[image: image1]Application and challenge of pancreatic organoids in therapeutic research

		REVIEW
published: 24 May 2024
doi: 10.3389/fphar.2024.1366417


[image: image2]
Application and challenge of pancreatic organoids in therapeutic research
Jin Chen1,2†, Jin Lu1†, Shu-Na Wang2* and Chao-Yu Miao2*
1Department of Endocrinology and Metabolism, Changhai Hospital, Second Military University /Naval Medical University, Shanghai, China
2Department of Pharmacology, Second Military Medical University /Naval Medical University, Shanghai, China
Edited by:
Zhi-Ren Zhang, Harbin Medical University, China
Reviewed by:
Zhengpeng (Jason) Wan, Massachusetts Institute of Technology, United States
Zhi-xiang Yuan, Southwest Minzu University, China
Yongfei Xue, Central South University of Forestry and Technology, China
* Correspondence: Chao-Yu Miao, cymiao@smmu.edu.cn; Shu-Na Wang, snwang@smmu.edu.cn
†These authors have contributed equally to this work
Received: 06 January 2024
Accepted: 06 May 2024
Published: 24 May 2024
Citation: Chen J, Lu J, Wang S-N and Miao C-Y (2024) Application and challenge of pancreatic organoids in therapeutic research. Front. Pharmacol. 15:1366417. doi: 10.3389/fphar.2024.1366417

The in-vivo non-human primate animal and in-vitro cell disease models play a crucial part in the study of the mechanisms underlying the occurrence and development of pancreatic diseases, but with increasingly prominent limitations with in-depth research. Organoids derived from human pluripotent and adult stem cells resemble human in-vivo organs in their cellular composition, spatial tissue structure and physiological function, making them as an advantageous research tool. Up until now, numerous human organoids, including pancreas, have been effectively developed, demonstrating significant potential for research in organ development, disease modeling, drug screening, and regenerative medicine. However, different from intestine, liver and other organs, the pancreas is the only special organ in the human body, consisting of an exocrine gland and an endocrine gland. Thus, the development of pancreatic organoid technology faces greater challenges, and how to construct a composite pancreatic organoid with exocrine and endocrine gland is still difficult in current research. By reviewing the fundamental architecture and physiological role of the human pancreas, along with the swiftly developing domain of pancreatic organoids, we summarize the method and characteristics of human pancreatic organoids, and its application in modeling pancreatic diseases, as a platform for individualized drug screening and in regenerative medicine study. As the first comprehensive review that focus on the pharmacological study of human pancreatic organoid, the review hopes to help scholars to have a deeper understanding in the study of pancreatic organoid.
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INTRODUCTION
The in-vivo animal and in-vitro cell models play a crucial role in studying the occurrence, development, prevention and treatment of pancreatic disease (Casamitjana et al., 2022; Yumi et al., 2023). Traditional animal models such as mouse have significant differences in cellular, genetic, immune, and pharmacokinetic features due to species differences with humans, resulting in poor predictive ability for actual human responses. Non-human primates, on the other hand, are expensive and difficult to perform high-throughput screening, resulting in limited applications. In the past decade, the development of humanized pancreatic organoids has made up for the limitations for traditional research models. Organoids are the in-vitro formed three-dimensional tissues derived from adult stem cells (ASCs) or pluripotent stem cells (PSCs), which have highly similar tissue properties and physiological functions to the corresponding in-vivo organs (Marsee et al., 2021). Hans Clevers lab., in 2009, reported that in-vitro induction of murine LGR5+ intestinal stem cells into intestinal organoids featuring intestinal crypt-villus formations is possible (Lancaster and Knoblich, 2014). Intestinal organoids derived from human pluripotent stem cells (hPSCs) and clinical primary ASCs were developed in 2011. In 2013, organoids of liver, kidney and pancreas which developed from hPSCs were successfully cultivated. In 2014, the concept of organoids was first systematically proposed.
There are several advantages of human organoids. On the one hand, human organoids not only could represent in-vivo human physiology, but also can be quickly and easily obtained from healthy individuals or patients. Currently, human organoids are mainly produced by hPSCs and clinical primary ASCs. In addition to derived from healthy tissues, it is also possible to extract organoids from patient tissues for disease modeling, such as tumor organoids. And both of them are capable of replicating the physiological and pathological conditions in human organ tissues (Clevers, 2016). On the other hand, human organoids are stable, capable of large-scale genome screening and drug screening on plates, and most emerging genetic engineering tools can be introduced at the level of pluripotent stem cells or straightly into organoid systems. The disease model can be prepared by using gene editing technology to modify normal human stem cells or directly isolating diseased tissue (Xinaris et al., 2015). Nowadays, organoid technology has been relatively mature application in the study of a variety of diseases. Currently, a range of human organoids, including brain (Mansour et al., 2018), liver (Takebe et al., 2017), intestine (Fujii et al., 2018), and kidney (Dilmen et al., 2023) have been successfully demonstrated significant promise in the fields of organ development, drug screening and regenerative medicine study. And, more attention has been paid to develop models in vitro for the 3D culture systems of human pancreas.
The pancreas is the special organ in the human anatomy. During the embryonic period, the pancreas sprouts from the primitive foregut endoderm of the embryo, and develops into pancreatic tissue. The pancreas is a very important digestive organ in human body, which is composed of endocrine and exocrine compartments. The exocrine pancreas accounts for over 90% pancreas’s total volume, containing about 5% ductal and 85% acinar epithelia. A range of digestive enzymes secreted by acinar cells enter the duodenum through the pancreatic duct and choledoch. In addition to secreted water and bicarbonate, pancreatic stem cells are found in the ductal epithelial cell region (Lee et al., 2012). Endocrine precursor cells differentiated from ductal epithelial cells migrate to the pancreatic matrix and eventually differentiate into islet. Islet is organized as a core of β cells encircled by a layer of α, δ, and pancreatic polypeptide (PP) cells. The islet is responsible for controlling blood glucose levels, leading to the production of insulin, somatostatin, glucagon, and pancreatic polypeptide. When pancreatic exocrine function is insufficiency, it usually shows digestive-related diseases, such as acute and chronic pancreatitis, and pancreatic cancer. Pancreatitis is a common disease in the pancreatic exocrine disease, which correlates with significant illness, death rates, and economic burden in the world (Peery et al., 2019). Observational studies have shown that individuals suffering from both acute and chronic pancreatitis face a heightened risk of developing pancreatic ductal adenocarcinoma (PDAC) (Gandhi et al., 2022). There has been a steady rise in both the frequency and mortality attributed to pancreatic tumors from 1990 to 2019 (Kan et al., 2023). Even with advancements in identifying and treating pancreatic cancer, only about 11% patients of pancreatic cancer may persist for a duration of 5 years after diagnosis (Siegel et al., 2022). In addition to surgical treatment, there is also chemotherapy for pancreatic cancer patients. But individual pancreatic cancer patients have different reactions to chemotherapy drugs, and the drug resistance phenomenon is common with non-ideal overall therapeutic efficacy (Peery et al., 2019). In order to provide more effective treatment for cancer patients, medical workers have proposed precision oncology which is a new and personalized medical strategy that develops the most appropriate personalized treatment plan based on individual genetic analysis and tumor molecular characteristics (Picozzi, 2024).
Diabetes mellitus, as the main manifestation of pancreatic endocrine insufficiency, is one of the common metabolic diseases posing a risk to human health. Long-term insulin injections as well as diet restrictions greatly reduce the standard of living among patients. As the social and economic levels persistently advance, the prevalence of type 2 diabetes mellitus (T2DM) has increased globally and shows popular trend in younger people (Henning, 2018). The incidence of diabetes is growing every year. The occurrence rate of T2DM in China was at 12.4% in 2018, and its complications have become a significant burden on the health of Chinese people (Xue et al., 2022). Patients diagnosed type 1 diabetes mellitus (T1DM) need to inject insulin daily to control their blood glucose. For patients, regenerating their own β cells with function of insulin secretion may be an effective and safe solution without strict use of immunosuppressive agents.
Although the technology of pancreatic ductal organoids and pancreatic islet organoids has been increasingly optimized (Merz et al., 2023). Currently, there is no comprehensive review on the pharmacological application of pancreatic organoids. How to establish a complete pancreatic organoid containing both exocrine and endocrine glands still needs to be explored in the future. Thus, by reviewing the rapidly evolving field of pancreatic organoids, this review mainly summarizes the therapeutic application of pancreatic organoids in the pharmacological study of modeling human pancreatic diseases, as a platform for personalized drug evaluation, and application in regenerative medicine study.
THE METHODS FOR GENERATING PANCREATIC ORGANOIDS AND THEIR CHARACTERIZATION
Organoids of pancreatic exocrine gland
Organoids have extremely high potential for application in pancreatic development and the establishment of disease models. hPSCs are expected to be sources of producing various cell types in-vitro culture (Sharma et al., 2020). Pancreatic progenitors possess the capability to differentiate into acinar cells, endocrine cells and ductal cells (Mamidi et al., 2018). Pancreatic progenitors can be produced by hPSCs by following the sequential induction of endoderm, foregut endoderm, and pancreatic endoderm (Xie et al., 2013; Kao et al., 2015; Teo et al., 2015). Numerous research works have documented the capacity to guide pancreatic progenitors originating from hPSCs towards the exocrine lineage, endorsing the creation of organoid structures resembling pancreatic ducts or acini (Huang et al., 2015; Simsek et al., 2016; Hohwieler et al., 2017). The progenitor cells of all pancreatic epithelia exhibit pancreatic and duodenal homeobox 1 (PDX1) expression. PDX1+ pancreatic progenitors cells have been employed in the production of ductal and acinar lineage-dedicated organoids within matrigel-based culture framework (Pagliuca et al., 2014). Breunig and colleagues (Breunig et al., 2021) have developed a method of pancreatic duct-like organoids (PDLOs) derived from hPSCs in-vitro. WNT signaling (Pasca di Magliano et al., 2007) plays a crucial role in embryonic development (Murtaugh et al., 2005; Heiser et al., 2006). Huang et. al have also obtained progenitors of human pancreas, originating from human embryonic stem cells (hESCs), underwent systematic examination of various factor and small molecule combinations, refining a procedure to trigger the transformation of pancreatic progenitors into organoids specific to ductal or acinar lineages. The identification of duct-like organoids is facilitated through the stimulation of fibroblast growth factor, epidermal growth factor, unconventional WNT family, retinoic acid routes, and the suppression of histone deacetylase (HDAC), standard WNT family, and ALK5 pathways. Conversely, the differentiation of acinus organoids is enhanced through the stimulation of the standard WNT, fibroblast growth factor, and cortisol routes, along with the suppression of the hedgehog, NOTCH family, bone morphogenetic protein, and ALK5 pathways (Huang et al., 2015). Individualized models of pancreatic dysplasia and carcinogenesis in-vitro are limited by inadequate differentiation of hPSC into pancreatic exocrine lineage. Kleger and colleagues developed a differentiation protocol guiding hPSCs into functional PDLOs, and showed that the PDLO system is suitable for in-vitro and in-vivo disease modeling on early pancreatic tumor formation. Each oncogene causes a specific growth, structure, and molecular phenotype of PDLOs in-vitro. While transplanted PDLOs with oncogenic KRAS alone form heterogeneous dysplastic lesions or cancer, the combination of KRAS with CDKN2A loss leads to the development of dedifferentiated pancreatic ductal adenocarcinomas. In contrast, transplanted PDLOs with mutant GNAS result in the formation of intraductal papillary mucinous neoplasia-like structures (Breunig et al., 2021). Several researches suggest the presence of a progenitor pool for the pancreas in the ductal tree of an adult pancreas (Criscimanna et al., 2011; Furuyama et al., 2011; Kopp et al., 2011) and also endocrine lineages (including β cells) (Xu et al., 2008; Criscimanna et al., 2011; Pan et al., 2013; Van de Casteele et al., 2013). Lgr5 marks the ASCs in various adult organs and acts as a receptor for the WNT-agonistic R-spondins to form pancreatic organoids (Huch et al., 2013). Pancreatic ducts containing Lgr5 stem/progenitor cells can be clonically expanded and eventually acquire continuous proliferating typical pancreatic organoids originating from ductal cells. And based on this theory, pancreatic organoids can also originate from both healthy human tissues and tumor tissues (Bhalerao et al., 2023). Human tumor organoids can be cultured from patient tumor tissues by clinical endoscopic biopsies. Moreover, histology and phenotypic heterogeneity were conserved in tumor organoids (Huang et al., 2015).
Organoids of pancreatic endocrine gland
With the development of stem cell technology, β cells can be induced from hESCs and hPSCs. Pancreatic endoderm cells (expressing marker genes PDX1, FOXA2, HNF6, NKX6.1) induced from hESCs can be differentiated into endocrine cells after transplantation into mice, and the mature grafts can release insulin and improve blood glucose levels in diabetic model of mice (Kroon et al., 2008; Bruin et al., 2013; Shapiro et al., 2021). However, the cells obtained from hESCs are more like embryonic pancreatic islet cells than adult pancreatic islet cells, and are unable to consistently express mature β cells marker genes (Bruin et al., 2014; Hrvatin et al., 2014). The proteomic analysis of rat pancreatic extracellular matrix hydrogels revealed collagen V (ColV) as a pivotal regulator of islet organogenesis in hPSCs. In the presence of ColV niches, there was a significant upregulation in the expression levels of key pancreatic transcription factors and major hormone genes in iPSC-derived organoids. The presence of ColV in the microenvironment significantly enhanced the glucose-responsive secretion of both insulin and glucagon hormones from organoids (Bi et al., 2020). Transplantation of pancreatic islet cells derived from hPSCs holds great promise as a potential treatment for diabetes. A study has demonstrated the characterization of functional properties in the generation of stem cell derived islets (SC-islets). By employing an optimized the protocol, it is possible to generate human SC-islets that exhibit glucose-sensitive insulin release and endocrine cell composition that is similar to primary islets. Furthermore, through comprehensive functional assays, cellular physiology analyses, metabolic tracing experiments, and single-cell RNA transcriptomic data collected over a period of 6 weeks during in-vitro maturation and 6 months following mouse engraftment, this study reveals the temporal acquisition of metabolic programs and gene regulatory changes that contribute to β cell functional maturation (Balboa et al., 2022). Meanwhile, it has been discovered that pancreatic endoderm cells derived from implanted PSCs emit glucose-reactive C-peptide in individuals with T1DM (Ramzy et al., 2021; Shapiro et al., 2021). The achievement of long-term euglycemia following intraportal islet transplantation is hindered by significant peri-transplant islet loss due to inflammation, ischemia, and inadequate angiogenesis. Incorporating human amniotic epithelial cells (hAECs) into islet-cell constructs can enhance resistance against ischemia, expedite revascularization, and promote recovery of cell-to-matrix interactions. Consequently, the inclusion of hAECs in islet organoids significantly improves engraftment as well as the survival and functionality of grafts in a mouse of T1DM (Lebreton et al., 2019). Huang et al. have described a method for transforming human gastric stem cells into pancreatic islet organoids which are similar to β-cells in molecular features and functionality. Stomach-derived human insulin-secreting organoids restore glucose balance in diabetic mice for over 100 days after transplantation(Huang et al., 2023). Research has demonstrated that insulin-reactive cells possessing paneth/goblet cell characteristics can transform into insulin lineages following the ablation of forkhead box O1, either genetically or pharmacologically (Du et al., 2022). It has been documented that the expansion of adult human pancreatic tissue is possible through 3D organoids, and these organoids can be grown over time. Embedded organoids evolved into INS+ cells, and the presence of circulating human C-peptide was identified during a glucose test at 1 month of post-transplantation in the beneath the kidney capsule of immunodeficient mice (Loomans et al., 2018). Zeng Yi’s team identified precursor cell lines in adult pancreas that differentiate into four types of endocrine cells, and cultured them to become functional organoids with mature β cells. Single-cell RNA sequencing reveals the presence of Procr+ cells in the pancreas of adult mice. Situated in the islets, these cells lack markers of differentiation, and have endothelial to mesenchymal properties. Procr+ islet cells have ability to produce cell clones in an adult environment and differentiate into four endocrine cells by genetic lineage tracing. The sorted Procr+ cells constitute less than 1% of the total islet cells, but can form islet organoids when the cells form a clonal density. Serial passage of cells can maintain exponential expansion and induce differentiation of cells at any time point of in-vitro culture. Applying the culture system to human cells necessitates additional research. Investigating this ancestral group could reveal their presence in humans and their potential in managing diabetes. β cells accounted for the main component, while α, δ and PP cells accounted for a relatively small proportion in islet organoids. Islet organoids can react with glucose and produce insulin (Wang D. et al., 2020). As mentioned before, adult ductal cells are also believed to acquire embryonic characteristics and produce endocrine cells under special conditions. As an indicator for adult stem cells in multiple organs, Lgr5 is expressed in injured and regenerated pancreatic ducts, while Lgr5+ duct cells can produce pancreatic exocrine organoids in vitro and differentiate into ducts and endocrine cells after transplantation induction (Huch et al., 2013). A peptide originating from the extracellular matrix determines the destiny of induced PSCs, leading to the creation of endocrine progenitors and later islet organoids (Heaton et al., 2023) (see Figure 1).
[image: Figure 1]FIGURE 1 | Graphical summary of the method and characteristics in pancreatic organoids. Pancreatic organoids produced by hPSC, human embryonic stem cells hESC, human normal tissues and tumor tissues. Incorporation of human amniotic epithelial cells hAEC into islet organoids markedly enhances engraftment, viability and graft function in a mouse type 1 diabetes model. hPSC: human pluripotent stem cell; hESC: human embryonic stem cell; hAEC: human amniotic epithelial cells; PDLOs: pancreatic duct-like organoids; PALOs: pancreatic acinar like organs; PP: pancreatic progenitors.
Pancreatic organoids containing exocrine and endocrine gland
Although technologies of pancreatic ductal and pancreatic islet organoids have achieved some success, it remains to be explored how to construct a complete pancreatic organoid system with both endocrine and exocrine gland and function. Many pancreatic diseases often involve both the endocrine and exocrine parts simultaneously. Therefore, it is imperative to construct pancreatic organoids with multi-lineage differentiation potential of endocrine and exocrine gland. One research pioneered the method of directing hPSCs towards multipotent pancreatic progenitors through the examination of singular pancreatic progenitor cells enriched with glycoprotein-2 (Merz et al., 2023). This establishes the foundation for future pancreatic organoids. Besides, the concept of assembloid has been proposed in recent years by putting together two or more different organoids (Pasca et al., 2022). It remains to be studied whether pancreatic assembloid (namely, the complete pancreatic organoid) can be obtained by in-vitro fusion culture of pancreatic exocrine and endocrine organoids.
The application of pancreatic organoids in modeling pancreatic disease Pancreatic ductal adenocarcinoma
Expression of the PDAC associated oncogene GNASR201C was found to induce cystic development in ductal organoids is more efficient than in acinar organoids, whereas KRASG12D is found to be expressed in acinar was more effective in mimicking cancer in vivo than in ductal organoids. This demonstrates the lineage tropism and plasticity of genetic action in human pancreatic cancer (Huang et al., 2021). Each oncogene can cause specific growth, structural, and molecular phenotypes in-vitro. As mentioned above, hPSC expressing carcinogenic GNAS or KRAS can differentiate into PDLO characterized by the morphological, transcriptional, proteomic, and functional traits of human pancreatic ducts. Cultured PDLO with carcinogenic KRAS alone formed heterodysplastic lesions or cancers, but KRAS with CDKN2A deletion developed into dedifferentiated PDAC (Breunig et al., 2021). Orthotopic transplant organoids can review the development of PDAC tumors at all stages. Another research conducted single-cell RNA sequencing on corresponding primary tumors and organoids from one cholangiocarcinoma and two PDAC patients, seeking to reveal the similarities and differences between primary tumors and their respective organoids on a transcriptome scale (Chen et al., 2023). The research discovered that ST6GAL1 levels are elevated in individuals with initial-stage PDAC, with additional increases noted in later stages of the disease. The validity of this finding has been confirmed through experiments on acinar cells and organoids in mice that show transgenic ST6GAL1 expression (Bhalerao et al., 2023).
Through extensive transcriptomic study of human PDAC organoids, the behavior of organisms is linked to gene expression subtypes. By refining organoid culture conditions, Takashi Seino et. al established 39 patient-derived PDACs and conducted an extensive molecular analysis, shedding light on various forms of WNT/R-spondin niche reliance linked to different gene expression variants. Organoids derived from healthy human ducts have been employed as models for pancreatic cancer. Furthermore, The CRISPR-Cas9-driven modification of pancreas organoids revealed a gradual development of PDAC, progressively becoming independent of their niches. The use of overexpression vectors has been instrumental in researching the initiation and development of PDAC (Seino et al., 2018). Cells extracted from surgically removed tumors have undergone organoid culturing, based on established protocols with some alterations. The primary tumors underwent exome sequencing. Studies have identified somatic mutations of PDAC in a variety of genes played roles in signal transduction routes, epigenetic alterations, genome upkeep, and metabolic enzymes. One potential focus was integrin-linked kinase, and it was verified that an integrin-linked kinase inhibitor could inhibit the growth of organoids derived from patients (Shiihara et al., 2021). By co-culturing PDAC cells from patients with mesenchymal and vascular endothelial cells from hiPSCs, a combined pancreatic cancer organoid was developed, beneficial for researching PDAC recurrence (Takeuchi et al., 2023).
Intraepithelial neoplasia of pancreatic duct and pancreatic of cystic fibrosis
Pancreatic intraepithelial neoplasia (PanIN) is a continuous process that describes the progression of atypical proliferation of epithelial cells in various levels of pancreatic ducts (including the main pancreatic duct) to carcinoma in situ. Divided into three levels of PanIN, PanIN-1 belongs to low grade, while PanIN-3 belongs to precancerous lesions. Using organoid culture, Sinha et. al demonstrated that sensory neurons encouraged the widespread growth of PanIN organoids via substance P receptor neurokinin 1-R signaling and STAT3 activation (Sinha et al., 2017). PDLO with mutant GNAS gene results in intraductal papillary mucinous tumor-like structure (Breunig et al., 2021). Compared to standard murine organoids, mouse PanIN organoids showed a recombination of the conditional KRAS-LSL-G12D allele and increased KRAS-GTP levels (Matsuura et al., 2020). The outcomes of RNA sequencing were verified the increased expression of Agr2, Acsm3, Gcnt1, Gcnt3, and Ugdh, along with the decreased expression of the Ptprd gene in mouse PanIN and mouse Tumor organoids. The pancreatic elements of cystic fibrosis, a genetic disorder, result from mutations, either nonsense or missense, in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. A novel organoid system based on PSCs, employed in simulating the pancreatic elements of cystic fibrosis. In-vitro, pancreatic organoids from cystic fibrosis patients mimic impaired CFTR activity, enabling further drug testing and mRNA-driven gene enhancement (Hohwieler et al., 2017). At present, there is no research on human PanIN organoids, and future study will further focus on related studies.
Diabetes mellitus
Lyu et. al analyzed examined the 3D structure of chromatin during the transformation of hESCs into pancreatic islet organoids. CTCF and cohesion play an important role in regulating gene activity throughout cellular differentiation (Lyu et al., 2023). By jointly cultivating islet and mesenchymal stromal cells, Gooch et. al developed islet-sized organoids, known for their potent immune and cyto-protective, anti-inflammatory, proangiogenic. Simultaneously, researchers have found that administering islet-sized organoids in the omentum via allogeneic, intraperitoneal injection successfully restored lasting normal blood glucose levels in NOD mice with autoimmune diabetes, without suppressing the immune system (Gooch et al., 2023). Another research reported an innovative optogenetic control mechanism for insulin release in pancreatic islet organoids derived from hPSCs, employing monster-opto-Stromal interaction molecule 1. After transplantation, diabetes mice produced human C-peptide (Choi J. et al., 2023). The HIF-1 α Inhibitor PX-478 targets human pancreatic islet organoids subjected to prolonged high glucose stimulation, enhancing insulin production (Ilegems et al., 2022). T2DM represents a structured metabolic disorder affecting multiple organs, marked by the active interaction between these organs. A new microfluidic multi-organoid system can co-culture liver and islet organoids derived from hiPSCs for a duration of up to 30 days. The co-culture system facilitates the delicate release of insulin stimulated by glucose from islet organoids and enhances glucose consumption in liver organoids through glucose tolerance assessments. Metformin is capable of mitigating mitochondrial malfunction and reducing the glucose transport ability of liver and islet organoids under high glucose condition (Tao et al., 2022). Juvenile-onset diabetes typifies Wolfram syndrome, a genetic disorder inherited through WFS1 mutations (Rohayem et al., 2011). Pancreatic β cells, derived from iPSCs of Wolfram syndrome sufferers, exhibited reduced insulin levels and heightened molecular activity due to endoplasmic reticulum stress, suggesting WFS1 deficiency as the cause of β cell failure (Shang et al., 2014; Maxwell et al., 2020).
The application of pancreatic organoids in modeling pancreatic disease can be seen in Table 1. And in the future, pancreatic organoids are anticipated to study the pathogenesis in more pancreatic disease models.
TABLE 1 | The application of pancreatic organoids in modeling pancreatic diseases.
[image: Table 1]Pancreatic tumor organoids as a platform for personalized drug screening
Organoids of pancreatic cancer originating from patients display characteristics of the original tumor, potentially serving as an effective preclinical instrument for forecasting drug reactions. For majority of patients, there is no targeted treatment option for PDAC, and available therapies are limited by toxicity. Pancreatic cancer organoid library can be achieved through patients with suspected or confirmed pancreatic cancer. By testing single drugs on pancreatic cancer organoid library, it offers the benefit lies in choosing new mixes of drugs with high potential, steering clear of substances that are ineffective and thus toxic. Evaluation of patient-derived organoids has been explored as a biomarker for treatment response and individualized treatment in patients with pancreatic cancer, which is capable of forecasting how patients with pancreatic cancer react to neoadjuvant. Establishing organoids derived from patients, both in those new to chemotherapy and after neoadjuvant treatment, facilitates the generation of patient-derived organoids over time to evaluate the evolving sensitivity profiles of chemotherapy. Rapid screening of patient-derived organoids may aid in the early categorization of patients into the most effective neoadjuvant treatment (Demyan et al., 2022). The objective of the HOPE trial (Harnessing Organoids for Personalized Therapy) is to proactively create organoids derived from PDAC patients and assess their responsiveness to medication and its correlation with clinical results. This study confirms that classifying patient-derived organoid as sensitive or resistant to chemotherapy regimens can predict clinical outcome in study subjects (Hossan et al., 2023). Alteration in the cyclin dependent kinase inhibitor 2A (CDKN2A) is very common in PDAC. Chemosensitivity analysis of PDAC cell lines and organoids derived from patients revealed a link between the inactivation of CDKN2A and heightened responsiveness to paclitaxel and SN-38 (Lin et al., 2020). Carfilzomib, a proteasome inhibitor, has demonstrated encouraging outcomes in preliminary research., but not well in clinical applications. By testing the proteasome inhibitor carfilzomib sensitive PDAC derived primary cell culture (PDPCC) subpopulations, a transcriptomic signature indicative of carfilzomib chemosensitivity was chosen through independent component analysis of the PDPCC transcriptome. This feature was validated in an independent cohort of pancreatic organoids derived from PDAC biopsy. The findings demonstrate that the presence of carfilzomib sensitive PDACs with specific transcriptome phenotypes can explain the biological reasons for this response (Fraunhoffer et al., 2020). The study identified the spatial arrangement of organoids that monitor resistance to subclonal chemotherapy in cases of pancreatic and ampullary cancer (Hossan et al., 2023). Integrin-linked kinase inhibitors have been shown to inhibit the expansion of organoids originating from patients. By integrating exome sequencing with organoid culture, it is possible to pinpoint specific targets for individualized medications and evaluate the efficacy of these agents in organoids (Shiihara et al., 2021). Beutel et. al discovered that the immediate isolation, spread, and pharmaco-typing of organoids from pancreatic cancer patients could facilitate the prediction of treatment responses and customization of pancreatic cancer treatment. Utilizing their predictive score, the model precisely forecasted the therapeutic outcome in patients new to treatment, achieving an impressive accuracy rate of 91.1% (Beutel et al., 2021).
One study suggested a mechanized, rapid-capacity, microflfluidic system for 3D organoid cultivation and examination, designed to offer both combinatorial and dynamic medicinal therapies to numerous cultures, facilitating instantaneous organoid analysis. The system was validated by individual, combination, and sequential drug screening for human-derived pancreatic tumor organoids. There were significant differences in the response to drug therapy in patient-derived organoids, and temporary modified drug therapy was found to be more effective than extracorporeal constant dose monotherapy or combination therapy (Schuster et al., 2020). The utility of microfluidic patient-derived organoids is proven by testing patient-derived organoids responses to several chemotherapies. Furthermore, the use of microfluidic organoid cultures serves to evaluate the efficacy of immunotherapy that combines NK cells with a new biological agent (Choi D. et al., 2023).
The US investigators have tested a combination of trametinib and hydroxychloroquine for organoids in patients with advanced pancreatic cancer. The results showed that this scheme had the highest inhibition rate of cancer cells in the patient’s tumor organoids among all the alternatives (Kinsey et al., 2019). The team executed an expandable prototype screening in pancreatic organoids affected by cystic fibrosis, employing various CFTR correctors and activators, and developed a gene therapy method based on mRNA in these organoids (Hohwieler et al., 2017). The research discovered that metformin reduced the expression of genes linked to cancer stemness in 3D co-cultures of PDAC organoids and PSC. The study suggests that metformin could provide a prospective method as a potent treatment for PDAC (Hahn et al., 2023). The single-organoid analysis successfully identified both resistant and invasive PDAC organoid clones, tailored to specific patient, therapy, medication, concentration, and time-specific levels (Le Compte et al., 2023). The utilization of patient-derived organoids (PDOs) for the characterization of therapeutic sensitivity and resistance represents a promising approach in precision medicine. PDOs are cultured in an extracellular matrix derived from basement membrane extract (BME). A study assessed the impact of different sources and batches of BME on proliferation, drug response to chemotherapy and targeted therapy, as well as gene expression in both mouse and human PDAC. The origin of BME does not alter the dose-response curve or drug test results of PDOs, further validating their reliability in characterizing drug sensitivity and resistance within the context of precision medicine (Lumibao et al., 2023).
With in-depth research, the swift advancement in organ-on-a-chip technology renders it an effective instrument for drug testing (Mo et al., 2020). The majority of co-culture methodologies for examining T2DM treatment encompass duct- and pancreatic islets-on-a-chip, as well as liver- and pancreatic islets-on-a-chip (Bauer et al., 2017; Shik Mun et al., 2019; Tao et al., 2022). One research created a three-dimensional chip for fat and pancreatic islets, designed for evaluating drugs in systemic metabolic disorders like T2DM (Xiu et al., 2019). Other study created a combined culture of small intestine and pancreatic islet on a chip, serving as an effective instrument for assessing glucose-induced fluctuations in endocrine hormones and for evaluating GLP-1 analogs and natural insulin in treating diabetes mellitus during antidiabetic drug screening (Nguyen et al., 2017).
Application of pancreatic organoids in regenerative medicine of diabetes and other diseases
The creation of organoid cultures in vitro has garnered significant focus as a framework for researching regenerative medicine. Diabetes mellitus and PDAC stand as two significant destructive elements impacting the pancreas. T1DM, an autoimmune disorder, is marked by the depletion of pancreatic β-cells. Transplanting the pancreas or pancreatic islets represents the radical treatment. Generating β-like cells from stem cells presents a significant potential strategy in regenerative medicine. For individuals with insulin-dependent diabetes, substituting β-cells through pancreas or islet transplantation remains the sole prolonged treatment alternative. Glycemia can be restored when pancreatic organoids implanted in different preclinical diabetic models. Organoid transplantation and nanotechnology can avoid the immune attack by the host (Navarro-Tableros et al., 2020). In 2000, it was documented that the initial cells secreting insulin, originating from genetically altered ESCs, normalized blood glucose levels in mice with diabetes (Soria et al., 2000). In the following years, ESCs and iPSC’s therapeutic capabilities has been extensively tested and created of highly effective multi-stage differentiation methods (Dayem et al., 2019). In 2014, Rezania et. al described a protocol to differentiate human pluripotent stem cells into β cells in vitro, with β cells transplanted into mice reversing diabetes by pancreatic progenitors (Pagliuca et al., 2014; Rezania et al., 2014). Another study confirmed that islet organoid transplantation can improve diabetes reversal (Fonseca et al., 2023). Organoids that secrete insulin and are pre-vascularized, consisting of rat islet cells, hAECs, and human umbilical vein endothelial cells, demonstrate superior in vitro performance relative to native islets. The transplantation process for pre-vascularized islet organoids hastens the revascularization of the graft and improve blood glucose levels in immunodeficient diabetic mice (Wassmer et al., 2021). Hypoxia significantly contributes to the loss of islets in the initial phase following transplantation. Another study also demonstrated that hAEC can shield transplanted islets, protect from hypoxic damage, and improve β-cell implantation and islet revascularization, thus improving the ability of islets to reverse hyperglycemia (Lebreton et al., 2020). A magnetic sorting mechanism for the purification of microencapsulation in islets was found. Following the subcutaneous introduction of purified microencapsulated pancreatic islets into diabetic rats, their blood glucose levels reached a stable state for almost 17 weeks (Espona-Noguera et al., 2019).
In vitro, human pancreas organoids have the ability to grow for several months while preserving their ductal structure, expression of biomarkers, and chromosomal wholeness. Upon being implanted into the pancreas of immunodeficient mice, human pancreas organoid xenografts endure for an extended period in vivo and exhibit no indications of developing tumors (Georgakopoulos et al., 2020). After transplanting human pluripotent stem cell-derived acinar/ductal organoids into immunodeficient mice, these organoids formed normal pancreatic duct and acinar tissue, similar to the pancreas of human fetus, without signs of tumor formation or transformation. The organoids exhibit the ultrastructural, widespread gene expression, and functional characteristics of the human pancreas in the dish (Hohwieler et al., 2017). (see Figure 2)
[image: Figure 2]FIGURE 2 | Various applications of pancreatic organoids. Schematic depiction of various applications of pancreatic organoids based on the studies mentioned above. Pancreatic organoids, including pancreatic exocrine and endocrine gland are mainly produced by hPSC and clinical primary ASCs. Organoid technology provides ideal models mimicking human pancreatic diseases. Pancreatic organoids have also provided a potential tool for personalized drug screening and application of in regenerative medicine. ASCs: adult stem cells; DM: diabetes mellitus; PanIN: pancreatic intraepithelial neoplasia; PDAC: pancreatic ductal adenocarcinoma; POs: pancreas organoids.
PERSPECTIVE AND CONCLUSION
The technology of pancreatic organoids has made significant progress in recent years. The construction of humanized pancreatic organoids has greatly enriched the donor sources, and promoted the in-depth research on pancreatic development and the identification and management of pancreatic disorders of cancer and non-cancer. However, there are still significant challenges in transitioning pancreatic organoid technology to clinical practice. How can pancreatic organoids cultured in vitro maximize the reproduction of the biological function of the pancreas? How to construct a complete pancreatic organoid with multiple cell types of endocrine and exocrine gland? And how to simplify the current complex culture system of pancreatic organoid to improve efficiency? Addressing these issues will undoubtedly promote the transformation of pancreatic organoids technology in precision medicine and regenerative medicine. So far, there is lack of a pancreatic organoid model containing both exocrine and endocrine glands, which hinders the physiological and pathophysiological studies of exocrine and endocrine glands of pancreas at the same time. Recently, the concept of assembloids (assembled organoids), also refer to the confused organoids, has been proposed (Pasca et al., 2022). Assembloids can be generated from organoids derived from different individuals, to create inter-individual assembloids, or different species, to create inter-species assembloids. Similarly, it is worth exploring whether it is possible to obtain the complete pancreatic organoid containing both exocrine and endocrine glands by the combination of exocrine organoid and endocrine organoid in the future study. In addition, the development of organoid on-chip also provides possibility for the co-culture of exocrine and endocrine organoid of pancreas together (Jalili-Firoozinezhad et al., 2021). Of course, microfluidic chips have brought new ideas for constructing composite organoid systems, and the application of this technology in pancreatic multi-lineage organoid systems is worth looking forward to. From a developmental perspective, organoid technology is still in its early stages, with the primary focus remaining on enhancing its biomimicry.
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