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Abstract

Liver diseases negatively impact the quality of life and survival of patients, and often require liver 

transplantation in cases that progress to organ failure. Understanding the cellular and molecular 

mechanisms of liver development and pathogenesis has been a challenging task, in part for the 

lack of adequate cellular models directly relevant to the human diseases.

Recent technological advances in the stem cell field have shown the potentiality of induced 

pluripotent stem cells (iPSC) and liver organoids as the next generation tool to model in vitro liver 

diseases. Hepatocyte-like cells and cholangiocyte are currently being generated from skin 

fibroblasts and mononuclear blood cells reprogrammed into iPSC and have been successfully used 

for disease modeling, drug testing and gene editing, with the hope to be able to find application 

also in regenerative medicine. Protocols to generate other liver cell types are still under 

development, but the field is advancing rapidly. On the other end, liver cells can now be isolated 

from liver specimens (liver explants or liver biopsies) and cultured in specific conditions to form 

polarized 3D organoids. The purpose of this review is to summarize all these recent technological 

advances and their potential applications but also to analyze the current issues to be addressed 

before the technology can reach its full potential.
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1. Introduction

The liver is a complex organ, which is structurally and functionally heterogeneous, and 

comprises different cell types [1], including epithelial cells (i.e hepatocytes and 
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cholangiocytes), Kupffer cells (KC), circulating monocytes, mesenchymal cells (i.e hepatic 

stellate cells) and sinusoidal endothelial cells. The main epithelial component is represented 

by hepatocytes, which account for > 60% of the total liver cells and are primarily 

responsible for the liver’s metabolic activity, detoxification, protein secretion and bile 

production. The other major epithelial component is represented by biliary epithelial cells 

(cholangiocytes) that line the intrahepatic and extrahepatic bile ducts and are involved in the 

transport and modification of the primary bile produced by the hepatocytes [1,2].

Because of its complexity and its central homeostatic role the liver is also the target of a 

wide range of diseases. In spite of recent extraordinary advances in the treatment of a 

number of liver diseases, there are unmet needs that still need to be filled in many congenital 

and acquired conditions that may progress to end-stage liver failure. A better understanding 

of the cellular and molecular pathobiological mechanisms responsible for liver diseases is 

needed to provide more effective treatments. The currently available liver cellular and 

animal models have significantly helped to decipher mechanisms of liver development and 

pathogenesis, but they still have some limitations. One of the major drawbacks is 

represented by the limited accessibility to fresh human liver tissue, the restricted availability 

of protocols for isolation of primary cell populations, and the difficulties in culturing these 

cells in vitro. Explants from liver transplants or low quality grafts unused for transplant have 

been, until recently, the major source of human liver cells. On the other hand, available liver 

cell lines are either cancer-derived or immortalized with limited functions compared to 

primary cells in vitro and might not reflect normal physiological responses [3,4]. In addition, 

animal models often fail to recapitulate the disease phenotype or to predict drug toxicity due 

to inter-species anatomo-physiological differences [5].

All these restrictions called for the development of better and more efficient human 

experimental models in vitro, and are at the basis of the newly available technology of 

induced pluripotent stem cells (iPSCs) and the efforts in generating several protocols for 

their differentiation into liver cells. In addition to iPSCs, the recent discovery of 3D 

organoids that can be generated from adult liver cells offers another approach to model liver 

disease in vitro. In this review, we will discuss how iPSC and organoid technologies can be 

applied to the study of liver pathobiology, with their pros and flaws.

2. Liver development in a dish: iPSC

Most of the genes and pathways involved in the process of liver development have been 

elucidated in the last decade through the use of animal models, in particular transgenic mice 

[6–9]. These notions have recently been used in the lab to generate liver cells in a “dish”.

The liver originates from the endoderm, one of the three germ layers formed during 

embryonic development [10]. Cells of the endoderm are committed to a specific 

differentiation fate as a consequence of distinct transcription factor expression [11]. In the 

mouse, around embryonic day E8.25, endoderm cells receive specific extracellular signals 

that induce their specification to the hepatic fate. A necessary player in this process is FGF 

[12]. BMP-2 and BMP-4 cooperate with FGF during the hepatic specification [13]. After 

hepatic endoderm, the next step is the specification of the liver diverticulum lined by 
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endoderm cells called hepatoblasts. This happens at E9 in the mouse embryo and at day 22 

in humans. Hepatoblasts proliferate forming a tissue bud and subsequently migrate away 

from the endoderm epithelium invading the septum transversum where they keep 

proliferating with further expansion of the liver [10]. A complex network of growth factors 

is active during this process and is involved in hepatoblasts proliferation. Some of the major 

components of this network are HGF, TGF-β and FGF10 that are essential for hepatoblasts 

proliferation [14].

Wnt-signaling (WNT) and β-catenin are also involved during liver development, even 

though WNT signaling is very complex and has a different role depending on the 

developmental stage. In early stages of development, WNT signaling has to be repressed 

anteriorly to preserve foregut identity and promote liver specification, while in the later 

stages of development WNT is necessary to promote hepatoblasts proliferation and biliary 

differentiation [15]. Interestingly, retinoic acid signaling is important for liver bud growth 

and hepatoblasts proliferation [16]. This signaling is regulated by the zinc finger 

transcription factor Wilms’ tumor suppressor gene (WT1), expressed in mesodermal cells 

[16]. Once hepatoblasts have reached a certain developmental stage they acquire the 

potential to differentiate either into the hepatocyte or cholangiocyte lineage [17]. This 

process is directed by the NOTCH signaling pathway through interaction with its ligand 

JAGGED, present on mesenchymal cells in the periportal areas [18]. NOTCH activation 

inhibits hepatoblast differentiation into hepatocytes, but propels their differentiation into 

cholangiocytes inducing expression of SOX9, one of the most specific markers of biliary 

cells [19]. Following the lineage segregation stage, hapatocytes and cholangiocytes go 

through a process of maturation with the acquisition of a specific morphology and 

physiologic function that will continue until after birth [7,10,17].

The advance in stem cell technology has resulted in the ability to reprogram somatic cells 

into pluripotent stem cells (iPSC), thus providing a unique platform for manufacturing cells 

from patients with different genetic diseases [20,21]. Using iPSCs makes it possible to 

recapitulate in a dish the developmental steps leading to a specific tissue, by sequentially 

adding to the culture a cocktail of growth factors that correspond to the pathways active in 
vivo as described above for the liver. Moreover, iPSCs can be easily derived from skin 

fibroblasts or most recently from mononuclear white blood cells or urine samples and in 

theory, be then differentiated into a variety of cell types [22,23]. Their limitless ability to 

self-renew and their differentiation potential, allow the production of large amounts of 

specific cell types affected for example by a genetic disease, or perform gene editing 

protocols. As iPSCs retain the same genetic background of their donors, they provide an 

attractive alternative for disease model and drug discovery when the traditional models are 

inadequate [20]. In the next section, we will describe the different strategies used to induce 

differentiation of iPSCs into liver cells.

2.1. Hepatocytes from iPSCs

Several in vitro protocols to differentiate iPSCs into hepatocyte-like cells (HLC) are 

available to date; they share a common approach to stepwise differentiation induction but 

present specific differences [24–26]. Some earlier protocols are based on the generation of 
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aggregates of iPSCs in suspension, defined as embryoid bodies (EBs), and their subsequent 

differentiation into hepatocytes using a cocktail of growth factors and specific matrices [27–

29]. However, these protocols have low efficiency of differentiation and result in mixed 

populations of cells that spontaneously arise in culture, thus increasing the variability 

between different differentiation attempts.

The current differentiation strategies include a stepwise induction of definitive endoderm, 

generation of hepatic progenitor cells and final maturation to “hepatocyte-like cells” by 

addition of specific cocktails of growth factors in culture [30]. Compared to the earlier 

culture conditions as EBs, these protocols have led to a high efficiency of differentiation and 

the production of iHLC that express albumin, CK18, cytochrome p450 enzymes, alpha-1-

antitrypsin (A1AT), and asialoglycoprotein receptor1. Several functional assays including 

LDL uptake, albumin secretion, urea metabolism, glycogen production, inducible 

cytochrome P450 activity and in vivo transplantation have shown that iHLC derived with the 

different protocols acquire functions similar to primary human hepatocytes [24,26,31,32]. 

However, the persistent expression of AFP and lack or reduced activity of more mature 

cytochrome P450 isoforms such as CYP3A4 and CYP2A6 suggest that iPSC-derived 

hepatocytes remain somehow less differentiated than adult hepatocytes [25].

The fetal profile of iPSC-derived hepatocytes has triggered several studies aimed at 

improving their maturation and functionality [33]. In this regard, small molecules and 

chemicals (e.g. CHIR99021, DMSO and dexamethasone) have been introduced in culture to 

increase efficiency and reproducibility of hepatocyte differentiation and avoid the use of 

growth factors [34–36]. Despite all these efforts, additional and precise modifications to the 

available protocols are still necessary to fully exploit the potential of hepatocytes derived 

from iPSCs.

Other strategies are based on the use of artificial scaffolds and extracellular matrices to 

generate 3D cultures that reproduce the liver environment or the cross-talk with other cells 

by co-culture with endothelial cells or mesenchymal cells [37–39].

2.2. Cholangiocytes from iPSCs

The interest in developing protocols for the differentiation of iPSCs into cholangiocytes has 

recently increased [40,41]. In 2014 Dianat et al. were the first to describe a stepwise 

differentiation protocol, similar to those followed for hepatocytes, for the generation of 

cholangiocytes based on the temporal exposure to specific growth factors. The majority of 

the experiments were carried out using human embryonic stem cells and the cell line 

HepaRG, although an iPSCs line was used to confirm the applicability of the protocol [42]. 

Their approach is based on the generation of a monolayer of hepatoblasts that are 

subsequently cultured on collagen coated plates and exposed to various growth factors 

including HGH, EGF, IL-6 and sodium taurocholate to obtain mature cholangiocytes. Gene 

expression profiling of derived cholangiocytes confirmed that they activate specific 

pathways involved in biliary differentiation. When cultured in 3D conditions, cholangiocytes 

were able to form cysts and tubule-like structures with apico-basal polarity and to actively 

transport rhodamine, a substrate for the surface glycoprotein multidrug resistance protein 1 
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(MDR1), into their lumen. However, the applicability of this protocol to model biliary 

diseases was not investigated [42].

Similarly, De Assuncao and colleagues were able to differentiate cholangiocytes from 

iPSCs, with the introduction of SHH and the NOTCH ligand Jagged-1 during the hepatic 

endoderm specification, and the addition of TGFβ in the final stages of cholangiocyte 

maturation [43]. Using RNA sequencing the authors confirm several aspects of biliary 

development throughout every stage of their differentiation protocol with the limitation that 

the maturation level reached by iPSC-derived cholangiocytes is compared to those of 

cholangiocyte cell lines (i.e H69 and NHC) rather than freshly isolated biliary cells. The 

main innovation of this work was that iPSC-cholangiocytes derived with their protocol, were 

able to engraft the mouse liver and form new duct-like structures when transplanted using 

retrograde intra-biliary infusion in a mouse liver [43].

Two more recent studies followed the above ones, focusing on the generation of iPSC-

derived cholangiocytes in three-dimensional conditions and with an application to model 

biliary diseases [33,44].

Sampaziotis and colleagues introduced a combination of fibroblast growth factor (FGF)-10 

along with activin and retinoic acid to induce differentiation of hepatoblasts into early 

cholangiocyte-like cells or cholangiocytes progenitors (CPs) [33]. To promote further 

maturation, CPs were grown in three-dimensional conditions using matrigel, thus allowing 

the formation of cystic organoids and branching tubular structures organized in a single 

epithelial layer with a lumen inside. These structures express both mature and fetal biliary 

markers and exhibit a range of functions similar to the native biliary epithelium such as 

increased proliferation in response to VEGF, secretion of Rhodamine 123 through MDR1, 

active export of the fluorescent bile acid cholyllysyl-fluorescein (CLF) from the lumen and 

GGT and ALP activities [33].

Ogawa and colleagues followed a similar approach with the addition of a co-culture step to 

stimulate the NOTCH signaling pathway [44]. Chimeric aggregates of hepatoblasts and OP9 

stromal cells, known to express different NOTCH ligands, were cultured in a mixture of 

collagen and matrigel. Under these conditions and following exposure to HGF, EGF and 

TGFβ, the cells organized in cyst and duct structures containing a single layer of epithelial-

like cells with an internal lumen and expressing cholangiocytes markers with apico-basal 

polarity. Interestingly the formation of the cysts was abolished in the presence of gamma 

secretase inhibitor (GSI), a NOTCH pathway antagonist.

Both these protocols were applied to model biliary diseases (i.e ADPKD and cystic fibrosis) 

and will be discussed in detail [44].

As described in the studies above, cholangiocytes can be generated from iPSC in monolayer 

or in 3D cultures of organoids/spheroids. Three-dimensional approaches are based on the 

suspension of hepatoblasts or cholangiocyte-progenitor cells in matrigel that allows the 

formation of 3D structures that recapitulate the spatial organization of the organ. However, 

the spheroid configuration limits the accessibility of the apical domain of the structure, and 

the presence of matrigel introduces undefined variables in the culture [45]. On the other 
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hand, a cell monolayer gives access to the entire cell surface but limits a polarized 

organization and function of the cells.

Based on these premises our group has focused on optimizing the current culture methods to 

increase the biological properties of cholangiocytes derived from iPSC and develop a 

functional polarized epithelium [46]. iPSC-derived cholangiocytes were cultured on porous 

filter supports, to mimic in vivo apical-basal polarity and to prime their functional 

maturation. In these culture conditions, cholangiocytes grow apical primary cilia and acquire 

a tight barrier function as confirmed by the measurement of the trans-epithelial resistance 

(TER) (over 1000 Ω·cm2) and the expression of tight junction proteins (i.e ZO-1) restricted 

at the apical cell junctions. Secretory signaling functions, such as response to the hormone 

secretin when administered basolaterally, and c-AMP dependent apical secretion of fluid, 

further confirmed cholangiocytes maturation. Furthermore, polarized monolayers of iPSC-

cholangiocytes maintain their functions when expanded and sub-cultured for several 

passages. This is an important step forward to reduce the cost of differentiation and the inter-

variability among different experiments [46].

Contrary to hepatocytes, that are still lacking proof of full maturation, it appears that iPSC-

derived cholangiocytes better reproduce the biological properties of the adult tissue, possibly 

suggesting a default fate program toward cholangiocyte in the differentiation process. These 

results highlight the enormous potential of using iPSC as a system to model in vitro biliary 

diseases, an application that will be further discussed in a separate paragraph.

2.3. Non-parenchymal cells (NPCs) from iPSCs

Non-parenchymal liver cells including Kupffer cells (KC), hepatic stellate cells (HSC) and 

sinusoidal endothelial cells (LSEC), represent an essential cellular component to reproduce 

liver function in vitro. Primary cultures of NPCs are quite a challenge since their isolation 

relies on the availability of surgical specimens and a non-specific activation of these cells 

when cultured in vitro might be an issue. Therefore, the generation of mature NPCs cells 

from iPSCs would be an ideal solution to overcome all these issues.

Only one group so far has developed a protocol for the generation of LSECs and HSCs from 

iPSCs [47]. To obtain mature LSEC the authors followed an already established protocol for 

the induction of iPSCs into mesoderm, and the generation of progenitor cells positive for the 

endothelial marker CD34. These cells morphologically resemble endothelial cells and can be 

expanded in culture for multiple passages maintaining high expression levels of the LSEC 

progenitor markers FLK1, CD34, CD31, CDH5, STAB1 and LYVE1. To induce further 

maturation, these progenitors cells are cultured in presence of TGFβ inhibitor and hypoxic 

conditions that promote the acquisition of mature endothelial morphology and expression of 

F8, STAB2 and FCGR2B [47].

Also HSC originate from the mesoderm. The same authors used in this case the surface 

marker ALCAM to select HSC progenitor cells that are then further differentiated into 

mature HSC by inhibiting the Rho signaling pathway with Y27632. Under these culture 

conditions cells acquire mature HSC morphology, expression of specific mature markers 

such as NGFR, LRAT and HGF and are able to store Vitamin A as suggested by the 
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presence of Vitamin A droplets [47]. Despite the successful results in co-culture experiments 

with hepatocytes, further studies to confirm the maturation of these cells and the efficacy of 

this system for disease modeling and drug therapy will be necessary.

3. Modeling of genetic and complex liver diseases

iPSCs can be generated directly from patients with specific diseases and their differentiation 

program allows to recapitulate in vitro the progression of the disease, thus making them an 

ideal tool to model liver diseases, better if genetic.

Several groups have applied iPSCs technology to model liver diseases and have provided 

proof of principle of its efficacy in understanding the pathophysiology of a broad range of 

disorders. An example is the work from Rashid et al. in which hepatocytes are derived from 

iPSC of patients with different inherited metabolic disorders (i.e A1AT deficiency, familial 

hypercholesterolemia and Glycogen Storage Disease Type 1a (GSD1a)). In this work, the 

authors were able to reproduce in vitro key cellular aspects of the three different diseases 

such as the retention of polymers of A1AT in the ER, the impaired ability to incorporate 

LDL, and the accumulation of intracellular glycogen [48]. In a different study, Zhang and 

colleagues demonstrate that iPSC-derived hepatocytes from a patient with Wilson’s disease, 

present with altered cytoplasmic localization of the liver transporter protein ATP7B and 

defects in copper export, accurately reproducing the disease phenotype [49].

As for the other epithelial component of the liver, three studies show that iPSC- derived 

cholangiocytes can model in vitro different genetic cholangiopathies. Sampaziotis et al. used 

iPSC-derived organoids from a patient with polycystic liver disease (PLD) to validate in 
vitro the effect of Ocreotide, a drug already used in clinic to reduce cyst size in PLD patients 

[50].

Cystic fibrosis (CF) cholangiopathy is an autosomic recessive disease caused by mutation of 

the gene coding for cystic fibrosis transmembrane conductance regulator (CFTR), a chloride 

channel that regulates fluid secretion in cholangiocytes. Both Sampaziotis and Ogawa have 

shown that cholangiocytes derived from iPSC of a patient carrying the common CFTR 

mutation ΔF508 reproduce in vitro the secretory defect that can be partially corrected by the 

use of clinically approved small corrector molecules.

More interestingly, in our recent study, using iPSC-derived polarized cholangiocyte 

monolayers to model human CF liver disease (ΔF508 mutation), we have identified aberrant 

innate immune pathways that in addition to the secretory defect, are crucial in the 

development of liver disease in CF [46]. CF human cholangiocytes show an increase NF-kB 

activation in response to LPS followed by an aberrant production of inflammatory 

mediators. We have identified the persistent activation of the Src family of tyrosine kinases 

(SFK), as a pathogenetic event in the inflammatory response of CF cholangiocytes. 

Interestingly, inhibition of Src in combination with the FDA approved CFTR potentiators/

correctors mentioned above, was able to recover several cholangiocyte funtions (i.e 

secretion, barrier function, changes in cytoskeletal structure) [46]. This study is a proof that 
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disease modeling by using iPSC represents the next generation tool to investigate 

pathogenetic mechanism of human diseases.

More recently, Guan and colleagues have used 3D organoids composed of hepatocytes and 

cholangiocyte-like cells organized as a layer of epithelia surrounding the lumen of bile duct-

like structures, to study the effect of Jagged1 gene mutations responsible for Alagille 

syndrome (ALGS) [51]. ALGS cultures fail to develop tubular structures and mainly consist 

of vesicles lined by hepatocytes, recapitulating the disease phenotype. Moreover, also 

mRNA expression of NOTCH2 and its target genes Hey1 and HES1 is reduced while JAG1 

mRNA decreases significantly during the different developmental stages [51].

All the genetic diseases modeled so far are monogenic diseases. Complex liver disorders 

also represent a major challenge in the field, since not only the genetic component is 

involved but also environmental factors and multiple cell types can influence the disease 

phenotype. Primary biliary cirrhosis (PBC) and Primary Sclerosing Cholangitis (PSC) 

represent an example of complex liver disorders whose etiology and pathophysiology remain 

still unclear [41,52]. iPSCs-based systems could represent an optimal in vitro tool to study 

the complex cellular interactions in co-culture systems with different cells derived from the 

same patient (i.e immune and mesenchimal cells). In addition, the comparison with other 

cell culture systems (i.e 3D organoids) could help discriminate the impact of the genetic 

component versus its environmental counterpart on the pathogenesis of these diseases. 

Studies on PBC and PSC are eagerly awaited.

3.1. Drug toxicity

Drugs or their intermediary metabolites can have a toxic effect on the liver, making drug 

induced liver injury (DILI) the leading cause of acute liver failure in the United States alone 

and the major reason for drug withdrawal from the market [53]. The search of in vitro 
models that could predict liver toxicity has been so far a challenge. Primary hepatocytes are 

considered the “gold standard” for drug metabolism and drug toxicity screenings, but their 

availability is still dependent on human donors and whether their phenotype and metabolic 

function are instable in long-term culture conditions, which that vary from batch to batch.

The use of iPSCs-derived hepatocytes for drug toxicity screenings has recently become an 

attractive tool and indeed several groups have shown their ability to distinguish between 

hepatotoxins and liver safe compounds [54–56]. Holmgren and colleagues have used iPSCs 

derived hepatocytes as a system to study long-term toxicity of hepatotoxic compounds, an 

unmet need of the pharmaceutical industry that is not possible with primary human 

hepatocyte cultures. The authors show that indeed iPSC-derived hepatocytes have time-

dependent increased sensitivity to amiodarone, aflatoxin B1, and troglitazone [57].

In another recent study, hepatocytes derived from iPSC of a patient with familial 

hypercholesterolemia were used to screen 2340 already existing drugs for repurposing. 

Thanks to this study the authors have been able to identify cardiac glycosides as a potential 

therapeutic target for the treatment of the disease [58].
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Genetic factors or specific polymorphisms that modulate cytochrome P450 (CYP) activity 

can affect drug sensitivity among different individuals. Using iPSCs bearing different 

polymorphisms identified in a patient, Takayama and colleagues generated hepatocyte-like 

cells and demonstrated that a single nucleotide polymorphism in the cytochrome subunit 

CYP2D6 is able to create a higher resistance to tamoxifen, which is metabolized into a toxic 

metabolite, and also a higher susceptibility to Desipramine, which is instead detoxified by 

CYP2D6 [59].

All this data indicate that the essential drug-metabolizing machinery is present in iPSCs 

derived hepatocytes. However, the lack of expression of more mature isoforms of CYP450 

when compared to primary hepatocytes still represents an obstacle that needs to be tackled in 

order to exploit the full potential of HLC as a reproducible and renewable platform for 

modeling hepatotoxicity and DILI.

3.2. Gene editing

The development of a gene-editing platform has enabled us to introduce changes in the DNA 

with extreme precision. Zinc finger nucleases (ZNFs), transcription activator-like effector 

nucleases (TALENs) and most recently CRISPR/Cas9 offer the possibility to correct 

mutations that cause a disease, to restore the expression of genes that are absent and to 

remove deleterious genes or viral genomes [60–62]. As for the liver this platform could be 

applied to treat monogenic inherited disorders, complex genetic disorders but also to study 

pathogens that exclusively target human hepatocytes such as hepatitis B virus. iPSCs are 

directly derived from the patient and maintain the same genetic background of the 

individual, thus representing the ideal tool for gene editing applications and to test the 

effects of specific mutations in genes whose function is still unknown. After gene correction 

the healthy isogenic cell lines can be differentiated into the specific liver cell and ideally be 

used for gene-replacement therapies.

As a proof of concept this technology has found applicability in the correction of mutations 

in the gene SERPINA1 in iPSC derived from patients with alpha-1 antitrypsin deficiency. 

Two separated studies show that hepatocyte-like cells (HLC) derived from the corrected 

iPSC restored their function and reduced the expression of intracellular AAT to levels 

comparable to normal controls [63,64]. Zhang et al., in a different study have used a self-

inactivating viral vector to correct a specific point mutation in the ATP7B gene responsible 

for Wilson’s disease. HLC derived from the corrected iPSC restored the functional defect in 
vitro [49]. Using the CRISPR/Cas9 technology Guan et al. were able to correct the genetic 

defect in iPSCs derived from patients with Alagille syndrome, by reverting a mutation in 

Jag1, and recovering the disease phenotype. Interestingly, they also introduced the same 

mutation in a normal control and show that the mutation is indeed responsible for the 

phenotype [51].

Taken together these exciting results indicate that gene therapy in the clinic and autologous 

cell replacement therapies could be a potential resource in the future for targeting liver 

disorders.
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3.3. iPSC derived liver cells: what are we still missing?

This review of the different protocols to generate hepatic cells from iPSCs indicates that 

iPSCs are an excellent system to model liver disease in vitro and represent an enormous step 

forward in the liver field where the only potential source of primary cells has been surgical 

samples derived from patients undergoing liver transplant. iPSCs can be successfully 

differentiated into hepatocytes and cholangiocytes, and can be used to study the mechanisms 

of human disease and development, high-throughput screening of new therapeutic 

compounds and in the future for cell replacement therapies (Table 1). On this end, several 

efforts are already being made to develop clinical grade cells compatible with good 

manufacturing practices (GMPs) for regenerative medicine purposes (Table 2). However, 

there are still several issues that need to be addressed before iPSCs derived hepatic cells can 

reach their full potential. As for hepatocytes the major issue is represented by their immature 

phenotype even though different steps are being made toward solving this issue with the 

introduction of co-culture 3D systems, bioengineered scaffolds and extracellular matrices. 

Another important aspect to address is the limited ability of hepatocyte-like cells to 

repopulate the liver of animal models for future cell replacement therapies. Interestingly the 

possibility to achieve direct reprogramming of fibroblasts into hepatic cells in vivo offers a 

new alternative and hope for the treatment of liver fibrosis but several aspects need to be 

improved to maximize the efficacy of this technique.

While hepatocytes represent the major component of the liver, it is important not to forget 

the rest of the cells that contribute to the complex liver architecture. For this reason, the 

possibility to generate cholangiocytes from iPSCs has provided scientists with an efficient in 
vitro tool to study biliary diseases and evaluate potential therapeutic targets, improving our 

understanding of cholangiopathies. Most importantly the introduction of biliary epithelial 

cells should be considered when attempting to generate 3D structures or bioengineered 

livers.

4. 3D culture systems and liver organoids

As highlight by the magazine The Economist in “The year of the organoid-The World in 

2016”, another recent advance of the stem cell technology is the possibility to generate 

organoids. Organoids are based on the three-dimensional culture systems of stem cells from 

several different sources (iPSC, embryonic stem cells, adult stem cells and tissue-derived 

stem cells). The use of a 3D system offers the advantage to better preserve the cell-to cell 

contacts that allow cells to directly interact with each other and self-aggregate to reproduce 

the cellular organization of the organ. The majority of these methods are based on the use of 

matrigel matrix, a solubilized basement membrane preparation extracted from the 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma [65] that is the major hint to induce 

maturation. In past years, several protocols have been developed for the generation of 

organoids cultures from iPSC-derived liver cells and from adult liver tissue.

Two separate studies have used 3D culture conditions and matrigel to differentiate 

cholangiocytes derived from iPSC. Both studies were able to recapitulate the in vivo 
organization of cholangiocytes, as a single epithelial layer with a lumen and the expression 

of biliary specific markers [33] [44]. The culture in 3D conditions was improving 
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cholangiocytes maturation but, in both cases, the end-point 3D structures were not 

propagated in culture.

Another interesting study from Song et al. showed a system to induce 3D cell aggregates of 

iPDC-derived hepatocytes and stromal cells just using a microwell platform without any 

kind of matrix. These aggregates are then encapsulated in alginate capsule and transplanted 

into the peritoneal cavity of immune competent mouse therefore inducing further maturation 

of the hepatocytes [66].

Liver organoids have also been generated from adult somatic tissue-resident stem cells. In 

this specific case, they are derived directly from the liver tissue of the patient and represent 

an ideal tool for disease modeling, to test the efficacy and toxicity of drug compounds and 

they could offer an autologous source of cells for transplantation [67].

Based on the previous methodology developed by Clevers group, for the generation of Lgr5+ 

intestinal organoids, Broutier et al. have developed a system to obtain liver organoids from 

EpCam+ ductal cells from normal or diseased human livers [67]. These cells, when grown in 

matrigel and in low attachment plate in the presence of EGF, HGF, FGF and RSPO1, 

organize in 3D organoids with biliary progenitor identity that can possibly be differentiated 

toward the hepatic lineage. Contrary to iPSC-derived organoids, the advantage of this system 

is that tissue organoids can be cultured for long term (> 1 year) still maintaining their 

genetic stability, can be cryopreserved and easily recovered after thawing, simplifying the 

process of cell banking [67].

In another recent study liver organoids were generated from the extrahepatic portion of the 

biliary tree (ECOs) [68]. Cells isolated by brushing or scraping the bile duct luminal surface 

grow in matrigel with a similar cocktail of specific growth factors and generate organoid 

structures. Interestingly, ECOs have the capacity to repopulate tubular polyglycolic acid 

(PGA) scaffolds, and still maintain their functionality and marker expression, thus 

representing a bioengineered tissue resembling the biliary epithelium. When transplanted in 
vivo in a mouse, whose midportion of the common bile duct (CBD) is removed, these 

bioengineered ducts are able to achieve biliary reconstruction. The ability of ECOs to 

replace a damaged CBD is a promising result for future regenerative medicine applications 

to manage liver diseases [68].

Organoids derived from the liver tissue are composed by a homogeneous population of cells 

rather than by multiple cell types and eventually they would require further differentiation 

toward the hepatocytes or cholangiocyte fate.

An attempt to generate organoids that mimic the human liver bud with multiple cell types 

has been otherwise done by Takebe and colleagues [69]. In this approach, the starting cell 

population is represented by iPSC that are differentiated into hepatic endoderm in a 2D 

monolayer. Subsequently, hepatic cells are co-cultured with human umbilical vein 

endothelial cells (HUVEC) and human mesenchymal stem cells (MSC) on matrigel coated 

plates. Under these conditions, the cells self-assemble to generate 3D clusters defined as 

liver buds since they resemble the human liver bud stage during liver development. When 

transplanted ectopically in NOD/SCID mice, the liver buds connect with the host vessels and 
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become vascularized, improving their maturation and showing the presence of human 

specific metabolites in the serum of the mice. Excitingly, when transplanted in the 

mesentery, they improve survival in a TK-NOG mouse model of gancyclovir-induced liver 

failure [69].

Although a limitation is represented by the expression profile of the liver buds, that 

resembles more a fetal rather than an adult liver, these results still support the potential 

applicability of this model for drug responsiveness and future replacement therapies.

4.1. Liver organoids: what are we still missing?

Organoids are a unique tool to study human development and disease since they can 

recapitulate the original organ structure and perform specific tissue functions (Table 1). They 

also have the potential to be used for drug testing and toxicity, since the human liver 

metabolizes drugs in a different manner than other animals. Last but not least, they could 

offer an unlimited source of cells for cell replacement therapies since they maintain their 

genetic stability in culture (Table 2). When we refer to liver tissue organoids, however, some 

limitations still need to be addressed and kept in mind (Table 1).

First, the need of an extracellular matrix that drives the cells to aggregate into a 3D structure. 

So far, most of the organoids cultures, including liver ones, require for their 3D assembly, 

Matrigel or other animal derived type of matrices, whose composition is not defined and 

introduces undefined variables when adapting culture conditions. This poses a limitation for 

their potential use in regenerative medicine and other clinical applications. Further efforts 

will be required toward the development of new bioengineered synthetic platforms that 

allow the self-aggregation of liver cells in 3D structures without losing their fate 

specification. The liver is a relatively new field in the world of organoids, however similar 

issues are being addressed also in other fields (i.e intestine, pancreas) [45,70] and will 

certainly be an example to overcome this limitation.

A second limitation is that liver organoids do not fully recapitulate multiple cell types 

present in the liver and their level of maturation. Although, the original study in which the 

methodology has been developed, shows the possibility of differentiating liver organoid 

toward an hepatocytic or a biliary cell fate [67], no other studies have followed using this 

system for similar applications. The actual phenotype of liver organoids is more close to 

biliary cells and unless better conditions are defined to differentiate these cells toward 

mature hepatocytes, their applicability for example for drug testing or cell replacement could 

be limited.

What we are instead eagerly missing is the generation of co-culture systems to study the 

cross-talk of the epithelial component of liver-derived organoids with other cell types of the 

liver (i.e mesenchymal cells, immune cells, endothelial cells). Once again the intestinal field 

is more advance on this task. Indeed several studies have shown that it is possible to co-

culture intestinal organoids with different type of immune cells. By culturing innate 

lymphoid cells (ILCs), Lindemans et al. have identified the mechanism initiated by immune 

cells to promote epithelial regeneration mediated by IL-22 [71]. Interestingly a study from 

another group added even more complexity to a similar system by including a bacterial 
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component to the co-culture and showing that a specific strain of Lactobacillus can stimulate 

IL-22 secretion by lymphocytes of the lamina propria and therefore exert a protective effect 

for the intestinal barrier [72].

5. Conclusions

The search for in vitro systems to model liver physiology and pathophysiology has been a 

long and still incomplete quest. We have witnessed a considerable improvement in the last 

decade thanks to the opportunity to derive liver cells from iPSC and to the generation of 

liver-tissue organoids (Fig. 1). As reviewed in this article these novel technologies have 

covered important gaps in the field, such as the availability of a larger amount of cells 

derived from disease livers and their relatively high stability in cultures. iPSC and liver 

organoids have certainly shown to be excellent tools to model monogenic diseases and 

together with novel technologies of genome editing they will soon find applicability for 

personalized medicine. We still have no proof that iPSC derived liver cells can model more 

complex diseases since they are not derived from the diseased environment. However, this 

limitation could be overcome by using co-culture system that mimic the cross-talk of 

epithelial cells with the immune and mesenchymal component. On this respect, the field is 

rapidly evolving and we can benefit from the experience with other organs (i.e intestine, 

pancreas).

Encouraging results come from the use of iPSC and organoids for drug testing. The 

continuous effort of bioengineers to create biomaterials and extracellular matrix able to 

improve the maturation of these cells will allow the generation of “clinical grade” platform 

in substitution of primary or immortalized cell cultures.

Still an open question is the applicability of these technologies to regenerative medicine. The 

promises are an increase number of cells available, no need for immunosuppression, cell 

autologous correction of mutations by gene editing. The concerns are that a low efficiency of 

engraftment with a lack of functional stability and the critical question about their long-term 

safety. These are issues that are currently being addresses and will require the combine effort 

of biologists, bioengineers and clinicians. The development of bioengineer platforms aim to 

preserve the environmental cues necessary for cells to grow will accelerate the process.

Overall, iPSC derived liver cells and liver organoids represent certainly two different and 

possibly complementary approaches to model in vitro a tissue, and as long as their 

limitations are understood and properly addressed in the experimental plan, we foresee that 

they will soon reach clinical applicability.
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Abbreviations:

FGF Fibroblasts growth factor

BMP2–4 Bone Morphogenetic Protein 2–4

HGF Hepatocyte growth factor

TGF-β Transforming growth factor beta

SOX9 SRY-box 9

CK18 Keratin, type I cytoskeletal 18

LDL Low-density lipoprotein

EGF epidermal growth factor

AFP alpha-feto protein

DMSO Dimethyl sulfoxide

IL-6 Interleukin 6

GGT Gamma-glutamyltransferase

SHH Sonic hedgehog

NHC Normal human cholangiocytes

VEGF Vascular endothelial growth factor

ALP alkaline phosphatase

ADPKD autosomal dominant polycystic kidney disease

cAMP Cyclic adenosine monophosphate

ZO-1 zonula occludens-1

LPS lipopolysaccharides

FLK1 Fetal liver kinase 1

ALCAM Activated Leukocyte cell adhesion molecule

CD34,CD31 Hematopoietic progenitor cell antigen CD34, CD31

CDH5 Cadherin-5

STAB1 Stabilin-1

LYVE Lymphatic vessel endothelial hyaluronan receptor 1

FCGR2B Low affinity immunoglobulin gamma Fc region receptor II-b

NGFR Tumor necrosis factor receptor superfamily member 16
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LRAT Lecithin retinol acyltransferase

Y27632 Rock inhibitor

ATP7B Copper-transporting ATPase 2

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells

HEY1 Hairy/enhancer-of-split related with YRPW motif protein 1

HES1 hairy and enhancer of split-1

FDA U.S. Food and Drug Administration

LGR5 leucine-rich repeat-containing G-protein coupled receptor 5

EpCAM epithelial cell adhesion molecule

RSPO1 R-spondin 1

IL-22 interleukin 22
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Fig. 1. 
Generation of liver cells from iPSC and liver organoids and their applications. The scheme 

represents an overview of iPSC and organoid technology in relation to liver diseases. iPSC 

are generated with non-invasive procedures from patients and healthy donors and can be 

differentiated in liver cells (i.e hepatocyte-like cells, cholangiocytes, LSEC and HSC). Liver 

organoids are isolated from explanted liver tissues or from needle biopsies. Both 

technologies can be used for disease modeling, drug testing, genome editing and hopefully 

in the future for regenerative medicine.
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