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Primary liver cancer (PLC) is one of the most commonly diagnosed cancers worldwide and a leading cause of cancer-related deaths. However, traditional liver cancer models fail to replicate tumor heterogeneity and the tumor microenvironment, limiting the study and personalized treatment of liver cancer. To overcome these limitations, scientists have introduced three-dimensional (3D) culture models as an emerging research tool. These 3D models, utilizing biofabrication technologies such as 3D bioprinting and microfluidics, enable more accurate simulation of the in vivo tumor microenvironment, replicating cell morphology, tissue stiffness, and cell-cell interactions. Compared to traditional two-dimensional (2D) models, 3D culture models better mimic tumor heterogeneity, revealing differential sensitivity of tumor cell subpopulations to targeted therapies or immunotherapies. Additionally, these models can be used to assess the efficacy of potential treatments, providing guidance for personalized therapy. 3D liver cancer models hold significant value in tumor biology, understanding the mechanisms of disease progression, and drug screening. Researchers can gain deeper insights into the impact of the tumor microenvironment on tumor cells and their interactions with the surrounding milieu. Furthermore, these models allow for the evaluation of treatment responses, offering more accurate guidance for clinical interventions. In summary, 3D models provide a realistic and reliable tool for advancing PLC research. By simulating tumor heterogeneity and the microenvironment, these models contribute to a better understanding of the disease mechanisms and offer new strategies for personalized treatment. Therefore, 3D models hold promising prospects for future PLC research.
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1 INTRODUCTION
According to data from the World Health Organization, PLC is the sixth most commonly diagnosed cancer worldwide in 2020 and the third leading cause of cancer-related deaths, imposing a significant global healthcare burden (Forner et al., 2018; Rumgay et al., 2022). Curative treatment for PLC can greatly improve patient prognosis, but the majority of patients have already missed the opportunity and can only resort to systemic therapies, such as targeted therapy and immunotherapy, which have been the focus of attention. However, as of now, the objective response rates of the latest targeted therapy and immunotherapy drugs are both below 30% (Llovet et al., 2022). Apart from host and treatment factors, tumor factors are the main culprits limiting patient benefits, including tumor gene mutations, genomic alterations, expression status of immune checkpoints, tumor heterogeneity, and the tumor microenvironment. The maturation of Next-generation sequencing and Fluorescence in situ hybridization technologies has made it economically feasible to understand the genomic status of patients. However, the tumor microenvironment and tumor heterogeneity remain significant challenges in the field of cancer research. Tumor heterogeneity refers to the presence of different cell populations within a single tumor, leading to high variability in terms of genetic, phenotypic, and behavioral characteristics (Tabrizian et al., 2015; Kudo et al., 2018). This diversity stems from factors such as gene mutations, epigenetic modifications, and interactions with the tumor microenvironment, resulting in drug resistance, tumor recurrence, and metastasis. The tumor microenvironment consists of various cellular and non-cellular components that surround and interact with cancer cells (Anderson and Simon, 2020). These components play a crucial role in tumor growth, progression, immune evasion, and response to treatment. Tumor heterogeneity refers to the possibility that multiple subpopulations of cancer cells within a single tumor may exhibit different sensitivities to targeted or immunotherapies.
The lack of preclinical models that can reproduce genetic heterogeneity and the tumor microenvironment has greatly limited the in-depth study of the molecular mechanisms of PLC and the development of personalized therapies. As commonly used in vitro models for PLC, traditional 2D cell lines, genetically engineered mouse models, and chemically-induced mouse models are still widely used in preclinical research and play an irreplaceable role in exploring the pathogenesis of PLC and drug responses (Sharma et al., 2010; De Minicis et al., 2013; Shamir and Ewald, 2014).
The limitations of 2D cell lines cultures are evident and can be summarized as follows: Firstly, there is a lack of tissue structure. The 2D flattened structure is unable to simulate the cell-cell and cell-extracellular matrix interactions that occur in the original tumor microenvironment. Secondly, there is low representativeness. Despite the availability of numerous liver cancer cell lines for research, they still struggle to represent the heterogeneity observed in liver cancer patients. Thirdly, there are changes in gene expression and phenotype. Due to the artificial environment of cell culture, significant differences may exist between cells cultured in 2D and the key cellular characteristics, such as metabolism, differentiation status, and cell signaling pathways, observed in vivo. These differences can lead to variations in treatment responses. Lastly, there is a weak clinical translational capability. 2D culture models may not effectively reflect the response to potential therapies in vivo due to differences in drug penetration, cellular responses, and microenvironmental factors.
Genetically engineered mouse (GEM) models of liver cancer are time-consuming and labor-intensive to design and produce. Additionally, genetic manipulations can inadvertently affect multiple pathways, making the interpretation of data highly complex. Chemically-induced mouse models of PLC cannot accurately represent the genetic and molecular characteristics of specific human liver cancers, nor can they fully capture the complex interactions between tumor cells and the surrounding microenvironment in PLC. Moreover, the safety concerns associated with toxins raise ethical issues in animal research (De Minicis et al., 2013).
To overcome the limitations of traditional liver cancer models, various 3D culture models have emerged, taking advantage of the advancements in cell culture and microfabrication technologies. Particularly, emerging biomanufacturing techniques such as 3D bioprinting, microfluidics, and organ-on-a-chip models have greatly facilitated the development of novel liver cancer models. Compared to traditional models, 3D culture models can induce different cell morphologies and physiological characteristics, more accurately mimicking the tumor microenvironment in vivo and reproducing cell polarity, morphology, tissue stiffness, and cell-cell interactions. Figure 1 provides an overview of the main existing models for studying PLC.
[image: Figure 1]FIGURE 1 | Summary of the main experimental models in PLC. 2D cell cultures, mouse models and 3D cultures. 2D cell cultures are the simplest to operate, yet observations may deviate from the true in vivo biological processes. Mouse models better recapitulate the in vivo environment, but further genetic manipulations are not possible after formation of tumors. 3D cultures emerge as a superior model which incorporates their strengths.
This review summarizes and discusses the latest advancements in 3D models for PLC and their application value in tumor biology, pathogenesis research, and drug screening.
2 THE ESTABLISHMENT OF 3D MODELS OF PLC
2.1 Traditional 3D cell culture techniques
Traditional 3D cell culture involves the use of special cultivation methods or the construction of multicellular culture models with spatial 3D structures based on matrices, scaffolds, and other special materials. It can generally be divided into two types: scaffold-based or scaffold-free 3D culture models.
2.1.1 Scaffold-based 3D models
The scaffold-based 3D culture technique utilizes artificial support materials that mimic the extracellular matrix, providing a fixed point for the adhesion and growth of liver cancer cells. Cells can then proliferate and migrate within the scaffold, acquiring typical characteristics of in vivo tumors. These scaffolds are primarily designed using natural materials such as collagen, hyaluronic acid, and gelatin, or synthetic polymers such as polycaprolactone, polyethylene glycol, and polylactic acid, in order to generate a cell-free matrix or hydrogel (Drury and Mooney, 2003). Natural materials exhibit better biocompatibility and lower toxicity, while synthetic polymers offer better manipulability and multifunctionality. Additionally, 3D porous scaffolds constructed based on biomaterials provide physical structural support for in vitro cell culture and in vivo tissue regeneration.
Hydrogels, due to their biocompatibility and similarity to the extracellular matrix, are widely used in 3D culture of liver cancer cells. Madhushree et al. utilized a plant-derived natural nanofibrillated cellulose hydrogel for 3D culture of HepG2 liver cancer cell line and found that it promoted cell proliferation and differentiation, showing great potential in drug testing, tissue engineering, and cell therapy (Bhattacharya et al., 2012). Greene et al. encapsulated Huh7 liver cancer cells in a gelatin-based hydrogel, which enhanced cellular metabolic activity (Greene and Lin, 2015). The microstructure and biochemical composition of natural extracellular matrix can be preserved in decellularized matrix, providing a tissue-specific microenvironment for the growth of normal liver cells and liver cancer cells (Peng et al., 2018). Calitz et al. encapsulated liver cancer cells (Huh7), hepatic stellate cells (LX-2), and human umbilical vein endothelial cells (HUVEC) in a mixture of collagen and fibrinogen to construct a 3D liver cancer biomimetic model. Compared to the 2D model, this model exhibited significantly enhanced tumor proliferation, migration, and resistance to chemotherapy drugs (Calitz et al., 2020).
Porous microscaffolds constructed from hydrogels or other biomaterials have also been used to build 3D models of liver cancer, including hydrogel microspheres, hydrogel interlayers, hydrogel porous microspheres, or 3D bioprinted hydrogel structures (Liaw et al., 2018). The porous scaffolds provide a larger contact area for cell adhesion and facilitate cell-cell interactions. Moscato et al. mixed polyvinyl alcohol with gelatin, freeze-dried it repeatedly, and formed porous scaffolds with pore sizes ranging from 30 to 150 μm HepG2 liver cancer cells were cultured in the 3D scaffolds, resulting in the formation of tumor spheroids with the longest cell survival reaching 21 days and the presence of necrotic regions in the center (Moscato et al., 2015). Chen et al. used microfluidic technology to fabricate poly (lactic-co-glycolic acid) (PLGA) porous microspheres with an average diameter of 395 μm and pore size distribution ranging from 10 to 60 μm (Wang et al., 2020). They dynamically cultured HepG2 cells in the porous microspheres and added HUVEC to promote tumor vascularization and interconnection between microspheres. This model allowed the observation of tumor microtissue formation and exhibited significantly higher IC50 values compared to traditional 2D culture conditions, indicating better drug resistance of cells in 3D culture and a closer resemblance to real tumor tissues. Leung et al. cultured liver cancer cell lines PLC/PRF/5 and HepG2 in chitosan-alginate scaffolds to construct 3D liver cancer models (Leung et al., 2010). The results showed increased expression of malignant markers IL-8, bFGF, VEGF, and GPC-3 in the 3D models. Furthermore, compared to 2D or matrix gel culture, the hepatocellular carcinoma (HCC) cells cultured in the 3D scaffolds exhibited significantly enhanced resistance to doxorubicin.
The construction of liver cancer 3D models using novel material scaffolds provides a tumor matrix environment that more closely resembles in vivo conditions, facilitating cell growth and proliferation (Nikolova and Chavali, 2019). The porous nature of the scaffolds enables oxygen and nutrient exchange, drug delivery, and clearance of waste molecules. 3D scaffold models are of great significance and have potential applications in studying liver cancer molecular biology, cell interactions within the tumor microenvironment, and anti-cancer drug development and screening.
2.1.2 Scaffold-free 3D models
A scaffold-free 3D model of liver cancer requires special culturing methods to induce cell aggregation and the formation of so-called “tumor spheroids,” where the only extracellular matrix component present is produced by the tumor cells themselves. Currently, commonly used culturing methods include rotating bioreactors, hanging drop cultures, suspension cultures, and the latest development of microfluidic technology. The main purpose of these methods is to promote self-assembly of tumor cells and their adhesion to form spherical structures, thereby maximizing cell-cell interactions.
Cui et al. cultured liver cancer cells and normal liver tissue fragments in a rotating wall vessel bioreactor for 3D rotation mixing, and found that liver cancer cells aggregated around the normal liver tissue and formed spheroids, recapitulating the pathological process of liver cancer invasion and metastasis. This model can serve as a novel in vitro model for liver cancer. Teresa et al. used the rotating culture method to construct a 3D spherical model of breast cancer with fibroblasts and endothelial cells, which could be cultured long-term and used to investigate cell-cell interactions and the potential impact of endothelial cells on drug response within the tumor microenvironment (Franchi-Mendes et al., 2021). Tang et al. utilized a rotating wall vessel bioreactor to culture liver cancer cells on a molecular scaffold, constructing a 3D in vitro model of liver cancer with high metastatic ability. Tumor morphology and biochemical analysis indicated that the 3D model reflected many clinical pathological features of liver cancer, including cell morphology, tissue ultrastructure, specific gene expression, and cell apoptosis (Tang et al., 2011). Shah et al. used HepG2 cells to construct a 3D liver cancer model through hanging drop culture, aiming to explore the growth characteristics of tumor spheroids and the applicability of gene toxicity testing (Shah et al., 2018). Yip et al. co-cultured liver cancer cells and fibroblasts to form spheroids using the hanging drop method, embedding them in a collagen hydrogel to construct a liver cancer 3D model (Yip and Cho, 2013). Drug resistance was found to be stronger in the 3D model during drug testing, providing a good preclinical model for drug development. Hrout et al. cultured HepG2 liver cancer cells and fibroblasts to form tumor spheroids using ultra-low attachment culture plates (Al Hrout et al., 2022). Compared to traditional 2D models of liver cancer cells alone, this model exhibited significantly increased expression of poor prognostic factors such as tumor proliferation and migration. Additionally, studies have found that using magnetic nanoparticles to provide a magnetic environment for cells enables magnetic suspension culture, preserving cell characteristics during the formation of 3D tissues (Caleffi et al., 2021). Other studies have promoted cell adhesion and the formation of tumor spheroids by adding nanofibers to the cell suspension (Lee et al., 2021).
2.1.3 The limitations of traditional 3D models of PLC
Regardless of whether scaffold technology is used, the construction of a 3D model of PLC through culturing increases the dimensionality of cells and allows for a better representation of the tumor environment in vivo. Moreover, the 3D model facilitates cell-cell interactions, and co-culturing with stromal cells such as tumor-associated fibroblasts and endothelial cells enables the exploration of the tumor microenvironment and the mutual influence between liver cancer cells and the stromal cells.
Generally speaking, traditional 3D cell culture methods still have some limitations. For scaffold-based 3D models, although natural ECM-derived matrix materials provide binding sites for cells, tumor cells exhibit similar biological behavior in vivo. However, natural materials are usually subject to different species sources, individual differences, separation, and purification methods, resulting in different composition and properties between batches, which will have a great impact on the repeatability of the study (Brancato et al., 2020). For synthetic material scaffolds, although they have advantages in structural controllability, stability, differences between batches and biomechanical control. However, the lack of binding sites such as cells or factors makes them need functional chemical modification. Natural and synthetic scaffolds and matrix materials have their own characteristics, perhaps the combination of the two can further improve the effect of ECM simulation of tumors in vivo. For the scaffold-free 3D model, the complex operation limits the uniformity and repeatability of the spheroid. In addition, the traditional 3D cell culture also needs to simplify the culture program to achieve high-throughput screening technology, which is of great significance for individualized therapy and drug screening (Yun et al., 2022).
2.2 Microfluidic technology for constructing "organ-on-a-chip"
Microfluidic perfusion culture systems, also known as “organ-on-a-chip,” can be made of plastic, glass, or synthetic polymers and allow for the co-culturing of various cell types, including tumor cells, endothelial cells, and stromal cells. Microfluidic technology ensures continuous perfusion of oxygen and nutrient supply, further enhancing the ability of in vitro models to mimic tumor physiology. The diversity of microfluidic designs with different channels allows for precise control of the spatial distribution of different cell types and biochemical gradients.
In complex liver cancer 3D in vitro models, a functional vascular system is crucial. Blood vessels can be formed in microfluidic devices by seeding endothelial cells in channels or by utilizing the self-organizing properties of endothelial cells in co-culture with fibroblasts. The latest developments in microfluidic technology have made it an important tool for 3D cell culture and drug testing, particularly in mimicking the in vivo tissue microenvironment with high reproducibility (van Duinen et al., 2015). Siming Lu et al. developed a biomimetic 3D liver cancer organ-on-a-chip that simulated the tumor microenvironment by integrating decellularized liver extracellular matrix and GelMA into a microfluidic culture system (Lu et al., 2018). This system contained necessary scaffold proteins and growth factors, promoting the proliferation and growth ability of HepG2 liver cancer cells as well as liver cell functionality. The organ-on-a-chip exhibited a linear dose-dependent drug response to acetaminophen and sorafenib toxicity. Lee et al. constructed a microfluidic 3D model of the tumor microenvironment of HCC with hepatitis B virus (HBV)-positive cells (Lee et al., 2018). This model was used to study the immunosuppressive effects of monocytes on HBV-specific T cell receptor redirected T cells (TCR-T cells) and the role of PD-L1/PD-1 signaling pathway. The results showed that this microfluidic model was more effective than 2D models in predicting the efficacy of TCR-T cell therapy for HCC and could be used to improve current immunotherapy strategies. Zuchowska et al. used a microfluidic system for long-term culture of liver cancer 3D cell spheroids to determine the effects of the chemotherapeutic drug 5-FU on liver cancer cells. The viability of HepG2 spheroids was rapidly analyzed using a chip scaffold microplate reader for fluorescence analysis (Zuchowska et al., 2017).
Microfluidic technology allows for precise control of cell-cell interactions, enabling the co-culture of different types of tumor cells and stromal cells to recreate the tumor microenvironment in vitro. Additionally, microfluidic chips provide shear effects similar to physiological microenvironments, offering a new method for drug delivery (Ahn et al., 2017). Currently, liver cancer organ-on-a-chip models provide a novel preclinical model for studying the mechanisms and drug treatments of PLC. They are also valuable for the development, evaluation, and screening of novel anticancer drugs.
The challenges faced by microfluidic models include high cost, complex fabrication processes, and difficulties in handling. Current microfluidic models predominantly use polydimethylsiloxane (PDMS) combined with glass to ensure chip transparency. However, PDMS material itself is costly, and the manufacture and commercialization of microfluidic platforms require substantial expertise and equipment, further increasing the overall cost (Kuo et al., 2023; Strelez et al., 2023). Moreover, the fabrication and commercialization processes of microfluidic models are relatively complex. Despite the availability of plug-and-play microfluidic systems in the market, individuals without a fundamental knowledge of these systems still need to acquire specialized technical skills and operational proficiency, which may discourage some users. Operating microfluidic models demands high levels of dexterity as they utilize small volumes and dimensions, necessitating the avoidance of bubble formation and excessive shear forces to maintain cell viability and behavior. Additionally, due to limited space, operators need specialized training to handle these systems proficiently. Nevertheless, microfluidic models remain promising in vitro tools for studying cellular behavior and evaluating drug efficacy, as they enable the use of low volumes of therapeutics and cell samples within the chip, ultimately enhancing cost-effectiveness (Ao et al., 2022).
2.3 3D bioprinting
3D bioprinting is an emerging tissue engineering technology that builds on the principles of computer-assisted traditional rapid prototyping in 3D printing. It utilizes bioinks composed of hydrogels, cells, growth factors, and other components to print intricate microstructures of biological materials layer by layer on a culture medium or substrate. By finely controlling the quantity and types of cells, composition of the extracellular matrix, deposition of cell-matrix scaffolds, and dynamic microenvironment, 3D bioprinting can simulate complex tissue structures with biologically active properties to a certain extent. It has become an important technique for constructing complex in vitro tissue models. There are various methods of 3D bioprinting, including extrusion-based bioprinting, laser-assisted bioprinting, inkjet-based bioprinting, magnetic bioprinting, coaxial bioprinting, and acoustic bioprinting, which differ in their underlying principles (Xiang et al., 2022; Zhuang et al., 2023).
Extrusion-based bioprinting is the most common technique, which involves the precise deposition of cells using a fluid dispensing system, allowing for the combination of bioinks and cells for bioprinting (Tetsuka and Shin, 2020). Even complex tissues can be printed using multiple channels and different bioinks, showcasing its advantages of cost-effectiveness and high cell viability (Zhuang et al., 2023). Inkjet bioprinting, derived from 2D inkjet printers, utilizes the printing of bioink droplets to precisely control the volume and size of tissue pattern samples, making it efficient and simple. Inkjet bioprinting can be further categorized into on-demand inkjet printing and continuous inkjet printing, depending on the continuity of inkjetting. However, it has some drawbacks. Firstly, the precision of droplet inkjetting is affected by nozzle clogging and cell deposition in the printing chamber. Secondly, inkjet printing requires high electrical conductivity of bioinks, posing challenges in ink selection. Lastly, the cell viability in inkjet printing is not satisfactory. Laser-assisted bioprinting utilizes the principle of laser-induced forward transfer, enabling precise control of virtual deposition of cells and biomaterials with higher resolution. Since it does not involve nozzle processes, cell viability is guaranteed. However, the high cost of equipment limits its development. The selection of hydrogels in bioinks is crucial as they provide the microenvironment for cell proliferation and differentiation (Huang et al., 2017). Therefore, factors such as biocompatibility, flowability, polymer properties, and biodegradability need to be considered in the selection of hydrogels for bioinks (Decante et al., 2021).
Bioprinting technology allows for precise positioning of cells and biomaterials, reproducing the composition and spatial complexity of the tumor microenvironment (Liu et al., 2020). It provides a promising biomanufacturing technique for constructing stable 3D in vitro models of liver cancer. Mao used a gelatin-alginate-MatrigelTM composite hydrogel to bioprint 3D in vitro models of intrahepatic cholangiocarcinoma using patient-derived cells. The models exhibited significantly higher cell proliferation capacity and levels of tumor markers compared to 2D models, as well as increased resistance to chemotherapy drugs and targeted drugs (Mao et al., 2020). Changcan utilized bioprinting technology to construct 3D models of cholangiocarcinoma and co-cultured tumor cells with tumor-associated endothelial cells, tumor-associated fibroblasts, and tumor-associated macrophages (Li et al., 2022). The 3D bioprinted models demonstrated enhanced proliferation capacity, higher levels of tumor-associated gene expression, and increased drug resistance, with the presence of stromal cells promoting the activity of tumor cells. Xie et al. mixed patient-derived HCC cells with gelatin and alginate, and used 3D bioprinting to establish personalized liver cancer in vitro 3D models (Xie et al., 2021). The analysis showed that the models retained the characteristics of the parental HCC, including stable expression of biomarkers and consistent gene expression profiles. The models also accurately displayed the results of anticancer drug screening, providing significant value for personalized treatment of liver cancer patients.
Decellularized and solubilized extracellular matrix (dECM) is a potential biological ink with tissue-specific components. however, the poor gel kinetic properties of ECM limit the accuracy of 3D biological printing. Martina et al. invented a tissue-specific composite biological ink, which is composed of natural polymer alginate and enhances its biological activity with dECM. ECM enhances the survival of primary human progenitor cells during 3D biological printing, supports tissue-specific cell differentiation, and stimulates full-layer vascularization of implants in vivo while minimizing allogeneic reactions (De Santis et al., 2021). Min Kyeong et al. developed a novel bioprinting technology for dECM-incorporated hepatocyte spheroids that could enhance both cell-cell and -ECM interactions simultaneously. The dECM materials were uniformly distributed in the bioprinted spheres and the incorporation of dECM significantly improved the liver function of hepatocyte spheres (Kim et al., 2023). In general, dECM biological ink can be used to construct tissue and organ-specific microenvironment, which can determine cell fate and tissue development in vitro (Kim et al., 2020).
In order to enhance the biomimicry and complexity of the models, the combination of 3D printing and microfluidic technology has become a hot topic in the field of biomanufacturing and drug screening research. With the rapid development of printing devices and novel bioinks, extrusion-based printing methods have become a feasible choice for constructing organ-on-chip models (Yi et al., 2017). Microfluidic channels can be fabricated by printing bioinks such as hydrogels, followed by printing cell-laden bioink mixtures into the existing channels (Bertassoni et al., 2014; Bhise et al., 2016). This printing method improves the efficiency and reproducibility of constructing drug screening chip models, and it is an important direction for the integration of 3D printing and microfluidic technology.3D printing is used for the preparation of liver cancer cell spheroids, allowing for precise control of cell quantity and spheroid size, while microfluidic chips can provide a more biomimetic in vitro microenvironment for the cells (Ouyang et al., 2015). Li et al. integrated the advantages of 3D bioprinting, microfluidics, and hydrogel technology to construct a controllable-sized liver cancer 3D bioprinting-microfluidic model (Li Y. et al., 2019). This model was applied in pharmacological experiments with a novel anti-CD147 monoclonal antibody, Metuzumab, providing important reference value for the construction of complex in vitro liver cancer models and antibody drug screening research. Furthermore, 3D bioprinting has promoted the development of tissue and organ regeneration engineering. Previous studies have shown that using bioprinting technology to construct liver tissue models with primary hepatocytes, endothelial cells, and fibroblasts can be applied in liver tissue regeneration, artificial liver, and liver transplantation in the future (Lee et al., 2016; Lei and Wang, 2016).
Indeed, 3D bioprinting of tumor models can provide a more accurate replication of the complex tumor microenvironment and treatment response in vivo, offering significant potential for personalized treatment of liver cancer and the development of anticancer drugs (Meng et al., 2019). However, many of the currently established 3D bioprinted liver tumor models still cannot fully replicate the complete physiological characteristics of tumors, including the vascular microenvironment and immune microenvironment. Further improvements are still needed in these areas (Kronemberger et al., 2021).
2.4 Liver cancer organoids
Organoids derived from adult stem cells (ASC), embryonic stem cells (ESC), or induced pluripotent stem cells (iPSC) have been generated to study the occurrence and development of liver cancer (Schwank et al., 2013; Bershteyn et al., 2017; Turner et al., 2017; Nguyen et al., 2021). The liver organoid model provides a powerful and genetically flexible platform for cancer research. Previous studies have shown that the construction of liver organoids requires various cytokines and growth factors, including hepatocyte growth factor (HGF), epidermal growth factor (EGF), fibroblast growth factor and R-spondin 1 (Rspo1), TNFα, Wnt agonists, LGR5 ligands, cAMP agonists, and TGF-β inhibitors (de Lau et al., 2011; Broutier et al., 2016; Peng et al., 2018). Currently, organoids have been used to construct models of fatty liver disease (Ouchi et al., 2019), liver cancer (Broutier et al., 2017), drug-induced liver injury (Shinozawa et al., 2021), cholestatic liver injury (Sato et al., 2021) and HBV-related hepatocellular carcinoma (De Crignis et al., 2021).
Liver Cancer Organoids can be established based on healthy liver organoids through chemical treatment or genetic engineering editing, but their primary source is still liver cancer cells (Artegiani et al., 2019; Naruse et al., 2020). Some studies have utilized normal liver tissue to construct organoids (TP53WT), and then used CRISPR technology to knock out TP53 in the liver organoids (TP53KO). The TP53R249S mutant variant was overexpressed in the TP53 knockout organoids using a lentiviral vector. Finally, these three types of organoids were transplanted into mice to establish an ODX model, and tumor progression was observed to investigate the role of TP53 and R249S in the occurrence and development of HCC (Lam et al., 2023).
Patient-derived liver cancer organoids retain key characteristics and genetic mutations of the original tumor and have been widely used in tumor mechanism research and drug screening (Bresnahan et al., 2020). Qiang Gao et al. established a patient-derived liver cancer organoid biobank (LICOB) that comprehensively represents the histological and molecular characteristics of various liver cancer types as determined by multiomics profiling, including genomic, epigenomic, transcriptomic, and proteomic analysis. And the LICOB is a rich resource for investigation of liver cancer biology and pharmacological dependencies and may help enable functional precision medicine (Ji et al., 2023). Ling Li et al. screened 129 anti-tumor drugs using patient-derived liver cancer organoids and found significant differences in the efficacy of clinically used drugs, such as sorafenib and gemcitabine, among patients with PLC (Li L. et al., 2019). However, a small number of non-liver cancer indication drugs, such as pucathromycin and idarubicin, may be effective. Lulu Sun et al. used hiHEP self-assembly to form liver organoids with liver-polarized structures and enhanced liver function (Sun et al., 2019). By introducing different carcinogens to simulate the occurrence of HCC and ICC, this model can be used to explore molecular and cellular changes in early hepatocarcinogenesis and develop new preventive strategies. Broutier et al. successfully constructed tumor organoids derived from eight patients with PLC, including HCC, cholangiocarcinoma (CC), and mixed hepatocellular carcinoma (CHC) (Xian et al., 2022). After long-term culture, these organoids recapitulated the tissue structure, expression profile, genomic landscape, and in vivo tumorigenicity of the parental tumors. Additionally, the research team used the PLC organoids as biomarker identification and drug screening models and identified the ERK inhibitor SCH772984 as a potential therapeutic agent for PLC. This study directly demonstrates the utility of organoids in identifying genes and potential new therapeutic targets with prognostic value for liver cancer, thus opening opportunities for advances in drug testing and personalized medicine approaches (Broutier et al., 2017). Broutier believes that PLC-derived organoids are complementary and alternative models to liver cancer patient-derived xenografts (PDX), and the significantly reduced construction time makes them more suitable for large-scale drug testing and tumor individualized therapy. Linfeng Xian et al. established 52 organoids from 153 PLC patients. Compared to PDX models, the establishment of HCC organoids had a higher success rate (29.0% vs 23.7%) and shorter time (13.0 ± 4.7 vs 25.1 ± 5.4 days) (Xian et al., 2022). The organoids and ODX reproduced the histopathological features of PLC, and it was found that targeting the mTOR signaling pathway could overcome acquired sorafenib resistance in liver cancer organoids by inducing phosphorylation of S6 kinase. Nuciforo et al. constructed organoid models using tumor tissue and adjacent non-tumor tissue from different types of liver cancer patients through biopsy. The success rate was related to pathological grading and Ki67. Sorafenib drug response experiments revealed dose-dependent inhibition of HCC organoid growth, demonstrating that PDOs are suitable for preclinical drug development validation (Nuciforo et al., 2018).
There is limited research on the use of liver cancer organoid models in personalized immunotherapy. Wenwen Wang et al. conducted a comparative analysis of 27 constructed liver and bile tumor organoids with the original tumor tissue and confirmed that the organoids retained the genetic characteristics, HLA-class-I phenotype, and neoantigen-related mutation profiles of the parental tumor tissue to a great extent (Wang et al., 2022). By using multi-omics approaches, they predicted and analyzed the neoantigen peptide libraries of liver and bile tumors, established an organoid-based platform for in vitro screening of neoantigen peptides, and preliminarily demonstrated the tremendous potential of this platform in evaluating the efficacy of personalized immunotherapy.
Undeniably, organoids have greatly facilitated the development of in vitro models for liver cancer and are of significant importance in expanding tumor biobanks, investigating the mechanisms of liver cancer development (Jia et al., 2022), drug response testing, and personalized medicine. Single-cell transcriptome analysis delineates heterogeneity of hepatobiliary tumor organoids and proposes that the collaboration of intratumoral heterogenic subpopulations renders malignant phenotypes and drug resistance (Zhao et al., 2021). However, there are still limitations to organoids (Tuveson and Clevers, 2019). They lack various cells that constitute the tumor microenvironment, including endothelial cells (Lim et al., 2022), immune cells, and fibroblasts (Shiota et al., 2021; Badr-Eldin et al., 2022; Dong et al., 2022). Fibroblasts have been shown to promote tumor growth, metastasis, and chemotherapy resistance (Zhang et al., 2018), while immune cells play a crucial role in the tumor microenvironment (Dijkstra et al., 2018). Introducing different stromal cells may improve the reliability of liver cancer organoids. Moreover, it was observed that healthy contaminating tissue within the samples gave rise to organoids that would quickly outcompete the tumour-derived organoids, so it is necessary to optimize the culture program. Additionally, PLC exhibits inter- and intra-tumoral heterogeneity, and reproducing tumor heterogeneity in liver cancer organoids is one of the challenges that need to be addressed. Furthermore, improving the success rate of organoid construction, reducing the time required for organoid generation, and lowering the cost of organoids are also important challenges (Tuveson and Clevers, 2019).
2.5 Patient-derived xenograft (PDX) models
Patient-derived xenograft (PDX) models are established by transplanting patient tumor tissues into immunodeficient mice. The first HCC PDX model was successfully established in 1996, but its development has been slow, and the success rate remains relatively low. As a more reliable in vivo tumor model, PDX models retain the tissue structure, gene expression profile, and drug response characteristics of the patient’s primary tumor (Brown et al., 2018; Xu et al., 2021). Subcutaneous transplantation is the most commonly used method for establishing liver cancer PDX models, which allows for more accurate measurement of tumor growth and drug response. Renal subcapsular transplantation further improves tumor engraftment due to its rich blood supply (Gao et al., 2015). In addition, orthotopic transplantation into the liver parenchyma can more faithfully replicate the tumor microenvironment, including interactions with blood vessels, stromal cells, and immune cells, and better simulate tumor metastasis. However, this method is more challenging and costly (Hoffman, 2015; Stewart et al., 2017). On the other hand, mouse strains used for PDX model construction are also being continuously improved. Severe immunodeficient mice lacking B cells or NK cells, such as SCID, NOD-SCID, and NSG mice, have further increased the success rate of PDX models (Shultz et al., 2005; Morton and Houghton, 2007).
Qingyang Gu et al. established 65 PDX models (approximately 26%) using subcutaneous transplantation in SCID mice from tumor tissues of 254 HCC patients (Gu et al., 2015). The histological morphology and differentiation degree of the models were highly similar to the original tumors, and they retained the intratumoral heterogeneity of the original tumors. In a recent study, it was found that HCC tissues obtained from needle biopsies can also be used to construct PDX models. In this study, 11 PDX models were successfully generated from HCC tissues obtained from needle biopsies of 54 HCC patients, and the PDX models maintained the histological, transcriptomic, and genomic characteristics of the original tumors (Blumer et al., 2019). However, the success rate of PDX model construction in this study was only 20%, which may be attributed to the limited quantity of tumor tissues. On the other hand, Long Yang et al. established Mini-PDX models by transplanting tumor cells derived from HCC patients into immunodeficient mice (Yang et al., 2021). The Mini-PDX models reduced the time required for tumor formation, and the application of Mini-PDX models after partial hepatectomy guided anti-tumor treatment selection, leading to effective extension of the survival of HCC patients. However, Mini-PDX models cannot simulate the tumor microenvironment and the generation of tumor vasculature, resulting in lower sensitivity to targeted drugs compared to cytotoxic drugs. Sorafenib and lenvatinib, as FDA-approved systemic therapies for HCC, showed similar treatment responses in HCC PDX models compared to the primary patients, indicating that PDX models are effective tools for predicting the response to targeted therapy (Tiao et al., 2016; Gao et al., 2021). In a retrospective analysis, comparing the treatment outcomes of 92 patients with advanced solid tumors with the sensitivity of the corresponding PDX models to the same drugs, the sensitivity and specificity of PDX drug screening were 96% and 70%, respectively, with a positive predictive value of 85% and a negative predictive value of 91% (Izumchenko et al., 2017).
Traditional liver cancer PDX models have low immune function and are not suitable for simulating immune responses in the tumor microenvironment (Shultz et al., 2007). To study liver cancer immunotherapy, it is crucial to replicate the complexity of the human immune system. One approach is to use humanized mouse models with a human immune system. The most common method to create humanized mouse models is by transplanting human hematopoietic stem cells and progenitor cells into mouse bone marrow to facilitate immune system development (Rongvaux et al., 2014). Zhao et al. transplanted hematopoietic stem cells into NSG mice to reconstruct a humanized immune system that matches human leukocyte antigens, thus creating a dual-humanized PDX model. The study showed that the engrafted tumors can suppress immune responses and evade immune regulation by altering gene expression profiles, which is a major difference compared to traditional PDX models and provides a new option for investigating the interaction between tumors and the immune system. Humanized PDX models demonstrated a more pronounced growth inhibition in response to immune checkpoint inhibitors compared to NSG mouse PDX models (Zhao et al., 2018). Ideally, hematopoietic stem cells and tumor tissues from liver cancer patients should be transplanted into the same immunodeficient mice, but this approach is cost-prohibitive and technically challenging. Addressing this issue would be a significant step towards developing more personalized PDX models.
In summary, PDX models have unique advantages in studying the mechanisms of liver cancer, identifying biomarkers, and screening drugs. However, limitations should be considered in their application (Zanella et al., 2022). Similar to patient-derived organoids, tumor tissues used to construct PDX models have anatomical bias due to tumor heterogeneity, and only a fraction of implanted tumor cells survive. Additionally, human stromal cells in PDX models are rapidly replaced by mouse stromal cells. Exploring gene expression data from liver cancer patients using PDX models requires the use of bioinformatics methods to subtract the gene expression data from the model mice (Wang et al., 2018).
3 SUMMARY AND OUTLOOK
The transition from 2D cell culture to 3D in vitro models has provided a more reliable platform for studying the molecular mechanisms, drug development, and personalized treatment of liver cancer. Emerging technologies such as 3D bioprinting and microfluidics have facilitated the development of 3D culture of liver cancer cells in vitro, while hydrogel technologies provide a basic support for 3D culture, allowing the constructed liver cancer models to better mimic the in vivo tumor and its microenvironment. Organoids derived from PLC patient tumor tissues and PDX models preserve the genetic characteristics and histological morphology of the primary tumors to the greatest extent, which is of great significance for exploring the mechanisms of liver cancer development and precision oncology. In conclusion, the rapid development of 3D tumor models provides new options for further understanding and treating PLC.
However, the current techniques for constructing PLC models cannot fully replicate the complexity of tumors in vivo, and we need to evaluate the advantages and limitations of each model in their application. 3D cell culture techniques, including 3D bioprinting and microfluidic organ-on-a-chip systems, are more efficient in studying cell-cell interactions and high-throughput drug screening, and they also reduce the burden of animal models such as mice. Organoids and PDX models have unique advantages in exploring the development of PLC and personalized tumor treatment, but they are time-consuming and have a relatively low success rate. Studies have shown that co-culturing liver organoids with endothelial cells to generate vascularized organoids significantly improves liver cell-specific functions, indicating the value of vascularization in the generation of liver cancer organoids and PDX models (Yu, 2021). Additionally, the combination of organoids with microfluidic and 3D printing technologies can enhance the biomimetic and complex nature of the 3D models, and significant potential has been explored in the field of organ-on-a-chip systems (Hiratsuka et al., 2022).
As the value of immunotherapy in the treatment of PLC continues to emerge, future efforts should focus on optimizing and using organoids co-cultured with patient-derived tumor tissues and immune cells, as well as developing more standardized humanized PDX models.
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