advancement of alternative options to transplantation in these settings.

Recent findings—Factors known to direct liver cell specification, expansion, and differentiation 

have been used to generate hepatocyte-like cells from stem and somatic cells for cell therapies. 

Additionally, interactions between hepatic epithelial and non-epithelial cells key to establishing 

hepatic architecture have been used in tissue engineering approaches to develop self-organizing 

hepatic organoids and bio-artificial liver devices. Simultaneously, recent clinically applicable 

advances in human hepatocyte transplantation and promotion of innate hepatic regeneration have 

been limited.

Summary—Although mature hepatocytes have the potential to bridge or replace whole organ 

transplantation, limits in the ability to obtain healthy cells, stabilize in vitro expansion, 

cryopreservation, and alleviate rejection, still exist. Alternative sources for generating hepatocytes 

hold promise for cell therapy and tissue engineering. These may allow generation of autologous or 

universal donor cells that eliminate the need for immunosuppression; however, limits exist 

regarding hepatocyte maturity and efficacy at liver repopulation, as well as applicability to human 

chronic liver disease.
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INTRODUCTION

Since the early 1960s, liver transplantation has become a life-saving option for adults and 

children with end-stage liver disease. With improvement in surgical techniques, including 

use of partial livers and live donors, and management of post-transplant immunosuppression, 

the biggest obstacle in solid organ transplantation remains the limited availability of quality 

organs. While every other aspect of organ transplantation has evolved, there has been little to 

no movement in organ donation rates in the Western world in the last 50 years, and in Asia 

and Eastern Europe organ donation is still largely considered culturally taboo.

Advances in our understanding of liver organogenesis, biotechnology and bioengineering 

offer the hope of not only expanding the utility of donated organs, but also the dream of 

abolishing the need for donor organs by creating laboratory generated organs/organoids. 

Although in its infancy, when this technology fulfills its potential it could end the need for a 

transplant waiting list by providing size matched, genetically identical, immunologically 

privileged, healthy organs on-demand. Furthermore, advances in cell based therapy may 

eventually result in non-transplant options for treating a broad range of liver diseases and 

liver failure.

We will discuss current options and obstacles for maximizing available donor livers for 

transplantation using our current knowledge of liver organogenesis, the emerging practices 

that promise to expand the utility of currently available donated livers, and new technologies 

on the horizon for engineering livers for both clinical use and research.

REGENERATIVE CAPACITY OF THE HEPATOCYTE

The liver is alone among solid organs in its ability to regenerate full mass and function 

following extensive acute injury (as in acute liver failure) or partial resection (as in living 

donation/transplantation). The adult liver contains two main epithelial cell types, 

hepatocytes and cholangiocytes (i.e., bile duct epithelial cells). During development these 

two cell types are derived from the hepatoblast, a bipotential progenitor (1)(Figure 1A). 

Hepatocytes perform liver metabolic functions, including secretion of bile, and bile duct 

epithelial cells serve as a conduit for bile to drain from the liver as well as playing an active 

role in modifying bile composition (2, 3). Mouse studies using genetic reporters to trace 

hepatocyte lineage demonstrate that adult hepatic cell turnover is slow. Further, these studies 

reveal no evidence of a contribution from a non-hepatocyte stem cell during injury, 

suggesting that hepatocyte homeostasis does not require a rare stem cell held in reserve from 

development (4).

Hepatocytes perform a wide variety of tasks, such as gluconeogenesis, urea genesis, beta-

oxidation, and liponeogenesis (5). These functions are segregated between different zones of 

the liver functional unit (Figure 1B). Interestingly, mouse studies using refined genetic 

reporters to lineage trace either periportal (zone 1) or pericentral (zone 3) hepatocytes 

suggest that both sub-populations are involved in hepatocyte homeostasis (6, 7). Therefore, 

at this time, the primary hepatocyte population chosen for cell repopulation may not need to 
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be refined. Of note, periportal hepatocytes have been shown experimentally to undergo 

extensive proliferation without giving rise to hepatocellular carcinoma (6).

The mechanisms which govern, and limit, liver regenerative capacity include blood born 

soluble growth factors and cytokines found in the portal and systemic circulation, the 

influence of extracellular matrix components, interactions between hepatocytes and other 

resident liver cells (biliary epithelium, vascular endothelium, Kuppfer cells, etc), and 

changes in portal vein hemodynamics (8). The complex interplay of these variables is 

illustrated by the fact that when mature hepatocytes are removed from the native 

microenvironment they lose their ability to carry out liver-specific functions and their 

replication is stunted. For this reason, current use of mature human hepatocytes is limited. 

Hepatocyte cell transplantation involves replacing approximately 5–10% of the native liver 

volume with human hepatocytes harvested from donor livers which, for a variety of reasons, 

are unsuitable for conventional orthotopic liver transplantation (9). This method, first 

introduced more than 15 years ago, is appropriate for situations in which the metabolic 

function of the liver is compromised but the hepatic scaffolding and microenvironment 

remain intact – including genetic defects in key enzymes (liver-based metabolic disorders 

such as urea cycle defects) and sudden and extreme loss of functional hepatocyte mass 

(acute liver failure). Replacement of metabolically active hepatocytes can either completely 

correct the defect or, at a minimum, serve as a bridge to conventional transplant.

This type of cell-based therapy is limited by the availability of quality livers as a source for 

hepatocyte isolation, the advanced technology necessary to expand and maintain harvested 

hepatocytes, the potential loss of functionality when human hepatocytes are cryopreserved 

(vs. used immediately), the need for ongoing immunosuppression following hepatocyte 

transplant, which carries a higher risk of rejection than an intact organ, and the reported loss 

of functionality of transplanted hepatocytes over time (10, 11).

Unfortunately, the same factors that dictate whether an intact liver is suitable for 

transplantation (ABO compatibility, donor age, presence of steatosis, infectious risk, etc) are 

equally relevant for livers donated for hepatocyte isolation. Thus, alternate sources of 

hepatocytes from liver resections, discards from split liver grafts, livers from donors after 

cardiac death, and neonatal livers may represent better long-term sources for primary human 

hepatocytes (10, 12).

ALTERNATIVE SOURCES OF FUNCTIONAL HEPATOCYTES

If the progress in primary human hepatocyte transplantation has, by virtue of its requirement 

for clinical trials in fragile populations, been understandably slow, the progress in 

identifying other sources of functional hepatocytes amenable to transplantation (cellular 

therapy) and tissue engineering has been the opposite. In the absence of a bona fide liver 

stem cell, there has been increased focus on isolation of a bipotential facultative stem cell 

and the generation of hepatocyte-like cells in the laboratory.
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Facultative stem cell source

When hepatocyte proliferative capacity is exhausted by massive acute hepatocyte loss or 

indolent, chronic damage, a hypothesized facultative stem cell (FSC) population emerges 

(13). The origin of this postulated FSC has been a major focus to identify a potential 

alternative source for hepatocyte production. The FSCs are hypothesized to be quiescent 

cells residing in the periportal regions within terminal ductules (i.e., Canals of Hering) and 

when activated proliferate to produce ‘oval cells’ (14, 15). These ‘oval cells’ behave as a 

transient amplifying population with an intermediate phenotype expressing markers of both 

hepatocytes and cholangiocytes. Mouse studies using genetic reporters to lineage trace the 

contribution of cholangiocyte-derived FSCs to hepatocyte replacement has revealed no 

significant contribution in multiple chemical injury models (16–19). However, 

complimentary lineage tracing experiments revealed that pre-existing hepatocytes are the 

dominant source of newly formed hepatocytes (17, 19–23). Further, when the injury is 

relieved, the lineage traced ‘oval cells’ revert back to hepatocytes (20, 22). Remarkably, 

lineage traced hepatocytes also contributed to a limited amount of cholangiocytes (20, 22, 

23). It is possible that if a therapeutic hepatocyte population is identified, it might also be 

able to generate cholangiocytes given the correct signals and microenvironment. Overall, 

these mouse studies suggest that the ‘oval cell’ population represents hepatocyte metaplasia 

providing a way for hepatocytes to evade hepatocyte specific damage. Alternatively, the 

chemical injury models used in these mouse studies may not have provided the type or 

degree of injury necessary to stimulate the full potential of the hypothesized FSC. Indeed, in 

a genetic mouse model which induced 98% hepatocyte senescence by specifically deleting 

Mdm2 in hepatocytes, an expansion of FSCs was observed that contributed to liver 

regeneration (24**). This population of FSCs can be expanded in vitro and is capable of 

repopulating the hepatocyte Mdm2 deficient mouse model (24**). Although this work is a 

big step forward in identifying an alternative to primary human hepatocytes that can be 

expanded in vitro and has potential in vivo clinical benefit, it is unknown whether the 

extreme survival selection pressure generated in this specific model is relevant to human 

disease. Additionally, as implied by their definition as FSCs, these populations can only be 

isolated from an injury condition that carries with it the risk of potential genomic alterations. 

From a developmental perspective, these studies suggest that the adult hepatic epithelial 

differentiation state is not fixed but very plastic and can change depending on the injury type 

or severity, again highlighting the remarkable regenerative ability of the liver.

Lgr5+ organoid source

An interesting population of hepatic clonogenic cells are marked by the winged helix 

transcription factor Foxl1 and the leucine-rich repeat-containing G protein-coupled receptor 

5 (Lgr5) (25, 26). Only upon chemical injury are Foxl1- and Lgr5-positive cells detectable 

by genetic reporter lineage tracing in adult mice. These cells are cholangiocyte in character, 

demonstrate hepatoblast-like bipotential differentiation in vitro, but have low engraftment 

potential. However, Huch et al., used their knowledge of isolating and expanding Lgr5+ 

mouse liver and human intestinal organoids to develop a culture system for expansion of 

genomically stable primary human hepatic epithelial cells from a biopsy (27, 28). Like 

Foxl1 and Lgr5 cells, these cells are cholangiocyte in character, demonstrate bipotential 

ability in vitro, and have very low engraftment ability. Because there is great benefit to their 
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potential for in vitro expansion, future studies will need to fully evaluate the potential to 

substantially contribute to new engrafted hepatocytes.

Laboratory generated hepatocyte-like cell sources

The goal of multiple laboratories has been to generate hepatocyte-like cells from pluripotent 

stem, mesenchymal stem or somatic cells by differentiating them through a series of 

developmental cues in culture or by reprogramming them using key developmental 

transcriptions factors important for hepatocyte differentiation (29–35).

The most common approach to generate hepatocytes is to differentiate induced pluripotent 

stem cells (iPSC-Heps) derived from reprogrammed fibroblasts. The differentiation 

protocols use a combination of growth factors and cytokines supplied in the culture growth 

media that are known to induce hepatocyte differentiation during development (36–40). 

iPSCs are differentiated in a stepwise fashion from foregut endoderm through hepatic 

specification, hepatoblasts and finally to hepatocytes. Directed differentiation of iPSCs has 

also been used to generate cholangiocyte-like cells taking advantage of a similar approach 

with additions of extracellular matrices (41). Until a recent study by Carpentier et al., 

significant liver repopulation and detection of human serum albumin have been an issue 

using transplanted iPSC-Heps (42). New approaches to precondition rodent recipients by 

using irradiation to locally stimulate liver regeneration and providing hepatocyte growth 

factor to molecularly stimulate hepatocyte proliferation has proven successful in using iPSC-

Heps to treat a rat model of Crigler-Najjar syndrome (43). A similar approach to generate 

hepatocytes bypasses the need to fully induce a pluripotent state. Instead, hepatocytes are 

differentiated from induced multipotent progenitor cells (iMPC-Heps) derived from 

fibroblasts (44). Additionally, directed differentiation protocols taking advantage of growth 

factors and cytokines in culture media can be used to force hepatocyte differentiation of 

spherical adipocyte-derived stem cells aggregates (Sci-Heps) (45). These approaches 

demonstrate the ability of directing the differentiation of different types of stem/progenitor 

cells using developmental cues in vitro and the success of up to 20% liver repopulation (33).

Direct reprogramming can also be used to generate hepatocytes from somatic or stem/

progenitor cell populations (iHeps) (46, 47). Combinations of hepatic specification factors, 

such as HNF1, HNF4A, HNF6, FOXA3, ATF5, PROX1 and/or CEBPA, are virally 

expressed in fibroblasts to obtain hepatocyte-like cells within 2 to 4 weeks in culture. iHeps 

can readily be expanded in culture, demonstrate up to 30% liver repopulation, and improve 

survival from liver injury in mouse models (46, 47).

The critical barriers to successful cell therapy are obtaining sufficient cells with hepatocyte 

function, efficient engraftment and proliferation to achieve liver repopulation. The amount of 

liver repopulation to alleviate disease, potentially as low as 7.5%, may vary considerably 

depending on the specific disease (43). Additionally, the laboratory generated hepatocyte-

like cells are incompletely differentiated in vitro and therefore need to complete 

differentiation once they are engrafted. The contrast of global gene expression analysis 

comparing primary hepatocytes versus iMPC-Heps before and after engraftment 

demonstrate the change in the iMPC-Heps expression profile from more fetal to resembling 

primary hepatocytes once engrafted (44). It is unclear whether and how efficiently different 
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laboratory generated hepatocyte-like cells can mature once engrafted. This may explain 

some of the differences between human serum albumin levels and liver repopulation 

efficiencies of different laboratory generated hepatocyte-like cells (33). In addition, the type 

of pre-conditioning that has been used in animal models to maximize proliferation and 

repopulation may not be appropriate in human recipients, particularly the fragile populations 

in most need of alternative therapies.

Although the above strategies may eventually be useful for the same groups of patients as 

primary hepatocyte transplantation, that is, those with acute liver failure or metabolic 

disorders, their utility in patients with extensive hepatic fibrosis/cirrhosis with or without 

portal hypertension is questionable. Limited data on stem cell therapy in this setting has 

shown that it is feasible and may delay transplantation and decrease liver fibrosis, but long-

term benefit remains to be seen, and there are ongoing concerns about tumorigenic potential 

(48, 49).

MAXIMIZING INNATE HEPATIC REGENERATION

Advances in our understanding of mechanisms which govern, and limit, hepatocyte 

regeneration have the potential to influence clinical care on multiple fronts. The ability to 

influence the hepatic microenvironment in vivo, to promote rapid regeneration, could be 

used in acute liver failure, to facilitate rapid regeneration of the native liver and avoid the 

need for transplantation. The same techniques might be useful to expand the current pool of 

donor organs by allowing the use of marginal grafts and/or lowering the minimum graft 

weight necessary for transplantation without increasing recipient risk (i.e., small-for-size 

syndrome). In order for these techniques to be clinically relevant, they will need to be 

rapidly employed and effective.

Although the basics of regeneration in a normal liver, as exemplified in animal partial 

hepatectomy models, have been described for decades, there is little clinically applicable 

data on how to manipulate these processes to improve or accelerate regeneration in humans, 

and specifically in cirrhotic livers and the setting of transplantation (50). To date, attempts to 

support liver regeneration in vivo have depended upon augmentation of total liver mass via 

partial auxiliary partial orthotopic liver transplantation in cases of acute liver failure (51). 

More recently, a two-stage liver transplantation method has been proposed for adults with 

chronic liver disease. In the first stage, a left lateral segment graft, which alone would 

provide insufficient liver mass and lead to small for size syndrome, is transplanted, the left 

lateral segment of the recipient is resected, and the right native liver is left in place to 

“nurse” the hyper-small graft. Weeks later, after sufficient hypertrophy of the graft, 

hepatectomy of the remaining native liver is completed (52**).

Another approach that has been successfully used in experimental models to help native 

livers regenerate is in vivo reprogramming of myofibroblasts to generate hepatocytes (53**–

55). The method of using adeno-associated virus (AAV) vectors with AAV6 capsids to 

specifically infect myofibroblasts and induce expression of hepatic transcription factors has 

the potential to translate into a clinical therapy for liver fibrosis (33). This process not only 

produces more functional hepatocytes, but in the process reduces fibrosis. Future investment 
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in this strategy may provide the liver just enough relief from fibrosis to help restore the 

native liver’s balance of hepatocyte proliferation versus damage and provide treatment of 

chronic liver disease without liver transplantation.

LIVER TISSUE ENGINEERING

For patients with chronic liver disease and those with hepatic malignancies, total organ 

replacement is a more realistic option than isolated hepatocyte transplantation. Advances in 

whole organ bioengineering have included the use of synthetic scaffolds, and more recently, 

whole-liver decellularization to create a structural and molecular environment that mimics 

that of the native liver and is amenable to repopulation with healthy liver cells (56). 

Although techniques to optimize the decellularization process have been refined, several 

challenges remain. These include identification of the most appropriate cell source to 

repopulate an entire functional liver, and the ability to do so on a scale relevant to human 

transplantation. Recent advances in this field have included the creation of porcine liver 

scaffolds repopulated with parenchymal cells and re-endothelialized vasculature that 

withstands in vivo perfusion (57, 58**). Creation of a long-lived and fully functional 

transplantable liver based on a porcine scaffold, and defining the immunologic impact of this 

type of organ, are future objectives.

An alternative approach to potentially overcome issues with repopulating decellularized 

scaffolds are tissue engineering methods that harness the inherent self-organizing response 

of cellular interactions during liver organogenesis. ‘Liver buds’/organoids containing iPSC-

derived human hepatic endoderm (iPSC-HE), human umbilical vein endothelial cells and 

human mesenchymal stem cells can be produced in vitro and transplanted into extrahepatic 

anatomical sites (59**). Once the cells are combined in a two-dimensional culture, the 

complex cellular interactions direct morphogenesis into a three-dimensional organoid within 

48 hours. The engineered microenvironment promotes vascularization and further 

hepatocyte differentiation of the iPSC-HEs (60). Transplantation of multiple organoids 

under the kidney capsule or into the mesentery are capable of recruiting host vasculature and 

effective in protecting mice from experimentally induced liver failure (60). One potential 

draw-back is the absence of cholangiocytes in the organoid. Therefore, the bile produced by 

the organoid would presumably be released into the circulation. The state of the recipient’s 

liver to perform excretory function may determine whether this is a confounding issue (61). 

Because liver organoids can be transplanted into extrahepatic sites they have the potential to 

overcome cell therapy obstacles for patients with chronic liver disease due to a hostile 

fibrotic environment and those with hepatic malignancies due to the absence of an 

environment post-resection for cell engraftment. Further advancement of the liver organoid 

system in combination with iPSC differentiation will enlighten the critical cellular and 

molecular mechanisms required for both liver organogenesis and potential liver replacement 

therapies (62).

CONCLUSION

In conclusion, the enormous recent advances in liver cell therapy and tissue engineering 

raise the hope that liver transplantation, as we currently know it, will someday be obsolete. 
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Future research objectives include: translating these findings from animal models of acute 

liver injury to models more accurately recapitulating human end-stage liver disease, which 

often develops over decades, with ongoing tissue injury and fibrosis; scaling up current 

models to realistically replace the adult liver; and defining appropriate endpoints for clinical 

trials of novel liver cell therapies.
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AAV adeno-associated virus

FSC facultative stem cell
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Sci-Heps spherical culture induced-hepatocytes

iHeps induced hepatocytes

iPSC-HE induced pluripotent stem cell-hepatic endoderm
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KEY POINTS

1. Recent advances in hepatic epithelial cell lineage tracing tools, directed 

differentiation of stem cell populations, and reprogramming somatic cells 

have focused the search for alternative sources of functional hepatoctyes.

2. Understanding the mechanisms which govern and limit hepatocyte 

regeneration have led to maximizing innate hepatic regeneration through two-

stage liver transplantation methods and in vivo reprogramming of 

myofibroblasts to generate hepatocytes.

3. Liver tissue engineering options, such as decellularized scaffolds and self-

organizing organoids, composed of multiple cells types hold the potential for 

developing extrahepatic site transplantation procedures.
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Figure 1. 
A. Developmental and regenerative cell lineage relationships of the liver.

B. Hepatic architecture and hepatocyte functional zones of the hepatic lobule. 
Hepatocyte cords run between portal and central veins. Bile is secreted from hepatocytes 

into canalicular channels and transported to the bile duct. Sinusoidal capillaries carry higher 

oxygenated blood supplied by the portal vein and hepatic artery past the hepatocytes toward 

the central vein. Hepatocytes are arranged into three zones. Zone 1 is composed of periportal 

hepatocytes and zone 3 is composed of pericentral hepatocytes. Zone 1 hepatocytes 

specialize in gluconeogenesis and urea formation, while zone 3 hepatocytes specialize in 

liponeogenesis, glutamine synthesis, and glycolysis.
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