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The discoveries of human pluripotent stem cells (PSCs) including embryonic stem cells and induced pluripotent stem cells (iPSCs) has led to dramatic advances in our understanding of basic human developmental and cell biology and has also been applied to research aimed at drug discovery and development of disease treatments. Research using human PSCs has been largely dominated by studies using two-dimensional cultures. In the past decade, however, ex vivo tissue “organoids,” which have a complex and functional three-dimensional structure similar to human organs, have been created from PSCs and are now being used in various fields. Organoids created from PSCs are composed of multiple cell types and are valuable models with which it is better to reproduce the complex structures of living organs and study organogenesis through niche reproduction and pathological modeling through cell-cell interactions. Organoids derived from iPSCs, which inherit the genetic background of the donor, are helpful for disease modeling, elucidation of pathophysiology, and drug screening. Moreover, it is anticipated that iPSC-derived organoids will contribute significantly to regenerative medicine by providing treatment alternatives to organ transplantation with which the risk of immune rejection is low. This review summarizes how PSC-derived organoids are used in developmental biology, disease modeling, drug discovery, and regenerative medicine. Highlighted is the liver, an organ that play crucial roles in metabolic regulation and is composed of diverse cell types.
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1 INTRODUCTION
Organoids are ex vivo “organ-like” tissues exhibiting three-dimensional structures that closely resemble the structures and functions of corresponding organs in vivo. Human organoids have been created that reproduce the intestinal tract, brain, kidneys, lungs, and liver (Kim et al., 2020). The major cell sources for human organoids include primary tissue stem cells isolated from biopsy specimens as well as human pluripotent stem cells (PSCs), including human embryonic stem cells (ESCs) isolated from human blastocysts (Thomson et al., 1998) and human induced pluripotent stem cells (iPSCs) established by introducing four transcription factors into human fibroblasts (Takahashi et al., 2007). Organoids created from human PSCs have the following advantages (Figure 1). 1) Whereas primary cells from in vivo organs are difficult to obtain, PSCs can be used to generate any number of required human cell types. 2) Because PSCs can generate different cell types, organoids made from them are able to internalize multiple cell types, including mesenchymal, hematopoietic, and epithelial cells, making the complexity of the constituent cells close to that of organs in vivo. Such complexity recapitulates the intricacies of organs and diseases, as well as the cell-cell interactions and niches significant for forming organs (Armingol et al., 2021). This makes PSC-derived organoids a valuable model with which to study human development, especially organogenesis. 3) iPSCs can be obtained minimally invasively through harvest from peripheral blood (El Hokayem et al., 2016), and they inherit the genetic background of the donor. Consequently, the creation of organoids from human iPSCs reflects the characteristics of each donor and can be applied to personalized and stratified medicine. Moreover, the creation of organoids from patient-derived iPSCs can be used for disease models, disease elucidation, and drug screening that reflects the genetic background underlying the pathological condition. 4) Genome editing of iPSCs can be used to replace gene mutations that cause diseases as well as for disease modeling and clarification of pathological conditions. In addition, organoids derived from iPSCs with human leukocyte antigens (HLAs) that are less susceptible to immune cell attack could potentially be used as transplant replacement organs with less risk of immune rejection (Morizane et al., 2017).
[image: Figure 1]FIGURE 1 | Overview of PSC-derived liver organoid applications Creating organoids using PSCs obtained from healthy donors enables the in vitro reproduction of human organogenesis through which multiple cells coexist and build up during development. The organoids created through this process can be used as helpful ex vivo models for tissue engineering. Organoids created from patient-derived iPSCs will be utilized for pathological modeling. It is anticipated that organoid panels created from multiple human iPSCs will be used as platforms for drug screening and other applications and will be applied to personalized and stratified medicine. Moreover, gene editing of patient-derived iPSCs will enable the creation of organoids for transplantation into the same patient.
The liver is the largest organ in the body and performs a variety of essential functions, including the metabolism of sugars, lipids and proteins; production of bile; and regulation of blood homeostasis, including glucose levels (Reinke and Asher, 2019). Because the liver is formed through the coordinated development of diverse cell types, it is anticipated that, among other advances, the creation of liver organoids from human PSCs through mixing of multiple cell types will enhance our understanding of the essential processes contributing to organogenesis in the human liver and to the identification of cells and factors essential for organogenesis. In addition to parenchymal cells, including hepatocytes and bile duct cells, the liver is composed of multiple non-parenchymal cells, including vascular cells and Kupffer cells (liver-resident macrophages) as well as mesenchymal cells, which are all known to play various roles in the progression of chronic liver diseases such as non-alcoholic steatohepatitis (NASH) and alcoholic fatty liver disease (AFLD). This makes human PSC-derived liver organoids composed of multiple cell types a valuable model with which to recapitulate those pathological conditions. In addition, because the liver plays a central role in drug metabolism, human PSC-derived liver organoids have the potential for use in evaluating drug safety and efficacy on a large scale, which has been difficult with experimental animal models and primary human stem cells due to differences in responsiveness among animal species and the difficulty in obtaining such cells. Moreover, given the shortage of donors for liver transplantation (Kwong et al., 2021), iPSC-derived liver organoids, with their high viability and low risk of immune rejection, may represent a promising option for regenerative medicine. In this review, therefore, we will address the current progress in research on organoids derived from PSCs, especially iPSCs, dividing the discussion into areas of developmental biology, disease modeling, drug discovery and regenerative medicine. A spotlight will be placed on the liver, an organ for which there is significant potential demand for human PSC-derived organoids.
2 MAIN TEXT
2.1 Developmental biology
Developmental studies carried out mainly in mice have identified FGF, BMP, retinoic acid, and WNT signaling as essential factors in early hepatic induction (Zorn, 2008). Studies using human PSCs have also shown that these molecules mediate essential signaling pathways inducing the differentiation of human endoderm cells into hepatocyte-like cells, and two-dimensional culture systems are reasonable models for studying differentiation into hepatic endoderm cells (Touboul et al., 2010). However, two-dimensional culture system are not able to mimic and explain the mechanisms underlying development from the viewpoint of liver organogenesis, in which immature hepatocytes detach from the foregut endodermal sheet and infiltrate the septum transversum mesenchyme (STM) to form a condensed tissue mass, which eventually becomes vascularized and matures through interaction with surrounding cells (Zaret, 2002; Han et al., 2020). It was therefore necessary to establish a three-dimensional system in which cells were adjacent to one another.
In 2013, Takebe et al. induced hepatic endoderm from human iPSCs and found that when human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells were co-cultured on Matrigel beds, the cells autonomously constructed three-dimensional human liver organoids (Takebe et al., 2013; Takebe et al., 2014). This self-organization underlying liver organoid formation was achieved through direct cell-to-cell interactions (Asai et al., 2017). Subsequently, this group also successfully generated all of the component cells comprising the organoid from iPSCs (Takebe et al., 2017a; Sekine et al., 2020). Interestingly, organoids with iPSC-derived STM and vascular endothelial cells (ECs) had more advanced liver characteristics than organoids developed from HUVECs and mesenchymal stem cells. Several co-culture experiments have shown the usefulness of PSC-derived STM and PSC-derived ECs, especially liver sinusoidal ECs, for maturation of PSC-derived hepatocyte-like cells (Koui et al., 2017; Ardalani et al., 2019; Miyoshi et al., 2019; Raggi et al., 2022). This enhanced maturation of hepatocytes may have been achieved because liver organoids with a mixture of STM and ECs recapitulates the organogenesis niche (Sosa-Pineda et al., 2000; Margagliotti et al., 2007) in which liver endoderm cells invade the STM and build liver buds via interactions with ECs. In addition, single-cell RNA sequence analysis of the organoids showed that the patterns of gene expression in ECs and STM within the organoids were more similar to those observed in human fetal liver than the patterns seen with the pre-mixed cells (Camp et al., 2017). This suggests that signaling within the organoids may contribute to bi-directional interaction of individual cells to approximate the human fetal liver. It is thus likely that mixing hepatic endodermal cells with cells in the liver-specific mesoderm lineage, including STM and ECs, to induce organogenesis during development may be an effective means of promoting organoid construction to a maturity similar to that of the adult liver.
An alternative approach to mixing cells from distinctive differentiation systems is the fusion of organoid, which reportedly promotes organogenesis during development (Kanton and Pasca, 2022). This differentiation system is based on the concept that joining several different tissues promotes local intercellular communication at their junction (Niessen et al., 2011). In a study focusing on the fact that liver development occurs from the border region between the anterior and posterior foregut, anterior and posterior foregut organoids were used to induce PROX1-expressing cells, the primordium of both liver and pancreas, from the junction region (Koike et al., 2019; Koike et al., 2021). This boundary region gradually buds into a hepato-biliary-pancreas organoid (HBPO) connected by bile duct structures. HBPOs can be applied to evaluate continuous organogenesis within organs, which has been difficult with single-tissue organoids. Further understanding of the complex mechanisms contributing to organogenesis during human organoid construction is expected to shed light on aspects of human developmental biology that are otherwise challenging to analyze.
2.2 Disease modeling
Liver diseases such as NASH and AFLD are known to progress through the coordinated actions of multiple cell types playing different roles. Although these pathological conditions can not be reproduced in pathological models composed of 2D cultures of single cells, the use of human PSC-derived organoids has made it possible to reproduce them in vitro. In NASH, for example, multiple cells, including hepatocytes that accumulate fat, Kupffer cells that induce inflammation, and hepatic stellate cells that are the source of fibrosis play central roles in the pathogenesis. In a study in which a multicellular liver organoid system composed mainly of hepatocytes, Kupffer cells, and hepatic stellate cells was constructed from PSCs in a stepwise protocol, the primary pathophysiology of NASH (fat accumulation, inflammation, fibrosis) was reproduced in a single well upon administration of oleic acid, a type of free fatty acid (Ouchi et al., 2019). In another study, liver organoids created in a multicellular system in the absence of Matrigel by inducing differentiation of PSCs into each of four cell types, including ECs, were shown to recapitulate several NASH pathologies (Tsang et al., 2021). In similar fashion, modeling of AFLD, in which fatty liver develops due to heavy and continuous alcohol intake and progresses to inflammation and fibrosis, was successfully established in a system of liver organoids co-cultured with fetal liver mesenchymal cells and human ESC-derived hepatic organoids (Wang et al., 2019). Upon treatment with ethanol, this model reproduced the pathogenesis of AFLD, including fat accumulation, elevated enzymes involved in ethanol metabolism, increased inflammation and fibrosis. Moreover, it was shown that a hepatobiliary organoid in which a bile canalicular network connected hepatocyte organoids and bile duct organoids could be created from PSCs in a Matrix-free state using a stepwise protocol and that this model reproduces the pathogenesis of inflammatory drug-induced liver injury (DILI) (Ramli et al., 2020). Treating these organoids with troglitazone, a diabetes drug known to cause DILI, induced cell death within a week. It also increased ALT levels, which is indicative of the inflammatory state of hepatocytes, and disrupted or eliminated the biliary canaliculi network, thereby inhibiting intercellular communication between hepatocytes and bile duct cells. In both culture systems, the presence of multiple cell types and an environment for cell-to-cell communication led to the reproduction of the pathology. An in vitro infection model with hepatitis B virus (HBV) has also been created using a liver organoid constructed by co-culturing iPSC-derived endoderm with HUVECs and MSCs in a 3D microwell system (Nie et al., 2018). The iPSC-derived liver organoid infected in this assay released significant amounts of virus and strongly expressed infection-promoting factors, demonstrating the stability of this infection model. It is anticipated that this model will serve as an effective tool for HBV research able to encompass the patient-specific genetic background and to show higher susceptibility to HBV infection than iPSC-derived hepatic-like cells.
One of the advantages of using iPSCs is that the genetic background of the patient can be reflected in the organoids. For example, liver organoids generated using iPSCs from Wolman disease patients, who develop fatty liver and cirrhosis due to a genetic defect in the enzyme lysosomal acid lipase, showed predominantly higher levels of fatty liver and fibrosis than organoids constructed with iPSCs from healthy individuals (Ouchi et al., 2019). This indicates that the genetic background of Wolman disease is reflected in the organoids. In addition, in a study using a human iPSC-derived liver organoid panel from 24 individuals with/without risk SNPs for NAFLD identified through a genome-wide association study (GWAS), GCKR (rs780094 C>T) was shown to be the SNP most strongly correlated with fat accumulation (Kimura et al., 2022). Interestingly, GCKR(TT) was associated with an increased risk of NAFLD in the presence of insulin resistance but a decreased risk in the absence of insulin resistance.
The combination of iPSC-based organoid systems and genome editing technology has revealed the pathogenesis of causative mutations in human genetic diseases. For instance, iPSCs from patients with deoxyguanosine kinase gene (DGUOK) mutations, a major cause of mitochondrial DNA depletion syndrome, were used to create liver organoids, a model that includes both hepatocyte characteristics and the patient’s genetic background (Guo et al., 2021). Compared to liver organoids in which the mutation was corrected through CRISPR-Cas9 gene editing, the DGUOK mutant was more susceptible to ferroptosis in response to iron overload. In another study using iPSC-derived liver organoids containing hepatocytes and cholangiocytes, CRISPR-Cas9 gene editing was used to evaluate the impact of NOTCH ligand JAG1 mutation on development of Alagille syndrome, a genetic disorder where NOTCH signaling pathway mutations impair bile duct formation (Guan et al., 2017). With continued advancements in gene editing, such as with CRISPR-Cas9 (Hockemeyer and Jaenisch, 2016), it is anticipated that additional disease-reproducing liver organoids will be reported in the future. Such disease models are expected to enable elucidation of a disease’s pathological mechanism as well as individualized and stratified screening of drugs, leading to the development of new therapeutic agents targeting specific diseases in individual patients.
2.3 Drug discovery
Hepatocytes are the primary targets of drugs affecting metabolic function. Organoids constructed of hepatocytes are a valuable model for evaluating drug safety and efficacy because they ensure metabolic drug activity, resemble primary hepatocytes more than secondary culture systems, and are more sensitive to toxicity (Mun et al., 2019; Shinozawa et al., 2021). In hepatocyte organoids treated with oleic and palmitic acids and accumulated triglycerides, the addition of L-carnitine, a known anti-fatty liver drug, and metformin, an antidiabetic drug, has been shown to improve the morphology of oleic and palmitic acid-treated organoids and to substantially reduce triglycerides (Mun et al., 2019). In addition, anti-steatosis drug screening based on high-content analysis of Nile red staining showed that several drugs reduced triglycerides, indicating that hepatocyte organoids are helpful for drug validation. Furthermore, a high-speed live imaging platform for DILI has been established using hepatocyte organoids with polarity similar to human hepatocytes (Shinozawa et al., 2021). This 384-well-based system enables cell visualization and evaluation of pharmacokinetics and survival in real-time. With this system more than 450 new and existing drugs were administered to polar human liver organoids, and drugs that cause biliary congestion were identified. Liver organoids have also been generated from multiple iPSC lines with/without CYP2C9 mutations, and the effect of the drug Bosentan, which causes cholestasis, was verified. Notably, it was found that genetic variants may alter the action of Bosentan and patient-specific responses. In another study, cholangiocyte organoids were used to investigate the efficacy of drugs targeting cystic fibrosis-associated liver diseases (Sampaziotis et al., 2015). Using patient-derived iPSC organoids, the effects of verapamil and octreotide on polycystic and cystic fibrosis liver disease were reproduced, suggesting the utility of patient-derived organoids for drug screening.
The finding summarizes above suggest that if a simple and stable organoid induction technique can be developed, the constructed iPSC-derived organoids could serve as high-throughput drug evaluation systems able to provide novel therapeutic agents and diagnostic markers as well as personalized treatments.
2.4 Regenerative medicine
Although the liver is a regenerative organ, living donor liver transplantation is the only treatment for severe liver damage. It is estimated that more than 30,000 patients go on the liver transplant waiting list each year in the United States (Kwong et al., 2021), and the shortage of organ donors for transplantation is a serious problem. Because liver organoids have been reported to have better successful rate of engraftment than 2D hepatocytes (Takebe et al., 2014; Stevens et al., 2017), the ability to transplant healthy patient-specific liver organoids could potentially restore organ function. In mice, for example, 3D liver organoids pre-impregnated with vascular-like structures by mixing in self-aggregating vascular ECs are able to connect to host blood vessels within 2 days after transplantation and improve survival after acute liver injury (Takebe et al., 2013). In this mouse model, liver organoids provided an excellent engraftment rate and growth promotion as well as long-term survival. Similar results were obtained with liver organoids containing pre-patterned human primary hepatocytes, ECs, and stromal cells in degradable hydrogel (Stevens et al., 2017). Because replacement of liver function requires more than 100,000,000 cells, culture systems are beginning to be established to provide sufficient cell numbers through progenitor cell proliferation methods (Koike et al., 2017; Zhang et al., 2018) and miniaturization of liver organoids (Takebe et al., 2017a). In addition, a differentiation induction system using chemically defined medium has been established, and an organoid culture method with excellent reproducibility and safety has been developed (Sekine et al., 2020).
One option envisioned for regenerative medicine using iPSCs is autologous transplantation, which is less prone to immune rejection. On the other hand, regenerative medicine through xenotransplantation using other people’s cells inevitably involves the risk of immune rejection if the HLA types the donor and recipient cells differ. Currently, iPSCs that are HLA homozygous combinations less likely to cause rejection (Umekage et al., 2019) are being stored in the Center for iPS Cell Research and Application at Kyoto University, and the use of genome editing to create HLA pseudo-homozygotes and HLA-C-positive cells that are less susceptible to attack from killer T cells and NK cells (Xu et al., 2019) has been completed, expecting this approach available for numerous people worldwide. The safety of human iPSC-derived liver organoids for transplantation to infant patients has been evaluated using a pig model (Tsuchida et al., 2020), and studies evaluating human transplantation of iPSC-derived organoids, including the liver, are progressing.
3 DISCUSSION
Organoid technology using PSCs, especially iPSCs, is expected to play a key role in a variety of fields, including embryology, pathological modeling, drug screening, and regenerative medicine. However, several issues remain to be addressed. The first is the reproducibility of organoid formation. Although biochemical differentiation protocols have become more efficient, more robust protocols are needed to reduce output variation when starting from different cell lines. In that regard, the stepwise induction protocol for human liver organoids generated from 11 different donor iPSCs (Ouchi et al., 2019) is a highly reproducible protocol, the utility of which was confirmed in later differentiation experiments with iPSCs from 10 to 24 different donors (Shinozawa et al., 2021; Kimura et al., 2022). The second issue is the immaturity of organoids. So far, no PSC-derived liver organoids have reached adult-level organ maturity ex vivo, and significant improvement of the technique is still required. For instance, when a microfluidics system called an “organ on a chip,” which produces anaerobic exchange substance and shear stress, was used to reproduce bile and vascular flow, the complexity of the structure and metabolic functions of a human liver-related, cell line-derived organoid were improved (Rennert et al., 2015). As for organ-on-a-chip, it has also been shown to be useful in faithfully reproducing human pathology in multiple organs (Hiratsuka et al., 2022; Ingber, 2022). In another example, using bioprinting to change the shape of a 3D-printed gelatin scaffold improved the function of a human hepatocyte line (Lewis et al., 2018). In human iPSC-derived intestinal organoids, circadian rhythms were observed upon differentiation and maturation and indeed, it has been suggested that in vitro introduction of circadian feeding and fasting cycles in pancreatic islets induces the cyclic synthesis and maturation of energy metabolism and insulin secretory effectors (Alvarez-Dominguez et al., 2020). In addition, two adult hepatocyte-specific transcription factors, NFIX and NFIA, were identified through single RNA sequencing analysis comparing adult hepatocytes, human fetal hepatocytes, and human iPSC-derived hepatocyte-like cells, and their overexpression during the induction process from human iPSCs to hepatocyte-like cells was found to promote the cells’ maturation (Wesley et al., 2022). These suggest that factors related to cell maturation may be strong factors promoting maturity on the PSC-derived organoid system. The third issue is the difference in structural complexity between organoids and liver tissue. PSC-derived organoids are often constructed with many more cell types than 2D cultures or primary cell-derived organoids, but they have yet to fully reproduce the complexity of the cellular society within a living organ. For example, no liver organoid that contains nerves, lymphocytes, and other immune cells yet exists. Thus, more advanced organoids will likely need to be developed in the future. In addition, along with the increasing complexity of single organoid structures, there are growing expectations for the need to model their relationships with surrounding organs (Takebe et al., 2017b). For instance, iPSC-derived liver and islet organoids can be sustained for 30 days in a co-cultured multi-organoid model using an “organ on a chip” microfluidic system (Tao et al., 2022). It has been suggested that this model could be applied to evaluate the functional relationships between the liver and islets in response to external hyperglycemic stimuli and drugs. It is anticipated that further development of “organ on a chip” technology will expand the evaluation system for human interorgan coordination, which has not been achieved in animal studies. The fourth issue is the use of animal-derived matrices for organoid creation. Embedding organoids in Matrigel or other animal-derived extracellular matrix components used as scaffolds induces cell self-assembly and maturation. However, these extracellular matrix materials are poorly characterized and, therefore, unsuitable for clinical applications such as regenerative medicine. They also complicate genetic manipulation and organoid passaging. The recent development of Matrigel-free organoids and extracellular substrates, such as inverted colloidal crystals with polyethylene glycol (Ng et al., 2018) and synthetic hydrogels based on polyisocyanopeptides (Ye et al., 2020), is expected to enable development of suitable technological methods for construction of liver organoids for regenerative medicine (Kozlowski et al., 2021).
In conclusion, this review has outlined the latest research on functional liver organoids derived from PSCs. It was not mentioned in this review but organoids that recapitulate many organs and diseases have already been created around the world (Kim et al., 2020). Along with the resolution of the issue mentioned in the previous paragraph, PSC-derived organoid research will be widely used in many fields of study and the techniques and findings discovered in these organoid systems will 1 day be applied to many human patients.
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