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As the largest internal organ, the liver is the key hub for many physiological processes. Previous research on the liver has been mainly conducted on animal models and cell lines, in which not only there are deficiencies in species variability and retention of heritable material, but it is also difficult for primary hepatocytes to maintain their metabolic functions after in vitro expansion. Because of the increased burden of liver disease worldwide, there is a growing demand for 3D in vitro liver models—Liver Organoids. Based on the type of initiation cells, the liver organoid can be classified as PSC-derived or ASC-derived. Liver organoids originated from ASC or primary sclerosing cholangitis, which are co-cultured in matrix gel with components such as stromal cells or immune cells, and eventually form three-dimensional structures in the presence of cytokines. Liver organoids have already made progress in drug screening, individual medicine and disease modeling with hereditary liver diseases, alcoholic or non-alcoholic liver diseases and primary liver cancer. In this review, we summarize the generation process of liver organoids and the current clinical applications, including disease modeling, drug screening and individual medical treatment, which provide new perspectives for liver physiology and disease research.
Keywords: liver organoid, 3D culture, co-culture, disease modelling, drug screen
1 INTRODUCTION
As the largest internal organ, the liver is the key hub for many physiological processes. It not only participates in the metabolism of major nutrients, but also has diverse roles in the regulation of the immune system and the decomposition of heterogeneous biological compounds (Trefts et al., 2017), including many drugs, and other functions. Therefore, liver disease has an enormous impact on human health. Liver disease causes approximately two million deaths worldwide each year (Asrani et al., 2019), and epidemiological studies have shown that the burden of liver disease varies among people of different ethnicities, genders, geographic regions, financial positions and social ladders. In addition, certain liver diseases also show genetic correlations. With the aging of the global population, the prevalence of obesity, diabetes and other diseases is gradually increasing, which also increases the incidence rates of non-alcoholic steatohepatitis and chronic liver disease (Estes et al., 2018).
The development of the liver is first initiated by the inner cell mass, which progressively develops into an embryo. As illustrated in Figure 1, the posterior foregut of the endoderm develops into the liver as the triple germ layer forms. The liver is formed by the growth of the ventral foregut epithelium, which is first to develop into the hepatic bud structure. The hepatic buds generate hepatocytes and the cholestatic epithelium, while the adjacent mesenchymal stroma of mesodermal origin constitutes hepatic fibroblasts and stellate cells (Lancaster and Knoblich, 2014). The growth of the liver also involves the establishment of innervation, extensive vascularization and interactions between various types of cells, and it eventually develops into an organ with complex architecture and function. In an in vitro model, bile duct cells and hepatocytes complete cyclic renewal every 60 and 150 days, respectively (Magami et al., 2002). Although this is slower than the turnover rate of other organs of endothelial origin, the liver demonstrates a remarkable ability to regenerate after suffering injury.
[image: Figure 1]FIGURE 1 | The process of organogenesis. The physiological process of human embryonic development begins with the oosperm, which divides several times to form the Morulaand then develops into the blastocyst. The inner cell mass within it serves as the early embryonic stem cells and has developmental omnipotence. The ectoderm, mesoderm and endoderm form various tissues and organs, this process is called organogenesis. The study of the process of organogenesis contributes to the directed construction of related organoids. AF, anterior foregut; PF, posterior foregut; M, midgut.
To define the pathological changes of these diseases and discover the potential treatment approaches, researchers require an array of approaches to understand the development of liver structure and function, the pathogenesis of liver diseases, and the responses to related treatments. During the past few decades, most in vitro studies of chronic liver diseases have used two-dimensional (2D) cultured cell lines. Cell lines from benign or malignant tumours of the liver and primary human hepatocytes (PHHs) are the main sources for these in vitro studies because cancer-derived hepatocyte lines lack their normal liver cell counterparts, despite their ability to proliferate indefinitely. Most importantly, they lack most of the cell types that differentiate into primary tissues (Schutgens and Clevers, 2020). Although PHHs retain many of the characteristics of normal hepatocytes, their viability in culture is limited to a few days, so there is a constant need for fresh donor tissues, which are often difficult to obtain. In addition, their initial establishment involves not only extensive genetic but also phenotypic adaptation to culture conditions (Nuciforo and Heim, 2021). Two-dimensional cultured cell models, such as PHHs and induced pluripotent stem cells (IPSCs) also lose the polarity that hepatocytes exhibit in vivo because they are forced to adopt a flat morphology in vitro (Shulman and Nahmias, 2013).
By contrast, the in vivo models for studying the pathogenesis of liver-related diseases are mainly animal models (Aqeilan, 2020), which facilitates a greater and more sophisticated dimension of understanding. While animal models used to study liver disease mechanisms and targeted therapeutics share key biological and histological features with the liver in humans (Prior et al., 2019), the intrinsic differences between animal models and humans cannot be easily resolved, especially in replicating the key aspects of the complex structure and metabolic functions of the liver in humans, which has severely affected several potentially effective therapeutic agents in clinical trials. In addition, most of the animal models used in preclinical studies are based on inbred lines with genetic homogeneity that lack the heterogeneous genetic diversity of humans.
Organoids are established over long periods of time and maintain genetic sustainability, thereby achieving more complex structures similar to those of the mammalian body, and they have been applied to rodents (Kuijk et al., 2016), canines (Nantasanti et al., 2015; Gabriel et al., 2022), cats (Kruitwagen et al., 2017) and humans. In addition, while both in vitro models and organoids are capable of providing causal evidence of pharmacological and genetic targeting, the assay throughput of organoids is well beyond the maximum capacity of mouse models (Takebe et al., 2017). For the past few years, researchers have introduced transcriptomics, proteomics and metabolomics into studies of organoid cultures, promoting new discoveries and complementary investigations in 2D cultures and animal models. We summarize the advantages and disadvantages of different in vitro models in Table 1. In recent years, much progress has been made in establishing several different organoid culture protocols to simulate the human liver and model liver-related diseases. In addition, organoids have potential for drug testing and even organ replacement. Here, we describe the principal derivation procedures, as well as the classification of liver organoids, and discuss their present and emerging applications in disease modeling, drug screening, and regenerative medicine. Finally, we highlight some of the challenges that remain in the field.
TABLE 1 | Comparison of different hepatic in vitro model systems.
[image: Table 1]2 OVERVIEW OF THE LIVER AND ORGANOIDS
2.1 Origin of liver organoids
In 1981, Evans and others established pluripotent stem cells from mouse embryos (Lancaster and Knoblich, 2014) and in 1988, the first human embryonic stem cell line was isolated and cultured from human blastocysts by Thomson et al. (1998) In 1987, Bissell and colleagues reported that extracellular matrix (ECM) extracts play an important role in epithelial organization into 3D ducts and conduits in a mammary model (Li et al., 1987). However, it was not until 2009 that Clevers and colleagues generated intestinal organoids from adult intestinal stem cells by 3D culture of stromal gels (Sato et al., 2009), which is believed to be the first organoid ever established in vitro.
The definition of an organoid is the collection of organ-specific cell types that develop from stem cells or organ progenitors and self-organize through cell sorting and spatially-restricted lineage commitment in a manner similar to that in vivo (Lancaster and Knoblich, 2014). Self-organisation, the basis for organoid establishment, is achieved through direct cell-cell interactions (Asai et al., 2017). The general ability of cells to separate and reorganise through the process known as “cell sorting” forms generations with histogenic characteristics that are identical to those in vivo. Self-organisation depends not only on the classification of cells, but also on the correct execution of genealogical decisions for progenitor cells, which includes the appropriate direction of stem cell division, the correlation of synchronous and non-synchronous divisions, and the migration of differentiated daughter cells to particular locations within a specific tissue (Lancaster and Knoblich, 2014).
2.2 Derivation methods for liver organoids
Organoids are based on the ability of cells to self-organise, which is influenced by the physical characteristics of the culture environment, the requirement for endogenous and/or exogenous signals and the starting cell type and system conditions (Rossi et al., 2018). Different parameter selections of these characteristics can ultimately affect the features and the extent of applicability of the organoid as a biological prototype system.
Until now, several approaches for the generation of liver organoids have been published. The current mainstream approaches for the generation of liver organoids involve a PSC-derived approach, including transdifferentiation (Sun et al., 2019), and an ASC-derived approach. The different approaches for the generation of liver organoids and their characteristics are described in further detail below.
3 CLASSIFICATION OF LIVER ORGANOIDS
Depending on the type of starting cell, organoids can be classified as PSC-derived or ASC-derived. Because each cell type originates at a different developmental stage, the maturity level of the organoid that can be derived from each type of starting cell is variable. The process of PSC- and ASC-derived organoid establishment is presented in Figure 2.
[image: Figure 2]FIGURE 2 | The construction procedure of ASC and PSC-derived liver organoids. The process of constructing liver organoids is divided into ASC and PSC origin. ASC are mainly derived from biopsy of adult tissues to obtain healthy or tumor tissues. Hepatocytes or bile duct tissues obtained from biopsies were inoculated in isolation medium, and subsequently hepatocyte organoids and cholangiocyte organoids were constructed using defined differentiation media. PSCs can be obtained by reprogramming fibroblasts in vivo, in addition to inner cell mass, which are capable to form hepatic progenitor cells by co-culture and special signal-mediated differentiation towards endoderm, and eventually obtain hepatocyte organoids and cholangiocyte organoids. HUVECs, vein endothelial cells; MSCs, mesenchymal stem cells.
3.1 Pluripotent stem cells-derived organoids
Pluripotent stem cells (PSCs) are a type of cell that can self-renew and differentiate into specialized cell types that comprise one of the three germ layers in vivo (Liu et al., 2020). Thus, PSCs, which contain embryonic stem cells (ESCs) and induced pluripotent stem cells (IPSCs), are primarily used to study organogenesis and progression events that result in tissue generation (Schutgens and Clevers, 2020). PSCs are induced into hepatic endodermal cells by the action of activin A and then complete differentiation in response to developmental signaling pathways from FGF and BMP (Clevers, 2016).
IPSC generated by reprogramming of skin fibroblasts (Sun et al., 2019) can differentiate into all cell types in the body and precisely differentiate into different cell and tissue types under the control of induction signals (Asai et al., 2017; Mccauley and Wells, 2017). In addition, co-cultured with stromal cells, human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells (MSCs), all of which have stem cell potential, can helped liver endodermal cells from human IPSCs (IPSC-HEs) recapitulate early organogenesis (Takebe et al., 2013; Rossi et al., 2018).
To address the lack of homologous substrate components, Ouchi et al. (2019) generated a foregut model by recapitulating early organogenic differentiation. The authors embedded foregut globules in a stromal gel, followed by co-culture with retinoic acid (RA) to directionally differentiate PSCs into foregut-derived organoids, thereby generating more complete organoids containing both epithelial components and mesenchymal cells which can differentiate into supporting lineages. Recently, in response to the disadvantage that PSC-derived organoids exhibit only immature fetal characteristics, Mun et al. (2021) used microbial short-chain fatty acids (SCFAs) to simulate changes in the microenvironment of the liver during postnatal development. This approach could increase albumin secretion and P450 activity, as well as the expression of hepatocyte genes (Aloia et al., 2019), which improved the metabolic ripening of IPSC-derived liver organoids.
3.2 Adult stem cells-derived organoids
Adult stem cells (ASCs) are undifferentiated lineage-committed cells. Terminally differentiated cholangiocytes or hepatocytes can also become activated by appropriate liver injury, which causes them to restart the cell cycle and induce liver regenerative repair by forming ASCs (Liu et al., 2020). However, other ASCs, such as hematopoietic stem cells, do not have this characteristic. Compared to PSC-derived organoids, ASCs can only differentiate into components associated with the organ or tissue from which they are derived. However, ASC-derived organoids are more stable at chromosomal and structural levels, while having a lower incidence of single base changes (Huch et al., 2015). This is due to the presence of inherited and epigenetic abnormalities in IPSC-derived organoids during IPSC reprogramming and organ differentiation, which occur infrequently in ASC-derived organoids (Ohnuki and Takahashi, 2015).
ASCs are located in a very specific microenvironment, namely, the stem cell niche, which ensures that the cells are able to renew themselves. Stem cell niches are functional domains within stem cell populations capable of controlling the dynamics of tissue homeostasis under different conditions (Vining and Mooney, 2017), and they communicate with stem cells through mechanical signals that regulate cell fate and steer their developmental processes with a high degree of plasticity (Voog and Jones, 2010). ASCs are usually obtained from isolated cells or dissected tissue fragments of normal or tumour tissues (Schutgens and Clevers, 2020). The cells of tissue origin used to establish liver organoids, including hepatocytes and duct cells, usually have a slow turnover rate but can exhibit a remarkable capacity for tissue self-renewal and damage restoration after liver injury (Aloia et al., 2019). ASC-derived liver organoids of hepatocyte origin are perhaps slightly superior to those of bile duct origin in terms of maturity and physiological relevance. However, there is still no alternative to cholangiocyte-based liver organoids, for example, to study the function and pathology of the bile duct. Meanwhile, bile duct-derived liver organoids are inoculated more efficiently than hepatocyte-derived liver organoids, with EpCAM + hepatic duct cell-derived organoids having a higher efficiency than hepatocyte-derived organoids, even in the presence of TNF-α (Peng et al., 2018). ASCs obtained from biopsy specimens, such as tumour tissues, allow the generation of patient-derived organoids (PDOs). Liver organoids derived from healthy tissues initially form a monolayer of epithelial structures, which transdifferentiate into pseudo-lamellar epithelial cells (Broutier et al., 2017), while tumouroids can directly recapitulate the features of the various tumour subtypes. Furthermore, they retain histologic, genetic and transcriptomic features to mirror the original tumour tissue (Li et al., 2019).
Following chronic liver injury, oval cells, a population of bipotent progenitor cells derived from biliary epithelial cells (BECs) in the Hering duct that emanates from the biliary tree, trigger regeneration by restoring both hepatocytes and cholangiocytes, suggesting that they are an alternative source for new cell therapies. Following acute liver injury, such as partial hepatectomy (PHx), total liver chemical-induced damage or infection (Broutier et al., 2016), mature hepatocytes respond by proliferating. Interestingly, no significant dedifferentiation to a progenitor state was observed during this process (Nuciforo and Heim, 2021) Based on the reparative mechanism of acute liver injury, mature hepatocyte-derived liver organoids can be generated directly, cultured and expanded in vitro for long periods of time (Hu et al., 2018).
The Wnt signaling pathway is comprised of extracellular development-related proteins, and this pathway is responsible for initiating sustained tissue renewal by promoting stem cell activity; otherwise, tissue renewal is impaired (Clevers et al., 2014). Lgr5, which is one of the target genes of Wnt, is a commonly used stem cell marker (Clevers, 2016). When CCl4 was used to induce liver injury, the damaged tissue showed increased expression of Axin2-LacZ16 compared to healthy tissue. Furthermore, Lgr5+ cells not only express multiple Wnt target genes but also have features of bi-potent liver progenitors, which allows them to achieve in vitro expansion (Huch et al., 2013).
4 CHARACTERISTICS OF THE CULTURE ENVIRONMENT
Organoid differentiation of PSCs consists of several stages. First, the differentiation of IPSCs to the definitive endoderm is followed by the directed derivation to foregut progenitors, which is a crucial step, and finally in the presence of BMP and RPMI, among other factors, to hepatoblasts (Sampaziotis et al., 2015). Subsequently, hepatic progenitors with bidirectional differentiation potential can differentiate into hepatocytes or bile duct cells in different settings, a process that usually requires co-culture with mesoderm-derived stromal components embedded in ECM, which promotes three-dimensional (3D) growth and organoid formation.
4.1 Co-culture
As most liver organoids are typical of cystic organoids, containing only epithelial cell types, co-culture is needed to generate organoids. As displayed in Figure 3, co-culture methods are essential to study the interaction of organ tissues with immune cells, stromal cells, and fibroblasts, as well as to achieve the optimal reproduction of the actual environment in vivo.
[image: Figure 3]FIGURE 3 | Overview about co-culture of liver organoids. There have been many researches in the field in co-culture of liver organoid, which mainly includes co-culture with immune cells, stromal cells, fibroblasts and microorganisms. The involvement of immune cells such as dendritic cells and stromal cells such as hematopoietic stem cells in co-culture helps to simulate the real environment in vivo. Co-culture with hepatitis virus not only reflects the role of the liver-microbe axis, but also allows for participation in disease modeling. Co-culture with cancer-associated fibroblast (CAF) in tumor modeling not only mimics the tumor microenvironment but also promotes the growth of cancer stem cells (CSCs).
4.2.1 Organoids and immune cells
The co-culture of liver organoids with immune cells facilitates the exploration of the physiological state of the liver and the mechanisms of disease, in addition to promoting the investigation of the dynamic interactions between expanding tumours and immune systems (Bresnahan et al., 2020).
There are three types of systems in which organoids are co-cultured with immune cells (Bar-Ephraim et al., 2019). In the first system, immune-related cytokines are added to organoid media. In the second system, organoids are dissociated into single-cell suspensions and co-cultured with immune cells for a defined period of time before establishing organoids. In the third system, activated immune cells are co-cultured with organoids. However, of these three approaches, the first simply adds cytokines and lacks the relevant immune cell component, while the second is a co-culture of immune cells with organoids that have been digested into single cells, which does not prove that a co-culture system was established after digestion. By contrast, the third approach constitutes a putative co-culture system of immune cells. In addition, Yuki et al.(2020) described a method for establishing tumour-derived organoids, while preserving immune, stromal and mesenchymal cells from the same tumour specimen. The authors named this system “a native model,” which provides a holistic approach to the study of the tumour microenvironment and allows better simulation of tumour metastasis.
4.2.2 Organoids and microbes
Many liver diseases, such as primary sclerosing cholangitis (PSC) and hepatic encephalopathy (HE) due to cirrhosis, have been reported to associate with microbial characteristics. For example, microbes play an essential role in liver inflammation, with the liver impacting and communicating with microbes through mediators such as bile acids or inflammatory signals. This connection is known as the liver-microbiome axis (Adolph et al., 2018). Therefore, the co-culture of organoids and microbial organisms can be used to study infectious or non-infectious liver inflammation.
The co-culture of organoids with viruses, which can mimic virus infection, has potential for infectious disease models. For example, Nie et al. (2018) generated an in vitro infection model with hepatitis B virus (HBV) after co-culture of PSCs with stromal cells on 3D microtiter plates, which developed into vascularised and functional tissue after transplantation. The significant release of viruses from infected IPSC-derived organoids in this assay and the high expression of the infection-promoting factors GPC5, PPARA and CEBPA in IPSC-derived liver organoids demonstrated the stability of this differentiated infection model.
During the COVID-19 epidemic, organoids were similarly applied to related research areas. Researchers reported that liver organoids were highly sensitive to SARS-CoV-2 infection and showed high expression of chemokines following infection, which is consistent with findings in lung specimens from human COVID-19 autopsies (Yang et al., 2020). In addition, co-culture of patient-derived organoids with microbes provides new insights on the roles played by microbes in the disease process (Mccarron et al., 2021). Liver organoids, as an emerging in vitro model, provide an effective way to investigate the human tissue response to SARS-CoV-2 infection.
4.2.3 Organoids and fibroblasts
The co-culture of organoids and fibroblasts has been widely used in tumour patient-derived organoids. Cancer associated fibroblasts (CAF), which are derived from tissue-residual fibroblasts, endothelial cells and vascular smooth muscle cells, play an essential role in the establishment of the tumour microenvironment (Yamamura et al., 2015). CAFs can mold stem cell niches to maintain and facilitate the growth of cancer stem cells (CSCs) through direct contact with tumour cells or a paracrine pathway (Liu et al., 2021). The co-culture of CAFs with liver tumour-derived organoids promoted the growth of organoids, and the results showed that the effect of CAFs was achieved by expanding the volume of organoids instead of the number, although the effectiveness on organoid initiation was not confirmed.
In addition to the growth promoting effects on CSCs and liver tumour-derived organoids, CAFs can induce tumour drug resistance (Xiong et al., 2018). CAFs cause tumour drug resistance by affecting the tumour-specific microenvironment, including increasing tumour mesenchymal pressure and inducing vascular collapse. CAFs can also alter the immune response through ECM remodeling, thereby preventing the regulation of tumour tissue by immune cells (Liu et al., 2021). In addition to co-culture with organoids, co-transplantation of CAFs with organoids can result in more efficient tumour formation.
4.2.4 Organoids and stromal cells
Hepatocytes and bile duct cells in the liver differentiate from the epithelium of the ventral foregut in the endoderm and the mesenchyme transforms from the mesoderm, so that hepatic progression represents a complex interplay between tissues of endodermal and mesodermal origins. To achieve this physiological state as much as possible, Takebe et al. (2013) generated functional vascularized liver buds by co-culture of IPSCs with stromal cell populations such as human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells (MSCs). In addition to direct hepatocyte-stromal cell interactions, the stromal cell population also activates FGF and BMP through a paracrine pathway, which is necessary for the generation of 3D liver buds in vitro. However, due to the heterogeneity of IPSCs, common culture protocols do not guarantee that the cells used for organoid generation have the same characteristics, even if they come from the same cohort. To demonstrate the difference between the TGFβ1-induced artificial liver fibrosis model and the liver fibrosis caused by the natural development of NAFLD, Ali et al. established HepaRG-based bioengineered multicellular liver microtissues (BE-MLMs). HepaRG (cell line), HUVECs (human primary), KCs (human primary), and HSCs (human primary) were co-cultured in spheroid-laden hydrogels at different ratios while simulating liver tissue native configuration, such as nutrients/O2 gradients and direct cell-cell contacts between different cell types inside spheroids (Bao et al., 2021). Organoid of the HepaRG-based BE-MLMs is more complex and further describes the structural and metabolic environment of the liver. A new method for the co-culture of vascular endothelial cells and organoids was recently described by Pettinato and others. The authors reported that suppression of the Sonic hedgehog and Notch signalling pathways at an initial phase of differentiation significantly increased the expression of key proteins and the activity of enzymes (Pettinato et al., 2021).
Overall, co-cultures play an irreplaceable role in the construction of organoids, bridging the cellular and structural deficiencies of single germ layer-derived organoids in immune, neural and vascular aspects. In terms of disease modeling, co-cultured organoids can personalize the simulation of the patient’s in vivo environment and construct more effective disease models. However, there are differences between HUVEC and mature hepatic sinusoidal endothelial cells, which may lead to differences in subsequent applications for disease modeling. In addition, the current co-culture of TME components other than immune cells and fibroblasts with organoids still needs to be improved to further enhance the effectiveness of organoids.
4.2 Culture environment of liver organoids
4.2.1 Matrigel method
The two-dimensional (2D) culture of hepatocytes primarily consists of monolayers on collagen gels and cultures covered with matrix or collagen gels, which are defined as “sandwich cultures” (Peng et al., 2021), but hepatocytes cultured in this way rapidly exhibit defects in their morphology. In organoid cultures, hepatocytes are mainly co-cultured with mesenchymal cells and supported by the matrix gel, which induces the aggregation into 3D spheroids. Table 2 compares and summarizes the characteristics of biomaterials from matrigel sources and non-matrigel sources.
TABLE 2 | Comparing the differences between different organoid construction biomaterials.
[image: Table 2]Matrigel is an extract from Engelbreth-Holm Swarm mouse sarcoma with components similar to those of a true basement membrane that can form a hydrogel at temperatures of 30°C and above (Benton et al., 2014; Aisenbrey and Murphy, 2020), and the effectiveness of matrix gel-based cultures for organoid generation has been widely demonstrated (Guan et al., 2017; Giobbe et al., 2019). However, the generation of Matrigel-based liver organoids suffers from a lack of cell function and maturation. Furthermore, the complex and uncertain composition of Matrigel makes it difficult to precisely demonstrate its role in organoid generation.
4.2.2 Matrigel-free methods
The matrix gels prepared by decellularization, as described above, are of animal origin, and their residual animal protein content may induce an immune response in the host (Giobbe et al., 2019; Kozlowski et al., 2021). Therefore, the advent of chemically-synthesized matrices has remedied this shortcoming. A purely chemically-synthesized matrix that integrates key ECM proteins found in the liver, such as type IV collagen and fibronectin, was prepared using poly ethylene glycol (PEG) hydrogels as the skeleton and successfully used to culture liver organoids. In addition to the benefits of complete chemical synthesis and avoidance of immunological factors, the stable cross-linking of the PEG gel matrix allowed for the stable culture of liver organoids for more than 14 days (Sorrentino et al., 2020). In addition to purely chemically-synthesized substrates, the bioplotted poly-L-lactic acid scaffold (Wang et al., 2016), which permitted cells to develop in three dimensions and form cell-cell connections, was applied by Wang and colleagues. The cells grown within the ECM scaffold had markedly higher P450 activity and metabolizing enzymatic activity compared to IPSC-derived hepatocytes grown in a 2D matrix gel.
4.2.3 Liver on-chip
With the development of organoid chips in recent years, liver chips have received much attention and investigation. The types of cells and culture approaches used for liver microarrays are constantly improving, and the overall model can be classified as simple microwell microarrays (Wiedenmann et al., 2021), complex microfluidic microarrays (Ya et al., 2021) and body on chip (Tao et al., 2021), a collection of multiple organoids. Microfluidic organoids not only enable more precise control of culture conditions, but also reduce the influence of human factors by imposing physical and mechanical controls (Telles-Silva et al., 2022). Based on the standardized nature of organoids, this model implies more consistent drug responses and more reliable results.
The liver organoids generated of the rat, dog and human involved using micro-engineered organoids containing primary hepatocytes and stromal cells. Primary hepatocytes of the three sources were located in the porous membrane with two parallel microchannels within the ECM sandwich, while stromal cells were located on the other side of the sandwich. Ya et al. (2021) used engineered liver lobule canines (LLC) to generate liver organoids. The addition of an oxygen concentration regulation chip (ORC) on top of this could more accurately reflect the blood supply and blood oxygen content of the hepatic arterial and venous systems in the actual liver. The advantages of this organoid over those cultured in a matrix gel are that it solves the issue of vascularization and the establishment of a naturally perusable hepatic sinusoidal system, which prolongs the application of the liver organoid.
4.2.4 Other biomaterials methods
In vitro cells self-organizing into organoids are limited by the lack of circulatory system as well as oxygen and nutrients, which leads to the appearance of central organoid necrosis. To address this problem, vascularization methods have been applied to the construction of organoids, and interspersing fibers of endothelial cells between fibers containing parenchymal cells can facilitate vascularization and anastomosis with the host tissue in vivo. In addition to this, 3D printing techniques have been applied to construct vascularized frameworks for tissue development and differentiation of organoids in response to endothelial-parenchymal interactions (Leong et al., 2013).
Biomaterial scaffolds are mainly used for compartmentalization or restriction during organoid construction and are important for determining the final organoid structure and function. For example, the initial arrangement of epithelial and mesenchymal cells that initiate the development of ectodermal appendages in co-culture can be constructed by 3D modeling, which later consists of multiple parallel adjacent fibrous compartments filled with epithelial and mesenchymal cells as a whole (Pan et al., 2013).
5 VALIDATION OF LIVER ORGANOIDS
After the liver organoid is generated, its performance can usually be assessed in vitro by morphological tests (Broutier et al., 2016; Aloia et al., 2019; Ogoke et al., 2022), functional tests (Akbari et al., 2019), such as P450 activity assays, and single-cell sequencing (Elbadawy et al., 2020). Compared to morphological and functional tests, single-cell sequencing is more reflective of the similarity between the organoid and the primary liver. The Human Cell Atlas Project is a worldwide study that characterizes cellular and tissue components through a single cell genomics approach, and it meticulously identifies different cells and tissues and defines all cell types in the human body based on their unique molecular profiles (Lindeboom et al., 2021). Single-cell transcriptomics also plays an important role in the validation of organoids. A single-cell genomic approach can quantify the similarity of cells within liver organoids to the primary liver tissue, and this approach offers superior resolution and accuracy compared to bulk RNA-sequencing (Brazovskaja et al., 2019; Shinozawa et al., 2021). Camp et al. (2017) reported the regeneration of PSCs to a hepatocyte lineage by applying single-cell RNA sequencing at a 2D level, and a 3D liver bud was generated by co-culture of hepatocytes and stromal cells. Furthermore, the similarity to fetal hepatocytes was demonstrated based on the results of single-cell RNA sequencing, thereby proving the validity of the liver organoid.
6 APPLICATION OF LIVER ORGANOIDS
Existing disease models, such as cancer models, only reproduce a patient’s tumour, and the lack of a functional holistic component in these models leads to limitations in their application. Commonly used animal models, while contributing to the fundamental field of disease research, can require long culture and experimental periods and often do not adequately reflect the histological complexity and genetic specificity of the human body (Drost and Clevers, 2018; Nuciforo and Heim, 2021). By contrast, organoids can serve as preclinical models because they are physiologically and functionally similar to their primary organs. As such, the study of disease is not only limited to basic theory; instead, it also contributes to the development of clinical therapeutics, which is superior to other established 2D models. The current use of liver organoids is summarized in Figure 4.
[image: Figure 4]FIGURE 4 | Liver-derived organoid applications After the liver organoid has been constructed, relevant expressions can be examined by morphology, RNA sequencing and proteomic analysis to determine the validity of the organoid. Subsequently, liver organoids can be used for liver pathophysiology research, disease modeling, drug screening and regenerative medicine. In addition to further understanding of liver physiology, in vitro 3D organoids can be used to construct multi-organ systems to study the role of different organs through liver-on-chip. For example, the role of hepatopancreatic islet axis in diabetes. Drug analysis includes efficacy and toxicity analysis, which contributes to the clinical application of drugs. Disease modeling is a popular area for liver orgaoids applications. Congenital and genetic diseases have been constructed through gene editing techniques. The availability of liver organoids also offers the hope to autologous organ transplantation. Healthy liver tissues in patients are able to be expanded and then transplanted, which can avoid the emergence of anti-host reactions. In addition to this, biopsied liver tissue is able to expand the biobank.
6.1 Disease modelling
The sources of the disease models used to generate organoids can be classified as patient-derived organoids and CRISPR + organoids. Patient-derived normal or abnormal specimens preserve the genetic background of the respective individual, and thus, are important in disease modelling of monogenic diseases and cancers, as patient-derived tissues include specific genetic mutations. In addition, they can be used to develop individualized drug tests or treatment plans for patients (Nuciforo and Heim, 2021).
CRISPR-Cas9-mediated genome engineering is one of the most popular gene editing technologies, and it mainly includes gene knock-in and knock-out techniques. After CRISPR-Cas9-induced double-strand breaks occur, the induced breaks can be repaired by non-homologous end joining or homology-directed repair (Zhan et al., 2019; Hendriks et al., 2020). Compared to patient-derived organoids, CRISPR + organoids can overcome the limitation of the sample source. In addition, after oncogene knock-out (Artegiani et al., 2019), it is possible to continuously observe the changes in the organoid and to further intervene in various stages of the disease. In addition to disease modelling, genome-scale CRISPR screening can identify new genes for cancer research (Zhan et al., 2019; Ringel et al., 2020).
6.1.1 Genetic diseases
Alagille syndrome (ALGS) is an autosomal dominant disorder that results in multiple organ abnormalities due to mutations in JAG1, which blocks the Notch signalling pathway. The main hepatic lesion is chronic cholestasis due to the lack of intrahepatic bile ducts (Turnpenny and Ellard, 2012). In a study by Huch et al. (2015), structural defects in the biliary tract were generated using biopsies derived from patients to model ALGS disease. The inhibition of nicotinamide, R-spondin, etc., was found to lead to a reduction in biliary marker expression and biliary cell apoptosis in ALGS patient-derived organoids. Guan et al. (2017) prepared iPSCs using fibroblasts from patients and generated IPSC-derived liver organoids expressing ALGS1. The pathogenic ALGS1 mutation C829X was introduced and restored in IPSC-derived liver organoids and controls by CRISPR-Cas9 genome editing, and it was found that bile duct formation in liver organoids was increased following reversal of the ALGS1 mutation. The efficiency of organoid formation and biliary transit function were also closely associated with the JAG1 mutation.
Citrullinemia type 1 (CTLN1) is a relatively rare inherited metabolic disorder that causes severe and fatal neonatal hyperammonemia. It is mainly due to a mutation in arginosuccinate synthetase (ASS1) that affects the detoxification function of the liver, thereby blocking the urea cycle and causing a significant accumulation of ammonia in the body that cannot be converted to urea, ultimately leading to hyperammonemia (Nuciforo and Heim, 2021). Research into this disease is hampered by the high clinical variability of the disease and the lack of models that can predict the severity of the phenotype early in the course of the disease. Akbari et al. (2019) performed disease modelling of CTLN1 by generating liver organoids using biopsies from patients. The expression of ASS1 was not detected in patient-derived organoids, but it could be detected in healthy donors, indicating the importance of ASS1 defects in CTLN1. The ability to reverse disease-associated ammonia accumulation by genetic manipulation techniques to achieve the expression of ASS1 suggests that the model is suitable for genetic manipulation. This study also provides early evidence for the role of organoids in genetically-corrected treatments for genetic disorders.
Mitochondrial DNA deficiency syndrome (MDS) is a serious genetic disorder caused by iron overload in the body, which is mainly due to mutations in DGUOK. The liver, as the main storage site for iron in the body, is more sensitive to the oxidative stress caused by iron overload, which ultimately leads to severe liver damage. However, the process from iron overload to liver failure is not known. Recently, Guo et al. (2021) used IPSCs from patients carrying a DGUOK mutation to generate liver organoids in vitro, a model that not only has the characteristics of hepatocytes, but also includes the patient’s genetic context. In addition, corrections by CRISPR/Cas9 gene editing enable more accurate controls. The ability of n-acetylcysteine (NAC) to reduce the sensitivity of NCOA4-dependent ferritin degradation-mediated iron pendant disease in lysosomes to iron overload has led to the further study of MDS.
6.1.2 Alcohol-related and non-alcoholic fatty liver diseases
Alcoholic liver disease (ALD) is a liver disease that is closely related to alcohol use. Chronic alcohol abuse (>60 g/day) plays an important role in the development of the disease, and genetic factors, such as patatin-like phospholipase domain containing 3 (PNPLA3) and transmembrane six superfamily member 2 (TM6SF2) expression, viral infections, obesity or malnutrition, are also associated with ALD (Lackner and Tiniakos, 2019). ESC-derived liver organoids co-cultured with human fetal liver mesenchymal cells can mimic the pathophysiological and developmental stages of the disease, including oxidative stress and inflammatory-mediated fibrosis. This disease model can also be used for the study of steatohepatitis that follows ALD. As this model shows significant long-term expansion potential over 20 generations, it can be applied as an industrial-scale model for studying the potential mechanisms of the disease, screening of drugs and conducting research related to ALD prevention and treatment (Wang et al., 2019).
Unlike ALD, the causative factors for non-alcoholic fatty liver diseases (NAFLD) may include high-energy diet, sedentary lifestyle, obesity, diabetes and hyperlipidemia (Younossi et al., 2019). When liver organoids were exposed to free fatty acid, hepatocytes showed steatosis and ballooning, with increased levels of pro-inflammatory cytokines and collagen, demonstrating the role of inflammation and fibrosis in the disease, and thus, recapitulating key features of non-alcoholic steatohepatitis (NASH) (Soret et al., 2020). Patient-derived organoids are capable of modeling specific diseases, while patient-derived NASH organoids show strikingly diverse transcriptomes and functions, including increased growth kinetics, lipid accumulation and sensitivity to apoptotic stimuli. The co-culture of NASH organoids with hepatic stellate cells, T cells and Kupffer cells can effectively validate NASH-related inflammation, fibrosis and tumour development. As such, this approach more accurately reflects the hepatic microenvironment of NASH patients than the NASH model constructed from healthy liver organoids (Mccarron et al., 2021). The upregulation of some novel genes in NASH organoids (Elbadawy et al., 2020) may provide a possible pathway for the use of liver organoids in the diagnosis and treatment of NASH in the future.
6.1.3 Infectious diseases
Viral hepatitis, mainly caused by hepatophilic viruses, causes acute hepatocyte necrosis, degeneration and inflammation. Hepatitis B virus (HBV), which causes chronic infection in more than 200 million individuals worldwide, is the predominant infectious agent of the liver (Wose Kinge et al., 2020). HBV exhibits significant heterogeneity, including clinical manifestations ranging from self-limiting infection to cirrhosis or hepatocellular carcinoma development, and different outcomes in response to the same drug therapy. This has led to the difficulty in providing a complete overview of the HBV replication cycle and the deficiency in representing individualized genetic backgrounds in the study of related diseases. By co-culturing IPSCs with mesenchymal and endothelial cells, IPSC-derived organoids are a good model for HBV research, which encompasses patient-specific genetic backgrounds and susceptibility to HBV infection compared to IPSC-derived hepatic-like cells (Nie et al., 2018). In addition to healthy liver organoids, the use of HBV-infected chronic cirrhotic liver tissues to generate HBV-infected patient-derived liver organoids enables the study of HBV development. Despite the lack of phenotypic evidence for abnormal growth, HBV-infected non-tumourigenic patient-derived liver organoids exhibit early cancer gene profiles (De Crignis et al., 2021), which may provide an approach for the early personalized treatment of HBV-associated hepatocellular carcinoma (HCC).
Due to the ACE2+/TMPRSS2+ expressing cell population in human bile ducts, human liver ductal organoids can be used for SARS-CoV-2 disease modelling. By co-culturing with SARS-CoV-2, human liver ductal organoids exhibited susceptibility and supported robust viral replication (Zhao et al., 2020; Lui et al., 2022). In addition to healthy human liver ductal organoids, patient-derived organoids can respond to the relationship between different diseases. For example, NASH-derived organoids demonstrate the permissible to SARS-CoV-2 pseudovirus, providing a possible explanation for the severe outcome of COVID-19 in NASH patients (Mccarron et al., 2021).
6.1.4 Liver fibrosis
Hepatic fibrosis is a dynamic pathological process that essentially results from the excessive accumulation of heterologous hepatic myofibroblastic components, leading to abnormal production of connective tissue in the liver (Parola and Pinzani, 2019). Initially, chronic inflammation in the liver occurs in response to various pathogenic factors such as hepatitis virus infection, fatty liver disease, immune disorders and drug or chemical exposure. Inflammation primarily activates hepatic stellate cells within the liver interstitium, which is the central event in liver fibrosis. Furthermore, hematopoietic stem cells are activated and differentiate into myofibroblasts, whose increase leads to the massive accumulation of ECM (Bao et al., 2021). The chronic inflammatory process also produces several immune cells that are driven by inflammatory factors, which damages hepatocytes and causes them to lose their robust regenerative capacity, ultimately leading to the development of irreversible cirrhosis.
Three-dimensional liver organoids were constructed by co-culture with HepaRG and hepatic stellate cells. After exposure to allyl alcohol and methotrexate, the organoids showed enhanced activity of hepatic stellate cells and secretion and deposition of collagen, providing evidence for the establishment of a fibrosis model based on HepaRG-derived liver organoids. In addition, acetaminophen use results in hepatocyte injury-dependent activation and collagen production in hepatic stellate cells, while histone deacetylase suppression prevents activation in these cells (Leite et al., 2016). One of the clinical manifestations of autosomal recessive polycystic kidney disease (ARPKD) is congenital hepatic fibrosis. The generation of liver organoids with a common pathogenic mutation in ARPKD demonstrated that the increased TGFβ expression generated by this mutation in bile duct cells could stimulate myofibroblasts to form collagen fibers (Guan et al., 2021), which ultimately resulted in the development of liver fibrosis.
6.1.5 Cancer
ACS-derived liver organoids and patient-derived xenografts (PDXs) are common sources of 3D in vitro liver tumour models. However, PDXs associate with a low implantation rate, and thus, they have limited application in disease modelling (Cavalloni et al., 2016). Patient-derived tumour organoids have been shown to retain the histology, gene expression and oncogenic potential of the original tumour based on long-term in vitro expansion, and these features can also be seen in patients after transplantation (Broutier et al., 2017).
Li et al. (2019) generated PDOs from tissues of different regional biopsy sources and investigated the effects of 129 FDA-approved drugs, demonstrating the roles of intra- and inter-patient factors in drug response heterogeneity, which may explain why promising drugs succeed in preclinical models but fail in clinical settings. Liver tissues from tumour patients obtained by needle biopsy, including tissues from various clinical stages of HCC of different etiologies (Nuciforo et al., 2018), have been used to construct HCC organoids. While retaining the biomarkers of the original tumour, HCC organoids are significantly different morphologically from those of non-tumour derived organoids. HCC organoids, which more closely resemble the tumour-specific microenvironment of the original tumour, may be used to further investigate individualized therapies. However, tumour-derived organoids, such as HCC organoids, are affected by the overgrowth of healthy contaminant-derived organoids, which may be due to differences in genetic stability. To avoid the growth of healthy contaminant-derived organoids, the time of tissue digestion should be increased (Broutier et al., 2017). Furthermore, the outcome of organoid generation correlates with the degree of differentiation of the original tumour, with only one quarter of HCC biopsies progressing to organoids and those are usually derived from undifferentiated specimens (Nuciforo et al., 2018).
Current sources of organoid models for Cholangiocarcinoma (CCA) include biopsy tissue from CCA patients and genetically engineered human cholangiocyte, and have been useful in disease metabolism studies, drug screening and individualized medicine (Massa et al., 2020). BRCA1-associated protein 1(BAP1), a tumour suppressor, was introduced into human cholangiocyte organoids by CRISPR-Cas9 using a loss-of-function technique, and the organoids were injected into mice subcutaneously, as well as into the liver, after editing to demonstrate tumourigenic ability. After adding doxorubicin to induce BAP1 expression, the morphology of the organoid gradually reverted to a monolayer (Artegiani et al., 2019), demonstrating that BAP1 plays an important role in the development of cholangiocarcinoma. By manipulating classical genes, such as P53, RB, MYC2 and other oncogenes, Sun et al. (2019) demonstrated that oncogenesis in hepatocytes could be prevented by inhibiting both Notch and JAK-STAT signalling pathways. By RNA sequencing of co-cultured and monocultured cells, the results showed upregulation of gene expression associated with TNF signaling. Hepatocellular carcinoma cell-endothelial vascular secretory signaling in the co-culture model differentiated macrophages toward a pro-inflammatory and pro-angiogenic phenotype, suggesting that endothelial cells induce an inflammatory microenvironment in hepatocellular carcinoma cells by recruiting immune cells (Lim et al., 2022).
6.2 Drug screening
6.2.1 Effectiveness assessment
Polycystic liver disease is a type of cystic lesion caused by the presence of fetal cholestatic cells in the liver (Raynaud et al., 2011), which leads to a dominant effect in the bile ducts, thereby increasing fluid secretion into the lumen, enhancing bile duct cell proliferation and leading to impaired liver function. Bile duct organoids were used to examine the effects of drugs on shrinking cysts in the treatment of polycystic liver disease. Octreotide, a synthetic analogue of a growth inhibitor, has been used in clinical settings to reduce the size of cysts in polycystic liver disease by eliminating the effects of secretin on cystic lesions (Sampaziotis et al., 2015).
Hepatic lipid deposition is a unique and common condition in cats in which fats are broken down into free fatty acids and then transported through the bloodstream to the liver, where they accumulate as triacylglycerols in hepatocytes. Using a feline liver organoid system to examine the effects of drugs on treating hepatic lipid deposition in cats, Haaker et al. (2020) validated the effects of AICAR, T863 and PF 06424439 on hepatic lipid deposition by quantitative TAG assays, lipid droplet staining analyses and quantitative polymerase chain reactions to further provide evidence for in vitro studies of hepatic lipid deposition.
In addition, traditional Chinese medicines play important roles in the treatment of liver diseases. After applying cholesterol + MIX (mainly cholesterol and other small molecules), Wu et al. (2019) showed increased expression of mature hepatocyte and bile duct cell markers in hepatobiliary analogs, which also showed improved drug metabolism, glycogen storage capacity and Alb secretion capacity compared to analogs in the absence of the medicine, demonstrating the positive benefits of herbal medicines in liver health.
6.2.2 Toxicity assessment
As the toxicity of certain drugs, such as the proprietary compound JNJ-2, can associate with significant species variability, liver organoids provide a considerably more accurate tool for drug toxicity testing than animal models (Jang et al., 2019). For drug-induced liver injury, the applicability of more than 200 marketed drugs and their resulting cholestatic effect and/or mitochondrial toxicity has been assessed by high-throughput liver organoid models (Shinozawa et al., 2021).
Liver organoids are also used to assess drug toxicity in cells of different origins. For example, Kang et al. (2016) established ESC-, PSC- and primary hepatocyte-derived organoids. The hepatotoxicity of acetaminophen (AAP) and aflatoxin B1 (AFB1) was evaluated, and it was found that AAP decreased cell viability and increased lactate dehydrogenase activity in a dose-dependent manner in all cell types. Furthermore, AFB1 showed different dose-dependent responses depending on the cell type and rapidly decreased cell survival in primary hepatocyte-derived organoids.
6.2.3 In vitro studies of liver physiology and regenerative medicine
The properties of organoids derived from normal tissues have a unique role in the study of liver physiology. The normal state of the hepatopancreatic islet axis is closely related to the normal functions of the liver and other organs of the mammalian body. Tao et al. (2021) simulated the human hepatopancreatic islet axis under normal conditions by generating a microfluidic multi-organ system that contained two separated regions connected by a network of microchannels. Due to the circulating perfusion conditions of this system, IPSC-derived liver and pancreatic organoids were able to persist in long-term culture.
Regenerative medicine is a field of medical research based on the natural healing ability of tissues that each organism possesses within itself. The liver, due to its powerful regenerative capacity, has opened up a wide range of prospects for the clinical application of hepatocyte transplantation and artificial liver generation using hepatocytes. Monogenic inherited liver diseases are caused by genetic defects in hepatocyte function in the absence of stem cell damage, and thus, liver transplantation can play an important role in the treatment of monogenic inherited diseases (Peng et al., 2021).
7 CONCLUSION AND PERSPECTIVE
In summary, PSC- or ASC-derived liver organoids are gradually replacing cell lines and animal models as promising in vitro models for clinical studies of the liver due to their ability to better mimic the in vivo environment. Organoids have demonstrated their potential in modeling infectious, genetic, and alcoholic liver diseases, as well as in drug screening and personalized medicine.
IPSC-derived organoids have the advantage of not relying on primary tissue resection because patient-derived iPSC lines can generate multiple cell types indefinitely and repeatedly (Takebe et al., 2014). Unfortunately, there are genetic and epigenetic abnormalities associated with this process that are difficult to control. Thus, in disease modeling, patient biopsy-derived organoids may be superior to IPSC-derived organoids because they retain the patient’s true epigenetic characteristics, which are often greatly influenced by non-genetic environmental factors. Multiple tissue biopsies combined with PDO drug screening platforms can support drug efficacy studies, leading to individualized treatment (Li et al., 2019). Although the clinical availability of patient-derived biopsy tissues is a major shortcoming, the positive contributions to drug screening and toxicity evaluation following the application of organoid disease models may increase patient acceptance of biopsies in the future. In addition, organoids can be a valuable method for early-decision making in the development of expensive anti-tumour drugs (Bertolini et al., 2015). Regardless, the emergence of organoids has addressed ethical issues to some extent (Rossi et al., 2018), and thus, the potential of organoids in clinical settings in the future is enormous. We are excited to see more comprehensive development of organoids in the future, including the application of new biomaterials that can be constructed not only in basic research, but increasingly used in actual clinical treatments.
AUTHOR CONTRIBUTIONS
Conceptualization: LS and CW; Writing—original draft preparation: QL; Writing—review and editing: QL, AZ, ZL, and LS; Visualization: AZ and LS. All authors have read and agreed to the published version of the manuscript.
FUNDING
Xinglin project of Chengdu University of Traditional Chinese Medicine (ZKYY 2019, MPRC2021012).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adolph T. E., Grander C., Moschen A. R., Tilg H. (2018). Liver-microbiome Axis in health and disease. Trends Immunol. 39, 712–723. doi:10.1016/j.it.2018.05.002
 Aisenbrey E. A., Murphy W. L. (2020). Synthetic alternatives to matrigel. Nat. Rev. Mat. 5, 539–551. doi:10.1038/s41578-020-0199-8
 Akbari S., Sevinc G. G., Ersoy N., Basak O., Kaplan K. Sevinc K., et al. (2019). Robust, long-term culture of endoderm-derived hepatic organoids for disease modeling. Stem Cell Rep. 13, 627–641. doi:10.1016/j.stemcr.2019.08.007
 Aloia L., Mckie M. A., Vernaz G., Cordero-Espinoza L., Aleksieva N. Van Den Ameele J., et al. (2019). Epigenetic remodelling licences adult cholangiocytes for organoid formation and liver regeneration. Nat. Cell Biol. 21, 1321–1333. doi:10.1038/s41556-019-0402-6
 Aqeilan R. I. (2020). Engineering organoids: A promising platform to understand biology and treat diseases. Cell Death Differ. 28, 1–4. doi:10.1038/s41418-020-00680-0
 Artegiani B., Van Voorthuijsen L., Lindeboom R. G. H., Seinstra D., Heo I. Tapia P., et al. (2019). Probing the tumor suppressor function of BAP1 in CRISPR-engineered human liver organoids. Cell Stem Cell 24, 927–943. doi:10.1016/j.stem.2019.04.017
 Asai A., Aihara E., Watson C., Mourya R., Mizuochi T. Shivakumar P., et al. (2017). Paracrine signals regulate human liver organoid maturation from iPSC. Development 144 (6), 1056–1064. doi:10.1242/dev.142794
 Asrani S. K., Devarbhavi H., Eaton J., Kamath P. S. (2019). Burden of liver diseases in the world. J. Hepatol. 70, 151–171. doi:10.1016/j.jhep.2018.09.014
 Bao Y. L., Wang L., Pan H. T., Zhang T. R., Chen Y. H. Xu S. J., et al. (2021). Animal and organoid models of liver fibrosis. Front. Physiol. 12, 666138. doi:10.3389/fphys.2021.666138
 Bar-Ephraim Y. E., Kretzschmar K., Clevers H. (2019). Organoids in immunological research. Nat. Rev. Immunol. 20, 279–293. doi:10.1038/s41577-019-0248-y
 Benton G., Arnaoutova I., George J., Kleinman H. K., Koblinski J. (2014). Matrigel: From discovery and ECM mimicry to assays and models for cancer research. Adv. Drug Deliv. Rev. 79-80, 3–18. doi:10.1016/j.addr.2014.06.005
 Bertolini F., Sukhatme V. P., Bouche G. (2015). Drug repurposing in oncology--patient and health systems opportunities. Nat. Rev. Clin. Oncol. 12, 732–742. doi:10.1038/nrclinonc.2015.169
 Brazovskaja A., Treutlein B., Camp J. G. (2019). High-throughput single-cell transcriptomics on organoids. Curr. Opin. Biotechnol. 55, 167–171. doi:10.1016/j.copbio.2018.11.002
 Bresnahan E., Ramadori P., Heikenwalder M., Zender L., Lujambio A. (2020). Novel patient-derived preclinical models of liver cancer. J. Hepatol. 72, 239–249. doi:10.1016/j.jhep.2019.09.028
 Broutier L., Andersson-Rolf A., Hindley C. J., Boj S. F., Clevers H. Koo B. K., et al. (2016). Culture and establishment of self-renewing human and mouse adult liver and pancreas 3D organoids and their genetic manipulation. Nat. Protoc. 11, 1724–1743. doi:10.1038/nprot.2016.097
 Broutier L., Mastrogiovanni G., Verstegen M. M., Francies H. E., Gavarro L. M. Bradshaw C. R., et al. (2017). Human primary liver cancer-derived organoid cultures for disease modeling and drug screening. Nat. Med. 23, 1424–1435. doi:10.1038/nm.4438
 Camp J. G., Sekine K., Gerber T., Loeffler-Wirth H., Binder H. Gac M., et al. (2017). Multilineage communication regulates human liver bud development from pluripotency. Nature 546, 533–538. doi:10.1038/nature22796
 Cavalloni G., Peraldo-Neia C., Sassi F., Chiorino G., Sarotto I. Aglietta M., et al. (2016). Establishment of a patient-derived intrahepatic cholangiocarcinoma xenograft model with KRAS mutation. Bmc Cancer 16, 90. doi:10.1186/s12885-016-2136-1
 Clevers H., Loh K. M., Nusse R. (2014). Stem cell signaling. An integral program for tissue renewal and regeneration: Wnt signaling and stem cell control. Science 346, 1248012. doi:10.1126/science.1248012
 Clevers H. (2016). Modeling development and disease with organoids. Cell 165, 1586–1597. doi:10.1016/j.cell.2016.05.082
 Coll M., Perea L., Boon R., Leite S. B., Vallverdú J. Mannaerts I., et al. (2018). Generation of hepatic stellate cells from human pluripotent stem cells enables in vitro modeling of liver fibrosis. Cell Stem Cell 23 (1), 101–113.e7.
 De Crignis E., Hossain T., Romal S., Carofiglio F., Moulos P. Khalid M. M., et al. (2021). Application of human liver organoids as a patient-derived primary model for HBV infection and related hepatocellular carcinoma. Elife 10, e60747. doi:10.7554/eLife.60747
 Drost J., Clevers H. (2018). Organoids in cancer research. Nat. Rev. Cancer 18, 407–418. doi:10.1038/s41568-018-0007-6
 Elbadawy M., Yamanaka M., Goto Y., Hayashi K., Tsunedomi R. Hazama S., et al. (2020). Efficacy of primary liver organoid culture from different stages of non-alcoholic steatohepatitis (NASH) mouse model. Biomaterials 237, 119823. doi:10.1016/j.biomaterials.2020.119823
 Estes C., Anstee Q. M., Arias-Loste M. T., Bantel H., Bellentani S. Caballeria J., et al. (2018). Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for the period 2016-2030. J. Hepatology 69 (4), 896–904. doi:10.1016/j.jhep.2018.05.036
 Gabriel V., Zdyrski C., Sahoo D. K., Dao K., Bourgois-Mochel A. Kopper J., et al. (2022). Standardization and maintenance of 3D canine hepatic and intestinal organoid cultures for use in biomedical research. J. Vis. Exp. 1, 1. doi:10.3791/63515
 Giobbe G. G., Crowley C., Luni C., Campinoti S., Khedr M. Kretzschmar K., et al. (2019). Extracellular matrix hydrogel derived from decellularized tissues enables endodermal organoid culture. Nat. Commun. 10, 5658. doi:10.1038/s41467-019-13605-4
 Guan Y., Enejder A., Wang M., Fang Z., Cui L. Chen S. Y., et al. (2021). A human multi-lineage hepatic organoid model for liver fibrosis. Nat. Commun. 12, 6138. doi:10.1038/s41467-021-26410-9
 Guan Y., Xu D., Garfin P. M., Ehmer U., Hurwitz M. Enns G., et al. (2017). Human hepatic organoids for the analysis of human genetic diseases. JCI Insight 2, 94954. doi:10.1172/jci.insight.94954
 Guo J., Duan L., He X., Li S., Wu Y. Xiang G., et al. (2021). A combined model of human iPSC‐derived liver organoids and hepatocytes reveals ferroptosis in DGUOK mutant mtDNA depletion syndrome. Adv. Sci. 8, 2004680. doi:10.1002/advs.202004680
 Haaker M. W., Kruitwagen H. S., Vaandrager A. B., Houweling M., Penning L. C. Molenaar M. R., et al. (2020). Identification of potential drugs for treatment of hepatic lipidosis in cats using an in vitro feline liver organoid system. J. Vet. Intern. Med. 34, 132–138. doi:10.1111/jvim.15670
 Hendriks D., Artegiani B., Hu H., Chuva De Sousa Lopes S., Clevers H. (2020). Establishment of human fetal hepatocyte organoids and CRISPR–Cas9-based gene knockin and knockout in organoid cultures from human liver. Nat. Protoc. 16, 182–217. doi:10.1038/s41596-020-00411-2
 Hu H., Gehart H., Artegiani B., C L. O.-I., Dekkers F. Basak O., et al. (2018). Long-term expansion of functional mouse and human hepatocytes as 3D organoids. Cell 175, 1591–1606. doi:10.1016/j.cell.2018.11.013
 Huch M., Dorrell C., Boj S. F., Van Es J. H., Li V. S. Van De Wetering M., et al. (2013). In vitro expansion of single Lgr5+ liver stem cells induced by Wnt-driven regeneration. Nature 494, 247–250. doi:10.1038/nature11826
 Huch M., Gehart H., Van boxtel R., Hamer K., Blokzijl F. Verstegen Monique m. A., et al. (2015). Long-term culture of genome-stable bipotent stem cells from adult human liver. Cell 160, 299–312. doi:10.1016/j.cell.2014.11.050
 Jang K. J., Otieno M. A., Ronxhi J., Lim H. K., Ewart L. Kodella K. R., et al. (2019). Reproducing human and cross-species drug toxicities using a Liver-Chip. Sci. Transl. Med. 11, eaax5516. doi:10.1126/scitranslmed.aax5516
 Kang S. J., Lee H. M., Park Y. I., Yi H., Lee H. So B., et al. (2016). Chemically induced hepatotoxicity in human stem cell-induced hepatocytes compared with primary hepatocytes and HepG2. Cell Biol. Toxicol. 32, 403–417. doi:10.1007/s10565-016-9342-0
 Kozlowski M. T., Crook C. J., Ku H. T. (2021). Towards organoid culture without Matrigel. Commun. Biol. 4, 1387. doi:10.1038/s42003-021-02910-8
 Kruitwagen H. S., Oosterhoff L. A., Vernooij I. G. W. H., Schrall I. M., Van Wolferen M. E. Bannink F., et al. (2017). Long-term adult feline liver organoid cultures for disease modeling of hepatic steatosis. Stem Cell Rep. 8, 822–830. doi:10.1016/j.stemcr.2017.02.015
 Kuijk E. W., Rasmussen S., Blokzijl F., Huch M., Gehart H. Toonen P., et al. (2016). Generation and characterization of rat liver stem cell lines and their engraftment in a rat model of liver failure. Sci. Rep. 6, 22154. doi:10.1038/srep22154
 Lackner C., Tiniakos D. (2019). Fibrosis and alcohol-related liver disease. J. Hepatol. 70, 294–304. doi:10.1016/j.jhep.2018.12.003
 Lancaster M. A., Knoblich J. A. (2014). Organogenesis in a dish: Modeling development and disease using organoid technologies. Science 345, 1247125. doi:10.1126/science.1247125
 Leite S. B., Roosens T., El Taghdouini A., Mannaerts I., Smout A. J. Najimi M., et al. (2016). Novel human hepatic organoid model enables testing of drug-induced liver fibrosis in vitro. Biomaterials 78, 1–10. doi:10.1016/j.biomaterials.2015.11.026
 Leong M. F., Toh J. K., Du C., Narayanan K., Lu H. F. Lim T. C., et al. (2013). Patterned prevascularised tissue constructs by assembly of polyelectrolyte hydrogel fibres. Nat. Commun. 4, 2353. doi:10.1038/ncomms3353
 Li L., Knutsdottir H., Hui K., Weiss M. J., He J. Philosophe B., et al. (2019). Human primary liver cancer organoids reveal intratumor and interpatient drug response heterogeneity. JCI Insight 4, 121490. doi:10.1172/jci.insight.121490
 Li M. L., Aggeler J., Farson D. A., Hatier C., Hassell J. Bissell M. J., et al. (1987). Influence of a reconstituted basement membrane and its components on casein gene expression and secretion in mouse mammary epithelial cells. Proc. Natl. Acad. Sci. U. S. A. 84, 136–140. doi:10.1073/pnas.84.1.136
 Lim J. T. C., Kwang L. G., Ho N. C. W., Toh C. C. M., Too N. S. H. Hooi L., et al. (2022). Hepatocellular carcinoma organoid co-cultures mimic angiocrine crosstalk to generate inflammatory tumor microenvironment. Biomaterials 284, 121527. doi:10.1016/j.biomaterials.2022.121527
 Lindeboom R. G. H., Regev A., Teichmann S. A. (2021). Towards a human cell Atlas: Taking notes from the past. Trends Genet. 37, 625–630. doi:10.1016/j.tig.2021.03.007
 Liu G., David B. T., Trawczynski M., Fessler R. G. (2020). Advances in pluripotent stem cells: History, mechanisms, technologies, and applications. Stem Cell Rev. Rep. 16, 3–32. doi:10.1007/s12015-019-09935-x
 Liu J., Li P., Wang L., Li M., Ge Z. Noordam L., et al. (2021). Cancer-associated fibroblasts provide a stromal niche for liver cancer organoids that confers trophic effects and therapy resistance. Cell. Mol. Gastroenterol. Hepatol. 11, 407–431. doi:10.1016/j.jcmgh.2020.09.003
 Lui V. C., Hui K. P., Babu R. O., Yue H., Chung P. H. Tam P. K., et al. (2022). Human liver organoid derived intra-hepatic bile duct cells support SARS-CoV-2 infection and replication. Sci. Rep. 12, 5375. doi:10.1038/s41598-022-09306-6
 Magami Y., Azuma T., Inokuchi H., Kokuno S., Moriyasu F. Kawai K., et al. (2002). Cell proliferation and renewal of normal hepatocytes and bile duct cells in adult mouse liver. Liver 22, 419–425. doi:10.1034/j.1600-0676.2002.01702.x
 Massa A., Varamo C., Vita F., Tavolari S., Peraldo-Neia C. Brandi G., et al. (2020). Evolution of the experimental models of cholangiocarcinoma. Cancers (Basel) 12, E2308. doi:10.3390/cancers12082308
 Mccarron S., Bathon B., Conlon D. M., Abbey D., Rader D. J. Gawronski K., et al. (2021). Functional characterization of organoids derived from irreversibly damaged liver of patients with NASH. Hepatology 74, 1825–1844. doi:10.1002/hep.31857
 Mccauley H. A., Wells J. M. (2017). Pluripotent stem cell-derived organoids: Using principles of developmental biology to grow human tissues in a dish. Development 144, 958–962. doi:10.1242/dev.140731
 Mun S. J., Lee J., Chung K. S., Son M. Y., Son M. J. (2021). Effect of microbial short-chain fatty acids on CYP3A4-mediated metabolic activation of human pluripotent stem cell-derived liver organoids. Cells 10, 126. doi:10.3390/cells10010126
 Nantasanti S., Spee B., Kruitwagen H. S., Chen C., Geijsen N. Oosterhoff L. A., et al. (2015). Disease modeling and gene therapy of copper storage disease in canine hepatic organoids. Stem Cell Rep. 5, 895–907. doi:10.1016/j.stemcr.2015.09.002
 Nie Y.-Z., Zheng Y.-W., Miyakawa K., Murata S., Zhang R.-R. Sekine K., et al. (2018). Recapitulation of Hepatitis B virus–host interactions in liver organoids from human induced pluripotent stem cells. EBioMedicine 35, 114–123. doi:10.1016/j.ebiom.2018.08.014
 Nuciforo S., Fofana I., Matter M. S., Blumer T., Calabrese D. Boldanova T., et al. (2018). Organoid models of human liver cancers derived from tumor needle biopsies. Cell Rep. 24, 1363–1376. doi:10.1016/j.celrep.2018.07.001
 Nuciforo S., Heim M. H. (2021). Organoids to model liver disease. JHEP Rep. 3, 100198. doi:10.1016/j.jhepr.2020.100198
 Ogoke O., Guiggey D., Mon T., Shamul C., Ross S. Rao S., et al. (2022). Spatiotemporal imaging and analysis of mouse and human liver bud morphogenesis. Dev. Dyn. 251, 662–686. doi:10.1002/dvdy.429
 Ohnuki M., Takahashi K. (2015). Present and future challenges of induced pluripotent stem cells. Philosophical Trans. R. Soc. B-Biological Sci. 370, 20140367. doi:10.1098/rstb.2014.0367
 Ouchi R., Togo S., Kimura M., Shinozawa T., Koido M. Koike H., et al. (2019). Modeling steatohepatitis in humans with pluripotent stem cell-derived organoids. Cell Metab. 30, 374–384. doi:10.1016/j.cmet.2019.05.007
 Pan J., Yung Chan S., Common J. E., Amini S., Miserez A. Birgitte Lane E., et al. (2013). Fabrication of a 3D hair follicle-like hydrogel by soft lithography. J. Biomed. Mat. Res. A 101, 3159–3169. doi:10.1002/jbm.a.34628
 Parola M., Pinzani M. (2019). Liver fibrosis: Pathophysiology, pathogenetic targets and clinical issues. Mol. Asp. Med. 65, 37–55. doi:10.1016/j.mam.2018.09.002
 Peng W. C., Kraaier L. J., Kluiver T. A. (2021). Hepatocyte organoids and cell transplantation: What the future holds. Exp. Mol. Med. 53, 1512–1528. doi:10.1038/s12276-021-00579-x
 Peng W. C., Logan C. Y., Fish M., Anbarchian T., Aguisanda F. Álvarez-Varela A., et al. (2018). Inflammatory cytokine TNFα promotes the long-term expansion of primary hepatocytes in 3D culture. Cell 175, 1607–1619. e1615. doi:10.1016/j.cell.2018.11.012
 Pettinato G., Coughlan M. F., Zhang X., Chen L., Khan U. Glyavina M., et al. (2021). Spectroscopic label-free microscopy of changes in live cell chromatin and biochemical composition in transplantable organoids. Sci. Adv. 7, eabj2800. doi:10.1126/sciadv.abj2800
 Prior N., Inacio P., Huch M. (2019). Liver organoids: From basic research to therapeutic applications. Gut 68, 2228–2237. doi:10.1136/gutjnl-2019-319256
 Raynaud P., Tate J., Callens C., Cordi S., Vandersmissen P. Carpentier R., et al. (2011). A classification of ductal plate malformations based on distinct pathogenic mechanisms of biliary dysmorphogenesis. Hepatology 53, 1959–1966. doi:10.1002/hep.24292
 Ringel T., Frey N., Ringnalda F., Janjuha S., Cherkaoui S. Butz S., et al. (2020). Genome-scale CRISPR screening in human intestinal organoids identifies drivers of TGF-beta resistance. Cell Stem Cell 26, 431–440. doi:10.1016/j.stem.2020.02.007
 Rossi G., Manfrin A., Lutolf M. P. (2018). Progress and potential in organoid research. Nat. Rev. Genet. 19, 671–687. doi:10.1038/s41576-018-0051-9
 Sampaziotis F., De Brito M. C., Madrigal P., Bertero A., Saeb-Parsy K. Soares F. a. C., et al. (2015). Cholangiocytes derived from human induced pluripotent stem cells for disease modeling and drug validation. Nat. Biotechnol. 33, 845–852. doi:10.1038/nbt.3275
 Sato T., Vries R. G., Snippert H. J., Van De Wetering M., Barker N. Stange D. E., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 459, 262–265. doi:10.1038/nature07935
 Schutgens F., Clevers H. (2020). Human organoids: Tools for understanding biology and treating diseases. Annu. Rev. Pathol. 15, 211–234. doi:10.1146/annurev-pathmechdis-012419-032611
 Shinozawa T., Kimura M., Cai Y. Q., Saiki N., Yoneyama Y. Ouchi R., et al. (2021). High-fidelity drug-induced liver injury screen using human pluripotent stem cell-derived organoids. Gastroenterology 160, 831–846. e10. doi:10.1053/j.gastro.2020.10.002
 Shulman M., Nahmias Y. (2013). Long-term culture and coculture of primary rat and human hepatocytes. Methods Mol. Biol. 945, 287–302. doi:10.1007/978-1-62703-125-7_17
 Soret P. A., Magusto J., Housset C., Gautheron J. (2020). In vitro and in vivo models of non-alcoholic fatty liver disease: A critical appraisal. J. Clin. Med. 10, E36. doi:10.3390/jcm10010036
 Sorrentino G., Rezakhani S., Yildiz E., Nuciforo S., Heim M. H. Lutolf M. P., et al. (2020). Mechano-modulatory synthetic niches for liver organoid derivation. Nat. Commun. 11, 3416. doi:10.1038/s41467-020-17161-0
 Sun L. L., Wang Y. Q., Cen J., Ma X. L., Cui L. Qiu Z. X., et al. (2019). Modelling liver cancer initiation with organoids derived from directly reprogrammed human hepatocytes. Nat. Cell Biol. 21, 1015–1026. doi:10.1038/s41556-019-0359-5
 Takebe T., Sekine K., Enomura M., Koike H., Kimura M. Ogaeri T., et al. (2013). Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature 499, 481–484. doi:10.1038/nature12271
 Takebe T., Sekine K., Kimura M., Yoshizawa E., Ayano S. Koido M., et al. (2017). Massive and reproducible production of liver buds entirely from human pluripotent stem cells. Cell Rep. 21, 2661–2670. doi:10.1016/j.celrep.2017.11.005
 Takebe T., Zhang R. R., Koike H., Kimura M., Yoshizawa E. Enomura M., et al. (2014). Generation of a vascularized and functional human liver from an iPSC-derived organ bud transplant. Nat. Protoc. 9, 396–409. doi:10.1038/nprot.2014.020
 Tao T., Deng P., Wang Y., Zhang X., Guo Y. Chen W., et al. (2021). Microengineered multi-organoid system from hiPSCs to recapitulate human liver-islet Axis in normal and type 2 diabetes. Adv. Sci. 9, e2103495. doi:10.1002/advs.202103495
 Telles-Silva K. A., Pacheco L., Komatsu S., Chianca F., Caires-Junior L. C. Araujo B. H. S., et al. (2022). Applied hepatic bioengineering: Modeling the human liver using organoid and liver-on-a-chip technologies. Front. Bioeng. Biotechnol. 10, 845360. doi:10.3389/fbioe.2022.845360
 Thomson J. A., Itskovitz-Eldor J., Shapiro S. S., Waknitz M. A., Swiergiel J. J. Marshall V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147. doi:10.1126/science.282.5391.1145
 Trefts E., Gannon M., Wasserman D. H. (2017). The liver. Curr. Biol. 27, R1147–R1151. doi:10.1016/j.cub.2017.09.019
 Turnpenny P. D., Ellard S. (2012). Alagille syndrome: Pathogenesis, diagnosis and management. Eur. J. Hum. Genet. 20, 251–257. doi:10.1038/ejhg.2011.181
 Vining K. H., Mooney D. J. (2017). Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 18, 728–742. doi:10.1038/nrm.2017.108
 Voog J., Jones D. L. (2010). Stem cells and the niche: A dynamic duo. Cell Stem Cell 6, 103–115. doi:10.1016/j.stem.2010.01.011
 Wang B., Jakus A. E., Baptista P. M., Soker S., Soto-Gutierrez A. Abecassis M. M., et al. (2016). Functional maturation of induced pluripotent stem cell hepatocytes in extracellular matrix-A comparative analysis of bioartificial liver microenvironments. Stem Cells Transl. Med. 5, 1257–1267. doi:10.5966/sctm.2015-0235
 Wang S., Wang X., Tan Z., Su Y., Liu J. Chang M., et al. (2019). Human ESC-derived expandable hepatic organoids enable therapeutic liver repopulation and pathophysiological modeling of alcoholic liver injury. Cell Res. 29, 1009–1026. doi:10.1038/s41422-019-0242-8
 Wiedenmann S., Breunig M., Merkle J., Von Toerne C., Georgiev T. Moussus M., et al. (2021). Single-cell-resolved differentiation of human induced pluripotent stem cells into pancreatic duct-like organoids on a microwell chip. Nat. Biomed. Eng. 5, 897–913. doi:10.1038/s41551-021-00757-2
 Wose Kinge C. N., Bhoola N. H., Kramvis A. (2020). In vitro systems for studying different genotypes/sub-genotypes of hepatitis B virus: Strengths and limitations. Viruses 12, 353. doi:10.3390/v12030353
 Wu F., Wu D., Ren Y., Huang Y., Feng B. Zhao N., et al. (2019). Generation of hepatobiliary organoids from human induced pluripotent stem cells. J. Hepatol. 70, 1145–1158. doi:10.1016/j.jhep.2018.12.028
 Xiong S., Wang R. H., Chen Q., Luo J., Wang J. L. Zhao Z. X., et al. (2018). Cancer-associated fibroblasts promote stem cell-like properties of hepatocellular carcinoma cells through IL-6/STAT3/Notch signaling. Am. J. Cancer Res. 8, 302–316.
 Ya S., Ding W., Li S., Du K., Zhang Y. Li C., et al. (2021). On-chip construction of liver lobules with self-assembled perfusable hepatic sinusoid networks. ACS Appl. Mat. Interfaces 13, 32640–32652. doi:10.1021/acsami.1c00794
 Yamamura Y., Asai N., Enomoto A., Kato T., Mii S. Kondo Y., et al. (2015). Akt-Girdin signaling in cancer-associated fibroblasts contributes to tumor progression. Cancer Res. 75, 813–823. doi:10.1158/0008-5472.CAN-14-1317
 Yang L., Han Y., Nilsson-Payant B. E., Gupta V., Wang P. Duan X., et al. (2020). A human pluripotent stem cell-based platform to study SARS-CoV-2 tropism and model virus infection in human cells and organoids. Cell Stem Cell 27, 125–136. e127. doi:10.1016/j.stem.2020.06.015
 Younossi Z., Tacke F., Arrese M., Chander Sharma B., Mostafa I. Bugianesi E., et al. (2019). Global perspectives on nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Hepatology 69, 2672–2682. doi:10.1002/hep.30251
 Yuki K., Cheng N., Nakano M., Kuo C. J. (2020). Organoid models of tumor immunology. Trends Immunol. 41, 652–664. doi:10.1016/j.it.2020.06.010
 Zhan T. Z., Rindtorff N., Betge J., Ebert M. P., Boutros M. (2019). CRISPR/Cas9 for cancer research and therapy. Semin. Cancer Biol. 55, 106–119. doi:10.1016/j.semcancer.2018.04.001
 Zhao B., Ni C., Gao R., Wang Y., Yang L. Wei J., et al. (2020). Recapitulation of SARS-CoV-2 infection and cholangiocyte damage with human liver ductal organoids. Protein Cell 11, 771–775. doi:10.1007/s13238-020-00718-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Zeng, Liu, Wu and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-956244-t001.jpg
Classifications

Animals

Sources

rodents, canines, cats, etc.

Advantages

Experimental materials are relatively easy
to obtain

Disadvantages

Differences in structure and physiological state exist;
lack the heterogeneous genetic diversity of humans

Reference

Broutier, et al.
(2016)
Kruitwagen, et al.
(2017)

Kuijk, et al. (2016)
Magami, et al.
(2002)

Nantasanti, et al.
(2015)

PHH

Liver tissue

Less experimental investment; Retaining
genetic background; proliferate
indefinitely

Lack of complexity of morphology: lose the polarity
that hepatocytes exhibit in vivo

Huch, et al. (2013)

Kang, et al. (2016)

Nuciforo and Heim
(2021)

iPSCs

Fibroblasts and others

Retaining genetic background
High throughput screening

Lack of complexity of morphology
More experimental expenses

Asai, et al. (2017)
Coll, et al. (2018)
Ohnuki and
Takahashi (2015)
Sampaziotis, et al.
(2015)

Schutgens and
Clevers, (2020)
Takebe, et al. (2013)
‘Takebe, et al. (2017)
Wang, et al. (2016)

Organoids

Adultliver, foetal liver, and
pluripotent stem cells

Possesses a complex three-dimensional
structure

Preservation of gene stability and ability to
perform genetic manipulation

Difficulty of the experiment process

More time and materials spent on the experiment

Bao, et al. (2021)

Broutier, et al.
(2017)

Clevers, (2016)
Drost and Clevers
(2018)

Lancaster and
Knoblich, (2014)
Leite, et al. (2016)
Mccauley and
Wells, (2017)

PHH, Primary human hepatocytes; iPSCs,

el pliipgtert siem: eells:





OPS/images/fphys-13-956244-t002.jpg
Sources

Biomaterial

Existing research

MATRIGEL Natural

Natural

MATRIGEL-FREE

Synthetic

EHS tumor tissue

Alginate

Collagen gels

Hyaluronic Acid (HA)

Silk

PEG (Poly ethylene Glycol)
PLGA (Poly Lactic Glycolic Acid)
PCL (Poly Caprolactone)

Hybrid hydrogels

EHS, Engelbreth-Holm-Swarm; ECM, extracellular matrix.

widely used for studies on cell differentiation, angiogenesis, and tumor growth

supported differentiation and maturation of the organoids
inducing fibroblast differentiation during matrix remodeling
Improved cell-cell and cell-ECM interactions

High stromal cell infiltration in the silk scaffolds

Improved growth and expansion of the organoids
Improved wound healing

Improved tumoroid formation with porous PCL substrate

Low immunogenicity





OPS/images/fphys-13-956244-g003.gif





OPS/images/fphys-13-956244-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Liver organoids: From fabrication to application in liver diseases		1 Introduction

		2 Overview of the liver and organoids		2.1 Origin of liver organoids

		2.2 Derivation methods for liver organoids





		3 Classification of liver organoids		3.1 Pluripotent stem cells-derived organoids

		3.2 Adult stem cells-derived organoids





		4 Characteristics of the culture environment		4.1 Co-culture

		4.2 Culture environment of liver organoids





		5 Validation of liver organoids

		6 Application of liver organoids		6.1 Disease modelling

		6.2 Drug screening





		7 Conclusion and perspective

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-956244-g001.gif





OPS/images/fphys-13-956244-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





