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During the last decades, hiPSC-derived organoids have been extensively studied and used as in vitro models for several applications among which research studies. They can be considered as organ and tissue prototypes, especially for those difficult to obtain. Moreover, several diseases can be accurately modeled and studied. Hence, patient-derived organoids (PDOs) can be used to predict individual drug responses, thus paving the way toward personalized medicine. Lastly, by applying tissue engineering and 3D printing techniques, organoids could be used in the future to replace or regenerate damaged tissue. In this review, we will focus on hiPSC-derived 3D cultures and their ability to model human diseases with an in-depth analysis of gene editing applications, as well as tumor models. Furthermore, we will highlight the state-of-the-art of organoid facilities that around the world offer know-how and services. This is an increasing trend that shed the light on the need of bridging the publicand the private sector. Hence, in the context of drug discovery, Organoid Factories can offer biobanks of validated 3D organoid models that can be used in collaboration with pharmaceutical companies to speed up the drug screening process. Finally, we will discuss the limitations and the future development that will lead hiPSC-derived technology from bench to bedside, toward personalized medicine, such as maturity, organoid interconnections, costs, reproducibility and standardization, and ethics. hiPSC-derived organoid technology is now passing from a proof-of-principle to real applications in the clinic, also thanks to the applicability of techniques, such as CRISPR/Cas9 genome editing system, material engineering for the scaffolds, or microfluidic systems. The benefits will have a crucial role in the advance of both basic biological and translational research, particularly in the pharmacological field and drug development. In fact, in the near future, 3D organoids will guide the clinical decision-making process, having validated patient-specific drug screening platforms. This is particularly important in the context of rare genetic diseases or when testing cancer treatments that could in principle have severe side effects. Therefore, this technology has enabled the advancement of personalized medicine in a way never seen before.
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1 INTRODUCTION
Recently, the field of pluripotent stem cells (PSCs) has gained more and more attention as, over the years, it led to new findings on both human development and diseases. Novel molecular pathways and therapeutic targets were discovered in the past decades thanks to the research conducted culturing 2D stem cells, even though a further step forward has been made with the advent of 3D culture systems, as they allow and facilitate the simulation of in vivo conditions. Organoids are three-dimensional (3D) cell aggregates that accurately recapitulate the in vivo developmental stages of most organs and tissues.
The derivation process of PSC organoids exploits both the ability of these stem cells to differentiate into several cell types and the organ development process, including spatial patterning and morphogenesis (Clevers 2016; Eiraku, M. et al., 2011; Lancaster et al., 2013).
They are considered by the scientific community one of the biggest revolutions in the biomedical field. In fact, they were awarded method of the year in 2017 by Nature, and listed among the “fifty ideas that will change the world” by the Financial Times (Financial Times, 2022) and, according to Forbes, they were one of the five biggest innovations in oncology in 2019 (Five Things To Look Out For In Cancer Research In 2019; Forbes, 2022).
Organoids have been derived from many mammalian tissues, both normal and tumor, from adult stem cells and from pluripotent stem cells, both embryonic and induced pluripotent stem cells (iPSCs). Tissue organoids can retain many of the cell types and much of the structure and function of the organ of origin. Organoids derived from pluripotent stem cells display increased complexity compared with organoids derived from adult stem cells. Their major advantages are the ability to differentiate and self-renew making them an in vitro model that can precisely mimic the in vivo pathophysiology. PSC-derived human organoids have proved to be very useful for studying organ development where their propensity to reproduce embryonic stages of development has allowed the replication of key steps in organogenesis such as spatial organization of the heart, the brain, the gastrointestinal tract and other organs (Rossi et al., 2019; Renner et al., 2017; Finkbeiner, S. R., et al., 2015; McCracken, K. W. et al., 2014).
The use of human organoids in disease modelling has led to the establishment of assays and models that assist with diagnosis, drug screening and personalized treatment.
Organoids were first developed in 1987 (Corrò et al., 2020), after two important scientific successes: the application of collagenase for tissue digestion in the 1950s and the isolation of Matrigel in the 1980s (Xia et al., 2019). Since then, their accuracy and reproducibility have rapidly increased and are now considered a valid substitute for the gold standard (2D). They showed all their potential during the current SARS-CoV-2 pandemic: not only lung organoids were used to study the interaction between virus and host cells and the replication machinery, but they were also used as drug screening platforms for the development of new therapies and vaccines (Han et al., 2021; Spitalieri et al., 2022).
In this review, we will describe the main characteristics of 3D culture systems specifically derived from human induced pluripotent stem cells (hiPSCs), highlighting the state-of-the-art of organoid facilities that around the world offer know-how and service on organoid technology. Moreover, we will discuss the weaknesses and the future development that will lead this technology from bench to bedside, towards personalized medicine and biobanking (Figure 1).
[image: Figure 1]FIGURE 1 | Figure 1: hiPSCs offer a unique patient-specific model to study rare disease: hiPSCs can be differentiated into organ-specific cells and assembled into organoids comprised of organ-specific tissue. Organoids factory offers the unique opportunity to create platforms for drug screening, regenerative medicine, toxicity profiling and biobanking, accelerating clinical decision-making process or the discovery of new therapies.
2 DERIVATION AND CHARACTERISTICS
The importance of 3D organoids lies in the following characteristics Fare clic o toccare qui per immettere il testo.
• Versatility: more than 14 kinds of organoids have been developed so far;
• Clinically relevant: they can be patient-specific and thus reproduce the physio-pathology of the organ in vivo keeping the same genotype of the patient;
• Genetically and phenotypically stable in vitro over long periods of time: they keep their characteristics when cultured and after cryopreservation;
• Expandible for large-scale analysis;
• Adaptable for gene editing techniques.
The organoids can be derived from different murine or human cell types: induced pluripotent stem cells (iPSCs) (Lancaster et al., 2013), adult stem cells (ASCs) (Sato et al., 2009), or embryonic stem cells (ESCs) (Jo et al., 2016). The latter is involved in embryonic development and has evident ethical problems that limit their applicability, while human iPSCs (hiPSCs) overcome this limitation as they are usually derived from a skin biopsy or other sources of adult cells and can be reprogrammed to be pluripotent stem cells, through the some reprogramming factors (OCT4, KLF4, SOX2, and c-Myc; OSKM) (Takahashi and Yamanaka, 2006). For these characteristics, hiPSCs are the most used type of cells for the derivation of organoids. In fact, hiPSCs can be differentiated into any kind of tissue by using specific growth factors. They will then self-assemble to form a complex structure and morphology, resembling the organ in vivo. Moreover, hiPSC-derived organoids are able to self-renew and be stable over a long period of time (Karagiannis et al., 2019). On the contrary, the major drawback of organoids derived from hASCs, organ-specific resident stem cells, is that they can be only composed of the cell types belonging to the original tissue, and consequently the development of these organoids is limited to the accessibility and availability of the hASCs (Mariano et al., 2015). To date, more than 14 types of organoids are reported in the literature and the majority of them are derived from hiPSCs. . Just to cite some of them, so far, the following kind of organoids have been developed: lungs (Han et al., 2021; Spitalieri et al., 2022), liver (Huang et al., 2022), gut (Sprangers et al., 2020), kidneys (van den Berg et al., 2020), brain (Agboola et al., 2021), retina (O’Hara-Wright and Gonzalez-Cordero, 2020), heart (Lee et al., 2022) and a lot more. For example, Van den Berg et al. (van den Berg et al., 2020) obtained glomerular, proximal, and distal tubular structures from hiPSC-derived kidney organoids. They tested the organoid efficacy in vivo, by transplanting it in immunodeficient mice. They observed that after vascularization, the glomerular filtration barrier was size-selective, giving evidence of the functionality of the produced organoid. Another interesting example of the complexity that organoids are able to recapitulate comes from heart models. Although there are studies on brain or vascular organoids reporting that they maintain their functionality through vascularization in vivo (Mansour et al., 2018; Wimmer et al., 2019), only Lee and collaborators demonstrated for the first time that human heart organoids has been implanted in vivo into nude mice and that beating is maintained through in vivo vascularization (Lee et al., 2022).
Indeed, heart organoids are still in their infancy and studies are investigating how to overcome the difficulties in mimicking the advanced structuring of the heart such as cardiac maturation and circulatory system and two-atrium/ventricles. It has been recently reported that 11 cardiac cell types directly constitute the heart, such as atrial cardiomyocytes, ventricular cardiomyocytes, fibroblasts, endothelial cells, pericytes, smooth muscle cells, immune cells (myeloid and lymphoid), adipocytes, mesothelial cells and neuronal cells (Litviňuková et al., 2020). Hence, it is clear that the heart can be considered one of the most difficult organs to model in vitro. Moreover, as the characteristics of previously reported heart organoids vary according to different differentiation methods, it is not yet possible to simulate all aspects of the heart. Some studies in this field are going in the direction of self-organizing heart organoids that can reproduce the complexity of the heart. Among them Lewis-Israeli, YR., et al. developed heart organoids that mimic the cardiac structure, reflecting the vascular network inside the organoid without external interference (Lewis-Israeli et al., 2021). Furthermore, Lee and collaborators demonstrated that in Chamber Formed-human Heart Organoids (CF-Hos) are able to spontaneously differentiate into cardiac-specific cells from hiPSCs without extrinsic interference (co-culture, 3D mold and physical stimulation, etc.) also showing the structural complexity of heart (chamber, atrium/ventricle-similar areas and epicardium/myocardium, etc.) via self-organization and the compartmentalization (Lee et al., 2022). Although the absence of endocardium (layer of endothelial cells) and the inability to construct a vascular network without the addition of ECM components, heart organoids reported by Lee reflect the advances on the field of health and welfare via cardiovascular modeling. Most recently, Branco and others developed a self-organized heart organoid containing an epicardium-like layer that entirely envelop a myocardium-like tissue enabling further insights into heart organogenesis and the development of myocardial-epicardial interaction (Branco et al., 2022). Finally, human iPSC-derived 3D organotypic cardiac microtissues have been generated and cultivated for more than 100 days, showing cardiac specification, survival and metabolic maturation. The authors demonstrated that this model could be used to study chemotherapy-induced cardiotoxicity (Ergir et al., 2022).
It is clear how the research in this emerging and expanding field is continuously making steps towards the clinical practice. Nevertheless, as noted above, there are some organoid models that are emerging in these years and need further developments, and others that already proved their functionality and utility, as the kidney organoid previously described.
Hence, the proven functionality of the organoids makes them suitable for studies aimed at testing new drugs, as they can fill the gap between the standard two-dimensional (2D) cell models and the animal models. While classic 2D in vitro models fail to represent the complexity of the organism as a whole, animal models have a different genome and pathophysiology than humans and not every disease has a corresponding validated animal model. Although to date, animal models are the gold standard and a mandatory step for drug screening tests and the translation of the compounds from the bench to the clinic, in vitro and in vivo tests in animals are still poorly predictive of the efficacy and safety in humans (Akhtar, 2015). Moreover, the sacrifice of animals for scientific purposes arises ethical concerns thus leading to the need of reducing the number of animals used, whenever possible, according to the 3 R’s principle: replacement, reduction, and refinement.
In the United Kingdom, the use of organoids as a drug screening platform led to an overall reduction in the number of animals used for scientific purposes by 7 percent annually in 2018 (Yaqub et al., 2022). Today, thanks to innovative technologies such as organoids, the transition from in vivo animal studies to in vitro analogs are facilitated, as 3D in vitro models are as complex and sometimes even more representative as in vivo human diseases.
The goal is to speed up the translation of research from the laboratories to the clinic and to reduce the number of animals needed for pre-clinical studies.
3 APPLICATIONS
Organoids can be used for.
1. Basic research, including human biology studies aimed at understanding developmental processes, responses to external stimuli and stress signals, cell-cell interactions, and mechanisms of stem cell homeostasis;
2. As organ and tissue prototypes, especially for those difficult to obtain;
3. Drug screening and discovery, being a scalable and robust technology, to study the efficacy and side effects of a large number of molecules simultaneously and with great precision (Broutier et al., 2017; Medle et al., 2022)
4. Biobanking, as samples obtained from patients can be used to generate patient-derived organoids (PDOs) and stored as a resource for future research (Takebe et al., 2018; Jacob et al., 2020);
5. Disease modeling, to understand the mechanisms of human diseases such as infectious diseases, inherited genetic diseases, and cancer using multi-omics and drug screening analyses (Lancaster and Huch, 2019);
6. Precision medicine, in which patient-derived organoids can be used to predict drug response (Zhou et al., 2021a);
7. Tissue engineering, to replace or regenerate damaged tissue; organoids can be 3D printed, thus guiding the microscopic structure of the tissue (e.g., muscles) (Brassard et al., 2020);
8. Study of embryogenesis and developmental diseases (Kim et al., 2020).
4 DISEASE MODELING
Originally, organoids were envisioned as an opportunity to grow healthy cells for applications in regenerative medicine and cell therapy. However, as knowledge about this new technology has advanced, much broader potential has been uncovered, ranging from diagnostic and drug screening to personalized medicine. In fact, organoids can be directly obtained from the patient’s own cells. In this way, a patient-specific model of the disease can be replicated in vitro, and treatment can be personalized. An overview of the hiPSCs-derived 3D organoids developed during the years and their relative applications on specific disease models can be explored in more detail in Table 1. According to the level of accuracy of the model, some of the organoids are used to gain new insights into the pathophysiology, while others are already applicable in the context of drug screening and discovery. Moreover, it can be pointed out that some diseases have systemic consequences, simultaneously influencing the physiology of several organs in vivo. Likewise, the same disease can be reproduced in vitro within different types of organoids. For example, it is the case of Cystic Fibrosis (CF), which is studied using with both an intestine and lung organoids (see Table 1).
TABLE 1 | Examples of hiPSC-derived organoids used to model a specific disease (non-exhaustive list).
[image: Table 1]In the next subparagraphs, more detailed examples of how organoids are used in disease modeling will be illustrated. Although well-established organoids have already been generated for the brain, kidney, gut, lung and many other organs giving rise to disease models, organoid models of the heart have only begun to emerge in the last couple of years and, to our knowledge, papers with models of specific cardiac pathologies has not yet been published.
4.1 Infectious diseases
Organoids are increasingly used as a system to reproduce complex diseases in vitro. One of the advantages of using organoids for pre-clinical studies with respect to animal models is that, since they derive from human cells, they are not affected by interspecies differences. In addition, organoids can be genetically modified so that they express genes of interest that are useful, for example, to study host-pathogen interaction in the context of infectious diseases. Examples of this type of application are the study of the ZIKA virus on brain organoids and the use of intestinal organoids to study enteric viruses or the interaction between microbiota and intestinal epithelium (Artegiani and Clevers, 2018). More recently, lung organoids have been used to study the entry mechanism of SARS-CoV-2 as well as potential treatments and vaccines (Han et al., 2021; Spitalieri et al., 2022). In fact, human lung organoids (hLORGs) have been demonstrated to be very important models that can predict the infection outcome and can be also used as a drug screening platform to foster research for new efficient therapies. Numerous studies have confirmed that SARS-CoV-2 infection begins in the proximal airways or in alveolar type 2 (AT2) cells of the distal lung, which express both ACE2 and DPP4 receptors. Although common 2D human cell cultures are permissive to infection in vitro, they cannot faithfully reproduce the human pathophysiology (Duan et al., 2021). hLORGs have been validated instead to be useful in vitro models to simulate infections and screen new compounds. In fact, they express both ACE2 and DPP4 receptors, thus being permissive to SARS-CoV-2 entry and replication, as our data show (Spitalieri et al., 2022).
Therefore, hiPSC-derived organoids are important models that can be used to study the pathogenicity of infectious diseases, and alongside, they can be used as a platform for drug screening, speeding up the discovery of new therapies.
4.2 Genetic diseases
Organoids model very well human genetic diseases in vitro, as two different scenarios are easily reproducible: on one hand, they can be derived directly from the patient’s own cells, thus retaining any pathological mutations and variation, on the other hand, organoids derived from healthy cells can be genetically modified to reproduce a specific disease or condition. For example, Lee and coworkers (Lee et al., 2009) derived peripheral neurons from hiPSCs of a patient with Familial Dysautonomia (FD), a rare inherited sensory and autonomic neuropathy caused by point mutation of the IKBKAP gene. Due to the lack of an appropriate model system, the mechanism of neuron loss in this disease is not fully understood. Within their study, using hiPSCs-derived neural crest precursor cells, they were able to study the pathogenesis in vitro as well as possible treatments for this rare disease. Another well-established model for a genetic disease regards Cystic Fibrosis (CF). In fact, intestinal organoids have been extensively used to study CF, obtaining very promising results. An interesting application in this context is the use of intestinal CF model organoids to guide the decision-making process during clinical trials by pre-treatment stratification of in vitro responders Fare clic o toccare qui per immettere il testo. (van Mourik et al., 2018). De Winter-de Groot et al. in their study highlights the importance of using organoids in pre-clinical studies: they not only were able to characterize rare CFTR variants, but also they could make a prediction of individual response to drugs and thus shed the light on the rare individual disease phenotypes (de Winter-De Groot et al., 2018).
Another example of how 3D organoids can support the study of a genetic disease comes from the brain. Scientists have always been fascinated by the brain due to its complexity and the poor accessibility of its tissue which limited the research on its pathophysiology. The only non-invasive techniques that allowed to study the neurodevelopment were ultrasound imaging, animal models, or abortus material (Trujillo and Muotri, 2018). The advent of hiPSC-derived brain organoids has been an important turning point. Lancaster et al. reported the first protocol to generate cerebral organoids, which included interdependent brain regions, such as the cerebral cortex containing progenitor populations that produce mature cortical neuron subtypes (Lancaster et al., 2013). Later on, other studies successfully developed brain organoids containing other regions, such as the forebrain, cerebellum, cortex, hippocampus, midbrain, and hypothalamus. The ability to obtain the different structures allows not only to study specific conditions linked to a particular region, but also to study the interconnection between different cell subtypes during the developmental stages. One of the major applications of brain organoids is the study of Microcephaly, which is an autosomal-recessive condition caused by mutations in several genes. For example, the mutation of the TREX1 gene causes Aicardi Goutieres Syndrome (AGS) type I, which is characterized by dramatic neuronal loss and leads to lifelong disability (Crow and Manel, 2015). Organoids are an important tool through which oit is possible to discriminate how AGS influences the functionality of the various subtypes of cells that compose the brain, thanks to the possibility to compare the disease model with an isogenic control (Trujillo and Muotri, 2018). In the context of genetic disease, it is fundamental to compare experiment results between isogenic conditions, thus hiPSC-derived organoids are a game-changer in this field.
4.3 Gene editing
A further step forward in the context of rare genetic diseases is the application of gene editing techniques, such as CRISPR (clustered regularly interspaced short palindromic repeats), which combined with protein 9 (Cas9)/CRISPR, makes it easy to target any genomic locus that can be recognized by a specific RNA guide (Artegiani and Clevers, 2018). The use of organoids as in vitro models is particularly useful in the context of rare genetic diseases (Anderson and Francis, 2018). A rare disease is defined as a disease whose prevalence, that is, the number of cases present at a given time in a given population, does not exceed 1 case per 2,000 population. It is a field in which it is difficult both to study pathophysiology, because few samples are available, and to evaluate the efficacy and safety of possible therapies, as there is not a large enough number of patients to draw statistical conclusions appropriate to standards. It is clear how, in this context, the use of organoids as in vitro models is particularly useful. In fact, the reproducibility of organoids as well as their ability to retain all of the patient’s genetic information is a valuable tool for the study of these diseases. In addition, through the use of CRISPR-Cas9 technology, the mutations responsible for these rare diseases could be corrected thus achieving isogenic control through which the genotype-phenotype correlation in different organoids representative of the various tissues involved in pathophysiology can be studied (Figure 2). For example, CRISPR-based editing was used to convert SMN2 to an SMN1-like gene in hiPSCs derived from patients with Spinal Muscular Atrophy (SMA) caused by homozygous SMN1 gene deletions. Subsequent differentiation into motor neurons provided proof of principle for this gene correction strategy in SMA (Lin et al., 2020). The ability of the organoids to be expanded for multiple passages offers the opportunity to establish modified lines for precise gene correction of the disease-causing mutation. Such technology can be advantageous as it can shed the light on the biology of essential genes.
[image: Figure 2]FIGURE 2 | Schematic representation of hiPSCs derivation and their gene editing with the CRISPR-Cas9 system. CRISPR-Cas9 technology is applied to cultures of hiPSCsthat can be further differentiated and cultivated in 2D or 3D organoids. Isogenic hiPSCs or organoids can be obtained from healthy individuals through genetic mutations (left) or from patients through gene corrections (right). Created with BioRender.com.
Currently, some of the best-known applications of CRISPR-Cas9 technology on organoids include cancer organoid models (Hendriks et al., 2020), intestinal organoids for the study of Cystic Fibrosis (CF) (Geurts et al., 2021), and DGAT1 gene regulation (Schene et al., 2020), kidney organoids for the study of Autosomal Dominant Polycystic Kidney Disease (ADPKD) (Freedman et al., 2015; Kuraoka et al., 2020), and brain organoids for the study of Trisomy 21 (Tang et al., 2021), the CHD8 gene involved in Autism Spectrum Disorders (ASD) (Wang et al., 2017), and GM1 Gangliosidosis (Latour et al., 2019). The ability to engineer the genome of hiPSC/hORG cultures may provide new insights into cellular characteristics, differentiation, and disease mechanisms, while also giving evidence for the principle of gene repair.
4.4 Tumor models
The possibility of taking cells from a tumor and culturing them with appropriate protocols paved the way for the creation of the 3D “tumoroids”, which have enormous advantages over 2D cultures that fail to reproduce the tumor tissue microenvironment (TME) (Jensen and Teng, 2020). In fact, one of the difficulties while making a diagnosis and then during the decision on the most appropriate cancer treatment is the intra and inter-tumor heterogeneity. In addition, tumor development is highly dynamic, due to chromosome and microsatellite instability, and epigenetic modifications (Xia et al., 2019). Tumoroids are 3D self-assembling organoids, which derive directly from the patient tumor cells, thus including various cell subpopulations with different gene alterations and managing to maintain the cellular heterogeneity that makes up the tumor in vivo and the genetic signature of the host patient. Because of these characteristics, they are considered a predictive platform for patient response to the range of existing treatments, guiding the decision-making process and clinical studies in a more effective and efficient way (Zhou et al., 2021b). Since they were first established, tumoroids gained popularity and to date, there are more than ten kinds of cancer models of patient-derived organoids (PDOs).
We summarized tumoroid applications in Figure 3, while in Table 2 we aimed at highlighting few examples of how versatile tumoroids are, offering a comprehensive overview of the recent advances in this field.
[image: Figure 3]FIGURE 3 | Derivations and potential applications of patient-derived tumor organoids (PDOs). PDOs can be used in the clinic as a drug screening platform and to guide personalized immunotherapy. Similarly, PDOs are a useful tool for fundamental research. Created with BioRender.com.
TABLE 2 | Overview of the major advances and applications in patient-derived tumoroids.
[image: Table 2]Although tumoroids advocate contributing to the field of precision medicine by establishing a high throughput drug screening platform, currently there are still some challenges that need to be addressed. For example, to date, tumoroids cannot fully replicate the tumor tissue microenvironment, which is usually composed of a complex interconnection of blood vessels, immune cells, and neurons. These different types of cells influence in different ways cell proliferation and extracellular matrix production (Orimo et al., 2005). Thus, having a co-culture of tumor cells together with fibroblasts and immunocytes could help achieve a higher fidelity platform. Quéméneur and others, indeed, successfully included fibroblasts and macrophages in a patient-derived tumoroid observing an enrichment in immune cells and obtaining the expression of the markers of lung adenocarcinoma (Lê et al., 2022). These flourishing examples are paving the way for the use of tumoroid cultures in clinical trials as well as for basic research.
4.5 Toxicology testing
Toxicology is one of the fields in which organoid technology can be better explored and used. For their characteristic of 3D miniaturizations of human tissues, the organoids exhibit native tissue architecture (Clevers H.et al., 2016) that carries out person-specific genomic and epigenetic information. Although 2D cultures are associated with simple and low-cost maintenance of the cell culture, in adherent cultures cell-cell and cell-extracellular environment interactions cannot be represented. These interactions are responsible for cell differentiation, proliferation, vitality, expression of genes and proteins, responsiveness to stimuli, drug metabolism, and other cellular functions (Mseka et al., 2007; Weaver et al., 2002; Meyers et al., 2003). Another drawback of 2D systems is that cells cultured in a monolayer have unlimited access to the ingredients of the medium such as oxygen, nutrients, metabolites, and signal molecules. Furthermore, it has been observed that the 2D system changes the gene expression and splicing, topology, and biochemistry of the cell (Birgersdotter et al., 2005; Li et al., 2006). In addition, adherent cultures are usually monocultures and allow for the study of only 1 cell type.
Also, the absence of relevant animal models for many human diseases, as well as the inaccurate prognosis coming from ‘conventional’ pre-clinical models, are among the major reasons for the failures observed in clinical trials. In addition, there is a need to confirm drug safety in both male and female humans (Soldin and Mattison, 2009) along with high-throughput screening of a wide range of drugs and compounds for different purposes, including the development of novel contraceptive agents and vaccines, drug screening for infectious diseases, cancer drug development, gestational drug development and reproductive toxicity testing of drugs and compounds (Chapman et al., 2013; Brannen et al., 2017).
Recently, a study on endometrial cancer organoids was published in which patient-specific drug responses was reported. A specific endometrial cancer organoid line was most sensitive to everolimus (an inhibitor of mammalian target of rapamycin mTOR), which suggested a strong dependence on the PI3K-AKT pathway and was in line with mutations in the pathway’s signaling mediators (PTEN, PIK3CA, AKT1) (Borretto et al., 2019).
Also, Price et al. reported a suspension technique for efficient large-scale cancer organoid culturing. In this study, they tested the sensitivity of organoid models to 72 anti-cancer drugs from three different cancer types, monitoring global and disease-relevant molecular changes and phenotypes including drug sensitivity and genetic dependencies (Price et al., 2022).
An important example of a patient-specific efficacy drug test, conducted in the laboratory, was reported by Dekkers and others (Dekkers et al., 2016). Indeed, it is well known that Cystic Fibrosis drugs modulate the function of the CFTR protein, but the drug’s effectiveness depends on which CFTR mutation a patient carry. The authors showed that drug responses observed in mini-guts or rectal organoids can be used to predict which patients may be potential drug responders. This preclinical test can help quickly to identify responders to CFTR modulating drug therapy even when patients carry very rare CFTR mutations. Also, a more recent study by Berkers (Bekers and van Mourik, 2019) demonstrates that in vitro drug responses in rectal organoids from individual patients with Cystic Fibrosis correlate with changes in two in vivo therapeutic endpoints. These results indicate that an in vitro assay using stem cell cultures can prospectively select efficacious treatments for patients and suggests that biobanked stem cell resources can be used to tailor individual treatments in a cost-effective and patient-friendly manner.
Finally, with the purpose of testing drug toxicity, more and more studies are exploring the benefits of putting together two important technologies in this field: 3D organoids and microfluidic devices. The so-called organs-on-chip allow high sensitivity and reproducibility with respect to the other in vitro models, making the simulation of cellular response closer to the human in vivo counterpart while speeding up the time for the analysis. Hence, their usage can be perfectly integrated in the context of innovative tools for studying the interactions between organs and drugs, and consequently their safety and toxicity.
Every year, the process of drug development is slowed down due to the difficulty of predicting the kind and frequency of side effects that will manifest in vivo during the clinical phase. Eventually, adverse events in humans stop this long pipeline with consequent loss of time, money and resources. Therefore, breakthrough technologies are needed to cope with this hurdle (Augustyniak J. et al., 2019). Organs-on-a-chip not only have the ability to recreate the structural and functional features of human organs as other 3D models, but they also allow a fine control of the microenvironment by managing chambers microfluidics (Zhan, B. et al., 2018; Huh D. et al., 2010). Several parameters are easily accessible and supervised, such as fluid flow, cell–cell and cell–matrix interactions and, size and shape of the engineered organs. Within all the organs, the lung is the most reproduced organ-on-a-chip. Zhang et al. developed a novel 3D human lung-on-a-chip with which they assessed pulmonary toxicity of TiO2 and ZnO nanoparticles (Zhang M.et al., 2018).
Another example is the gut-on-a-chip investigated from Kim et al., who demonstrated with this model that gut microbiome, inflammatory cells and peristaltic contractility can deregulate intestine bacteria proliferation and inflammatory phenomena (Kim H.J. et al., 2016) Furthermore, progresses have been made on the development of a more and more accurate representation of the tumor tissue microenvironment (TME), which is essential in toxicity evaluation of new anti-cancer compounds. Indeed, Shirure et al. created a microfluidic system that simulates the in vivo vascular component of TME (Shirure V.S et al., 2018). The model reproduced perfusable blood vessels (Kim et al., 2013; Hasan A et al., 2015; Wang et al., 2016; Chen M.B. et al., 2017), thus addressing the need of giving the right amount of nutrient supply and expanding the life span with respect to standard organoid models. These are really important features when modeling the TME and consequently for having consistent results within the downstream analyses. For example, with the model described above, they were able to monitor different characteristics of tumor progression, like cell proliferation and the formation of new blood vessels. Additionally, these vascularized tumoroids could be cultured for over 22 days, allowing to assess the toxicological effects caused by vascular perfusion with paclitaxel, suggesting the advantageous use of this combined platform as preclinical patient-derived model to analyze responses to chemotherapy.
Wang et al. developed a brain organoid to model the pathological features (e.g., abnormal cortical development) occurring under prenatal environmental exposure to toxins such as nicotine (Wang Y. et al., 2018). Across a different study, he also developed a BBB microfluidic system created by derivatizing brain microvascular endothelial cells from iPSCs, allowing for the research of drug permeability and toxicity (caffeine, cimetidine, and doxorubicin).
Moreover, a higher level of complexity is pursued by the Sung group, pioneer in this field, that aim to combine different organoids and organoids-on-a-chip in order to get even closer to the reproduction of the human body, also called “human-on-a-chip”, with the purpose of developing a comprehensive model that could accurately predict interactions between organs and tissues under physiological or pathophysiological conditions (Sung et al., 2014; Skardal A. et al., 2016).
Finally, an innovative technology that usually plays an important role in this field and it is worth mentioning is the 3D bioprinting. It is greatly involved for the development of organoids or organoids-on-chip due to the ability to organize the cytoarchitecture the organoid layer-by-layer, allowing for a fine tune of the structural characteristics in vitro. Successful examples use the 3D printing for both the fabrication of the microfluidic device (Yazdi A.A. et al., 2016) and for the bioprinting of 3D tissues and organs (Ma J. et al., 2018) resulting in a synergistic combination of two independent technologies that allows the construction of systems that replicate the in vivo environment and may be widely employed for drug development and toxicity tests (Peng W. et al., 2017; Ma X. et al., 2018; Radhakrishnan J et al., 2020).
5 ORGANOID FACTORIES
In recent years, local reference centers for the cultivation and commercialization of organoids have sprung up around the world. This is an increasing trend that shed the light on the need of bridging the public sector (research institutes and universities) and the private sector. For example, a company that wants to simultaneously test a large number of drugs and new molecules has the possibility to collaborate with centers of excellence specialized in appropriate and already validated organoid models, to speed up the process of selecting the most promising drug formulations.
The following tables show the research institutes (Table 3) and companies (Table 4) specialized in 3D organoid cultures, also schematized in Figure 4.
TABLE 3 | Research institutes around the world that have a Research and Development (R&D) laboratory dedicated to organoid cultures.
[image: Table 3]TABLE 4 | Companies that have an R&D department on organoid cultures.
[image: Table 4][image: Figure 4]FIGURE 4 | World distribution map of the organoid factories in academia and in the private sectorTables.
6 DISCUSSION
In recent years, organoids have often been considered the technological solution that could overcome the obstacles found in the use of current 2D gold standards and their applicability in the drug screening process. Despite this, to date, these versatile 3D cultures by their very nature have features that limit their applications. Nevertheless, researchers worldwide are working in the direction of creating more and more accurate and useful models.
Here below we discuss some of the trending topics that are rising among the development and the applicability of organoids.
6.1 Maturity
According to transcriptional and functional analyses, hiPSCs-derived organoids typically resemble a fetal-like stage and cells are indeed partially immature. On the one hand, this is a disadvantage when studying mechanisms that involve adult tissue. However, it is possible to force organoid maturation by adding complex factors to the culture media or by inducing overexpression of aging genes (Miller et al., 2013; Ho et al., 2016). Other studies use biophysical stimulation via electromechanical inputs instead of achieving functional maturation of hiPSCs-derived cardiomyocytes (Ruan et al., 2016; Ronaldson-Bouchard et al., 2019). On the other hand, the lack of maturity could be an advantage when studying late-onset disease with a genetic component, which could have a great influence on cells during development. For example, the number of CAG repeats has a positive correlation between the age of onset of symptoms and the severity of the disease. Studying these diseases through organoids could lead to new insights into disease progression. In fact by identifying and using prophylactic drug treatments to be administered early in the lives of at-risk patients, it could be possible to correct the biological dysfunction and cure or limit the disease even before its onset. An example is the use of statins that are administered years in advance of the onset of heart disease to lower cholesterol and prevent Atherosclerosis. Another example is Huntington’s Disease (HD), a neurodegenerative disease in which the age-of-onset of symptoms has a positive correlation with the number of CAG repeats in the first exon of the Huntingtin gene (Andrew et al., 1993). This leads to the production of a mutant protein (mtHTT) with an expanded polyglutamine repeat (polyQ). To date, little is known about how this protein causes neuronal loss of functions and toxicity. Garcia et al. (Garcia et al., 2019) developed a protocol to obtain an iPSC-based HD model to study Huntington’s Disease. In particular, they obtain functionally mature astrocytes in co-culture with neuronal cells, that resemble phenotypes previously seen in HD mouse models, such as impairment of Inward-rectifier potassium channels (Kir) currents, lengthened spontaneous Ca2+ waves, and reduced cell membrane capacitance. The ability to faithfully reproduce the in vivo conditions is leading to new findings on HD and the mechanistic pathways, paving the way for new drug targets.
In conclusion, models established from patient-derived hiPSCs, even with their current immaturity, provide relevant information about pathophysiology that can guide the development of new treatments and clinical decisions.
6.2 Organoid interconnections
Another important aspect is the lack of vascular and immunological components in organoids, which are typical instead of an explant organ. The direction in which research in this field is heading is the development of assembloids: manually forcing the union of organoids or fusing different cell types so as to unite multiple systems in one platform, possibly using morphogenic gradients as “organizers” of substructures (Pasca, 2019). Examples of assembloids are the combination of organoids resembling different regions of the brain, such as dorsal and ventral forebrain, or thalamic and cortical organoids to study the spatial organization and functional interaction between the various subtypes of cells (Xiang et al., 2019). The role of assembloids is particularly important when studying complex conditions such as autoimmune diseases (e.g. multiple sclerosis) which affects the immune system, as well as the nervous system. Thus, having both components in the same model can shed the light on their interplay interactions.
Furthermore, Lin et al. (Lin et al., 2018) developed multi-lineage hiPSC-derived assembloids to study neural-glial interaction in Alzheimer’s Disease. More technological solutions involve the use of tools at the microscale, such as miniaturized blood vessels that could be assembled with organoids of other types. These miniaturized blood vessels, in particular, contain endothelial cells and pericytes derived from hiPSCs and have been able to model mechanisms of diabetic vasculopathy (Wimmer et al., 2019). Microfluidic systems could instead facilitate gaseous and nutrient exchanges within the organoid. Other examples of assembloids include all those models aimed at studying the interaction between multiple organoids. For example, Workman et al. are working on intestinal organoids derived from hiPSCs that can be cultured with neural crest cells to recapitulate the development of the intestinal enteric nervous system and study motility disorders of the gastrointestinal tract (Workman et al., 2017). Last but not least, hiPSC-derived assembloids are very useful to study how chambers interact during development in organs that are composed of multiple compartments or cavities. Heart assembloids indeed offer insights into the interaction between atria and ventricles during the developmental stage (Sharma et al., 2020).
6.3 Reproducibility and standardization
The last critical issue related to cell culture, whether 2D or 3D, is the intensive demand for human resources (often even on weekends or holidays). The daily tasks are manual and repetitive, taking time away from equally important research activities such as studying, planning, and developing new protocols and experiments. The application of automation in cell culture laboratories would address the need to optimize the use of human resources, as well as cell culture processes, in order to achieve more accurate, reproducible, and scalable results.
Special attention should also be paid to process traceability, as well as to reducing the risk of contamination and the safety of operators who would no longer be handling hazardous chemicals. A successful example comes from Tristan et al., who integrated a robotic platform to automate the basic processes of iPSCs cultivation and differentiation, giving evidence that automation allows rapid and standardized cell manufacturing thus increasing the efficiency for potential scalable applications, such as drug screening, and cell therapy (Tristan et al., 2021). Furthermore, there are already some companies that are specialized in helping cell culture laboratories to automate their workflow (Daniszewski et al., 2018).
In conclusion, automation could be a concrete way to accelerate the translation of research from the laboratory to the clinic.
6.4 Training
Organoid cultures require staff that is highly qualified, dedicated, and continuously updated on the latest available protocols (continuous staff training). For this reason, organoid factories around the world are fundamental reference centers for 3D cultures for all those laboratories and research institutes that need to use this technology to increase the efficiency of their drug screening tests but lack the facilities and specific knowledge on 3D cultures.
6.5 Costs
The high cost of producing and maintaining organoids certainly falls into one of the main disadvantages of using this technology. However, as Bose et al. (Bose et al., 2021) report, when compared with those required for animal experiments, organoids are profitable. In fact, for the aforementioned reasons of the higher efficiency of 3D models, their self-renewing ability, and the possibility of testing a large number of drugs simultaneously, on a large-scale organoids will be definitely the most advantageous choice from an economic point of view.
6.6 Ethics
Ethical concerns are arising as we approach the creation of more and more complex organoid systems, such as assembloids. Hyun et al. (Hyun et al., 2020) identified five ethical issues for brain organoids that could eventually be applied also to all the other kinds of organoids. First of all, this research field is constantly evolving and as with every new technology, there is the need to adapt the current regulations and policies to define the new borders to assure the ethics, safety, and objectivity of the research. Secondly, the development of organoids involves the procurement of biological materials. For iPSC-derived organoids, the human sample is simply composed of the donor’s somatic cells. It is important that the donor signs an informed consent, in which the risks and benefits of the patients are clear as well as the aims of the research study. The latest guidance for stem cell research can be found in the ISSCR Guidelines for Stem Cell Research and Clinical Translation (Lovell-Badge et al., 2021). Moreover, it is important that during the recruitment phase, patients are aware of the fact that organoid research is far away to be translated into the clinic.
The advantages of these studies will not directly involve the patient or any other relative. Furthermore, even if organoids have the aim of reducing the number of animals used for scientific purposes, it is important to state that to date we cannot get rid of pre-clinical animal tests, as regulations still require them. Lastly, the major ethical concern specifically regards brain organoids, as it involves the concept of “consciousness”. Scientists and ethicists are questioning whether even the most advanced model of brain organoid could eventually “be conscious”, even if the definition of consciousness is still very ambiguous. Alysson Muotri’s group (Trujillo et al., 2019) developed a cortical organoid model in which groups of neurons were functioning in unison, producing gamma, alpha, and delta waves. Although these patterns could be linked to the electrophysiological events registered in 25–39-week-old premature infants’ electroencephalograms (EEGs), it is still unclear whether this could mean having consciousness, rather than just having basic brain mechanics that would then be ethically innocuous.
7 CONCLUSION
To conclude, over the past decades, 3D-cultured organoids have rapidly gained popularity. This trend can be observed from the increasing number of research institutes and companies that have recently included a core facility or department exclusively focused on 3D cultures and stem cells. The advent of organoid factories around the world will result in the enhancement of this technology and will speed up the translation of this research from the bench to the bedside.
The hiPSC-derived organoid technology is now passing from a proof-of-principle to real applications in the clinic. This transition has been made possible also thanks to its versatility, given by the applicability of different techniques, such as CRISPR/Cas9 genome editing system, material engineering for the scaffolds, or microfluidic systems. The benefits of the development of accurate and validated organoid models will have a crucial role in the advance of both basic biological and translational research, particularly in the pharmacological field and drug development.
In fact, in the near future, 3D organoids will guide the clinical decision-making process, having validated patient-specific drug screening platforms. This is particularly important in the context of rare and/or undiagnosed genetic diseases or when testing cancer treatments that could in principle have severe side effects. Therefore, this technology has enabled the advancement of personalized medicine in a way never seen before.
However, there are still some limitations that need to be addressed, especially regarding the cost and time-consuming cell cultures and the interconnection of different organoids to create an even more complex model that could eventually recapitulate the systemic response of the organism.
Overcoming these challenges will be a step-change in the field of drug discovery and screening, catalyzing the advent of personalized medicine.
AUTHOR CONTRIBUTIONS
EC, MM, and PS contributed to conception and wrote the original draft. FS and GN contributed to conception and supervision. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This research was funded by Rome Foundation (Italy, Prot. 317A/I) and the FISR2020IP_ 03161 grant.
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
 Action CA20140 (2022). Cost. Available at: https://www.cost.eu/actions/CA20140/(Accessed August 30, 2022). 
 Adult Stem Cell Organoids Facility (2022). Tampere universities. Available at: https://www.tuni.fi/en/research/adult-stem-cell-organoids-facility (Accessed August 29, 2022). 
 Agboola, O. S., Hu, X., Shan, Z., Wu, Y., and Lei, L. (2021). Brain organoid: A 3D technology for investigating cellular composition and interactions in human neurological development and disease models in vitro. Stem Cell. Res. Ther. 12, 430. doi:10.1186/s13287-021-02369-8
 Akbari, S., Sevinç, G. G., Ersoy, N., Basak, O., Kaplan, K., Sevinç, 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
 Akhtar, A. (2015). The flaws and human harms of animal experimentation. Camb. Q. Healthc. Ethics 24, 407–419. doi:10.1017/S0963180115000079
 Anderson, R. H., and Francis, K. R. (2018). Modeling rare diseases with induced pluripotent stem cell technology. Mol. Cell. Probes 40, 52–59. doi:10.1016/J.MCP.2018.01.001
 Andrew, S. E., Goldberg, Y. P., Kremer, B., Telenius, H., Theilmann, J., Adam, S., et al. (1993). The relationship between trinucleotide (CAG) repeat length and clinical features of Huntington’s disease. Nat. Genet. 4 (4 4), 398–403. doi:10.1038/ng0893-398
 Arora, D., Bhunia, B. K., Janani, G., and Mandal, B. B. (2021). Bioactive three-dimensional silk composite in vitro tumoroid model for high throughput screening of anticancer drugs. J. Colloid Interface Sci. 589, 438–452. doi:10.1016/J.JCIS.2021.01.010
 Artegiani, B., and Clevers, H. (2018). Use and application of 3D-organoid technology. Hum. Mol. Genet. 27, R99-R107–R107. doi:10.1093/hmg/ddy187
 Augustyniak, J., Bertero, A., Coccini, T., Baderna, D., Buzanska, L., and Caloni, F. (2019). Organoids are promising tools for species-specific in vitro toxicological studies. J. Appl. Toxicol. 39, 1610–1622. doi:10.1002/jat.3815
 Bartfeld, S., Bayram, T., van de Wetering, M., Huch, M., Begthel, H., Kujala, P., et al. (2015). In vitro expansion of human gastric epithelial stem cells and their responses to bacterial infection. Gastroenterology 148, 126–136. e6. doi:10.1053/J.GASTRO.2014.09.042
 Berkers, G., van Mourik, P., Vonk, A. M., Kruisselbrink, E., Dekkers, J. F., de Winter-de Groot, K. M., et al. (2019). Rectal organoids enable personalized treatment of cystic fibrosis. Cell. Rep. 26, 1701–1708.e3. doi:10.1016/j.celrep.2019.01.068
 Bigorgne, A. E., Farin, H. F., Lemoine, R., Mahlaoui, N., Lambert, N., Gil, M., et al. (2014). TTC7A mutations disrupt intestinal epithelial apicobasal polarity. J. Clin. Investig. 124, 328–337. doi:10.1172/JCI71471
 Birgersdotter, A., Sandberg, R., and Ernberg, I. (2005). Gene expression perturbation in vitro – A growing case for three-dimensional (3D) culture systems. Semin. Cancer Biol. 15, 405–412. doi:10.1016/j.semcancer.2005.06.009
 Boretto, M., Maenhoudt, N., Luo, X., Hennes, A., Boeckx, B., Bui, B., et al. (2019). Patient-derived organoids from endometrial disease capture clinical heterogeneity and are amenable to drug screening. Nat. Cell. Biol. 21 (8), 1041–1051. doi:10.1038/s41556-019-0360-z
 Bose, S., Clevers, H., Shen, X., and Pinto-do-O, P. (2021). Human multilineage pro-epicardium/foregut organoids support the development of an epicardium/myocardium organoid. Med 2, 1011–1026. doi:10.1016/J.MEDJ.2021.08.005
 Branco, M. A., Dias, T. P., Cabral, J. M. S., Pinto-do-, Ó. P., and Diogo, M. M. (2022). Human multilineage pro-epicardium/foregut organoids support the development of an epicardium/myocardium organoid. Nat. Commun. 13 (1), 6981. doi:10.1038/s41467-022-34730-7
 Brannen, K. C., Chapin, R. E., Jacobs, A. C., and Green, M. L. (2017). Alternative models of developmental and reproductive toxicity in pharmaceutical risk assessment and the 3Rs. ILAR J. 57 (2), 144–156. doi:10.1093/ilar/ilw026
 Brassard, J. A., Nikolaev, M., Hübscher, T., Hofer, M., and Lutolf, M. P. (2020). Recapitulating macro-scale tissue self-organization through organoid bioprinting. Nat. Mater. 201 20, 22–29. doi:10.1038/s41563-020-00803-5
 Broutier, L., Mastrogiovanni, G., Verstegen, M. M. A., Francies, H. E., Gavarró, 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
 Chapman, K. L., Holzgrefe, H., Black, L. E., Brown, M., Chellman, G., Copeman, C., et al. (2013). Pharmaceutical toxicology: Designing studies to reduce animal use, while maximizing human translation. Regul. Toxicol. Pharmacol. 66 (1), 88–103. doi:10.1016/j.yrtph.2013.03.001
 Chen, M. B., Whisler, J. A., Frose, J., Yu, C., Shin, Y., and Kamm, R. D. (2017). On-chip human microvasculature assay for visualization and quantification of tumor cell extravasation dynamics. Nat. Protoc. 12, 865–880. doi:10.1038/nprot.2017.018
 Cincinnatichildren (2022). Center for stem cell & organoid medicine (CuSTOM). Available at: https://www.cincinnatichildrens.org/research/divisions/c/CuSTOM (Accessed August 29, 2022). 
 Clevers, H. (2016). Modeling development and disease with organoids. Cell. 165 (7), 1586–1597. doi:10.1016/j.cell.2016.05.082
 CMRI (2020). Stem cell & organoid facility. Available at: https://www.cmrijeansforgenes.org.au/research/research-facilities/scof (Accessed August 29, 2022). 
 Corrò, C., Novellasdemunt, L., and Li, V. S. W. (2020). A brief history of organoids. Am. J. Physiol. Cell. Physiol. 319, C151-C165–C165. doi:10.1152/AJPCELL.00120.2020
 Cromwell, E. F., Sirenko, O., Nikolov, E., Hammer, M., Brock, C. K., Matossian, M. D., et al. (2022). Multifunctional profiling of triple-negative breast cancer patient-derived tumoroids for disease modeling. SLAS Discov. 27, 191–200. doi:10.1016/J.SLASD.2022.01.006
 Crow, Y. J., and Manel, N. (2015). Aicardi–Goutières syndrome and the type I interferonopathies. Nat. Rev. Immunol. 15 (7 15), 429–440. doi:10.1038/nri3850
 CSHL’s new organoid facility (2022). Cold spring harbor laboratory. Available at: https://www.cshl.edu/cshls-new-organoid-facility/ (Accessed August 29, 2022). 
 Daniszewski, M., Crombie, D. E., Henderson, R., Liang, H. H., Wong, R. C. B., Hewitt, A. W., et al. (2018). Automated cell culture systems and their applications to human pluripotent stem cell studies. SLAS Technol. 23, 315–325. doi:10.1177/2472630317712220
 de Jong, J. O., Llapashtica, C., Genestine, M., Strauss, K., Provenzano, F., Sun, Y., et al. (2021). Cortical overgrowth in a preclinical forebrain organoid model of CNTNAP2-associated autism spectrum disorder. Nat. Commun. 12, 4087. doi:10.1038/S41467-021-24358-4
 de Winter-De Groot, K. M., Janssens, H. M., van Uum, R. T., Dekkers, J. F., Berkers, G., Vonk, A., et al. (2018). Stratifying infants with cystic fibrosis for disease severity using intestinal organoid swelling as a biomarker of CFTR function. Eur. Respir. J. 52, 1702529. doi:10.1183/13993003.02529-2017
 Dekkers, J. F., Berkers, G., Kruisselbrink, E., Vonk, A., de Jonge, H. R., Janssens, H. M., et al. (2016). Characterizing responses to CFTR-modulating drugs using rectal organoids derived from subjects with cystic fibrosis. Sci. Transl. Med. 8, 344ra84. doi:10.1126/scitranslmed.aad8278
 Duan, X., Tang, X., Nair, M. S., Zhang, T., Qiu, Y., Zhang, W., et al. (2021). An airway organoid-based screen identifies a role for the HIF1α-glycolysis axis in SARS-CoV-2 infection. Cell. Rep. 37, 109920. doi:10.1016/J.CELREP.2021.109920
 Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al. (2011). Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature 472, 51–56. doi:10.1038/nature09941
 Epistem (2022). 3D organoid model. Available at: https://www.epistem.co.uk/research-models/organoids/intestinal-organoid-model.php?gclid=Cj0KCQjw4PKTBhD8ARIsAHChzRI8geXMqv8LQPF0r3Zdvbxg2jT-uHXix4Go9GwtLPP9ra0gwfCleSwaAi8jEALw_wcB (Accessed August 30, 2022). 
 Ergir, E., Oliver-De La Cruz, J., Fernandes, S., Cassani, M., Niro, F., Pereira-Sousa, D., et al. (2022). Generation and maturation of human iPSC-derived 3D organotypic cardiac microtissues in long-term culture. Sci. Rep. 12 (1), 17409. doi:10.1038/s41598-022-22225-w
 Financial Times (2022). Liver success holds promise of 3D organ printing. Available at: https://www.ft.com/content/67e3ab88-f56f-11e7-a4c9-bbdefa4f210b (Accessed August 29, 2022). 
 Finkbeiner, S. R., Hill, D. R., Altheim, C. H., Dedhia, P. H., Taylor, M. J., Tsai, Y. H., et al. (2015). Transcriptome wide analysis reveals hallmarks of human intestine development and maturation in vitro and in vivo. Stem Cell. Rep. 4, 1140–1155. doi:10.1016/j.stemcr.2015.04.010
 Forbes (2022). Lab-grown mini organs could speed up drug discovery. Available at: https://www.forbes.com/sites/victoriaforster/2017/11/17/lab-grown-organs-will-speed-up-drug-discovery/?sh=3db80b496187 (Accessed August 29, 2022). 
 Freedman, B. S., Brooks, C. R., Lam, A. Q., Fu, H., Morizane, R., Agrawal, V., et al. (2015). Modelling kidney disease with CRISPR-mutant kidney organoids derived from human pluripotent epiblast spheroids. Nat. Commun. 6 (1 6), 8715. doi:10.1038/ncomms9715
 Garcia, V. J., Rushton, D. J., Tom, C. M., Allen, N. D., Kemp, P. J., Svendsen, C. N., et al. (2019). Huntington’s disease patient-derived astrocytes display electrophysiological impairments and reduced neuronal support. Front. Neurosci. 13, 669. doi:10.3389/fnins.2019.00669
 Gates Center (2022). Organoid core. Available at: https://medschool.cuanschutz.edu/gates-center-for-regenerative-medicine/core-facilities/organoid-core (Accessed August 29, 2022). 
 Geurts, M. H., de Poel, E., Pleguezuelos-Manzano, C., Oka, R., Carrillo, L., Andersson-Rolf, A., et al. (2021). Evaluating CRISPR-based prime editing for cancer modeling and CFTR repair in organoids. Life Sci. Alliance 4, e202000940. doi:10.26508/LSA.202000940
 Han, Y., Duan, X., Yang, L., Nilsson-Payant, B. E., Wang, P., Duan, F., et al. (2021). Identification of SARS-CoV-2 inhibitors using lung and colonic organoids. Nature 589, 270–275. doi:10.1371/JOURNAL.PONE.0265094
 Harford, T. J., Rezaee, F., Dye, B. R., Fan, J., Spence, J. R., and Piedimonte, G. (2022). RSV-induced changes in a 3-dimensional organoid model of human fetal lungs. PLoS One 17, e0265094. doi:10.1371/journal.pone.0265094
 Hasan, A., Paul, A., Memic, A., and Khademhosseini, A. (2015). A multilayered microfluidic blood vessel-like structure. Biomed. Microdevices 17, 88. doi:10.1007/s10544-015-9993-2
 Hendriks, D., Clevers, H., and Artegiani, B. (2020). CRISPR-cas tools and their application in genetic engineering of human stem cells and organoids. Cell. Stem Cell. 27, 705–731. doi:10.1016/J.STEM.2020.10.014
 Heo, I., Dutta, D., Schaefer, D. A., Iakobachvili, N., Artegiani, B., Sachs, N., et al. (2018). Modelling Cryptosporidium infection in human small intestinal and lung organoids. Nat. Microbiol. 3, 814–823. doi:10.1038/S41564-018-0177-8
 Hirai, H., Liang, X., Sun, Y., Zhang, Y., Zhang, J., Chen, Y. E., et al. (2021). The sodium/glucose cotransporters as potential therapeutic targets for CF lung diseases revealed by human lung organoid swelling assay. Mol. Ther. Methods Clin. Dev. 24, 11–19. doi:10.1016/J.OMTM.2021.11.008
 Ho, R., Sances, S., Gowing, G., Amoroso, M. W., O’Rourke, J. G., Sahabian, A., et al. (2016). ALS disrupts spinal motor neuron maturation and aging pathways within gene co-expression networks. Nat. Neurosci. 19 (9 19), 1256–1267. doi:10.1038/nn.4345
 Huang, Y., Zhang, S., Weng, J. F., Huang, D., and Gu, W. L. (2022). Recent discoveries in microbiota dysbiosis, cholangiocytic factors, and models for studying the pathogenesis of primary sclerosing cholangitis. Open Med. 17, 915–929. doi:10.1515/MED-2022-0481
 HUB Organoid Technology (2022). HUB organoids. Available at: https://www.huborganoids.nl/hub-technology/ (Accessed August 29, 2022). 
 HUB Organoids (2022). Patient in the labAvailable at: https://www.huborganoids.nl/(Accessed August 30, 2022). 
 Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and Ingber, D. E. (2010). Reconstituting organ-level lung functions on a chip. Science 328, 1662–1668. doi:10.1126/science.1188302
 Human Organoid Innovation Hub. (2022). Snyder institute for chronic diseases. Calgary, Canada: University of CalgaryAvailable at: https://snyder.ucalgary.ca/research/core-resources/human-organoid-innovation-hub (Accessed August 29, 2022). 
 Hyun, I., Scharf-Deering, J. C., and Lunshof, J. E. (2020). Ethical issues related to brain organoid research. Brain Res. 1732, 146653. doi:10.1016/J.BRAINRES.2020.146653
 Jacob, F., Salinas, R. D., Zhang, D. Y., Nguyen, P. T. T., Schnoll, J. G., Wong, S. Z. H., et al. (2020). A patient-derived glioblastoma organoid model and biobank recapitulates inter- and intra-tumoral heterogeneity. Cell. 180, 188–204. e22. doi:10.1016/J.CELL.2019.11.036
 Jo, J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H. D., Göke, J., et al. (2016). Midbrain-like organoids from human pluripotent stem cells contain functional dopaminergic and neuromelanin-producing neurons. Cell. Stem Cell. 19, 248–257. doi:10.1016/J.STEM.2016.07.005
 Karagiannis, P., Takahashi, K., Saito, M., Yoshida, Y., Okita, K., Watanabe, A., et al. (2019). Induced pluripotent stem cells and their use in human models of disease and development. Physiol. Rev. 99, 79–114. doi:10.1152/PHYSREV.00039.2017
 Kim, H. J., Li, H., Collins, J. J., and Ingber, D. E. (2016). Contributions of microbiome and mechanical deformation to intestinal bacterial overgrowth and inflammation in a human gut-on-a-chip. Proc. Natl. Acad. Sci. U. S. A. 113 (1), E7–E15. doi:10.1073/pnas.1522193112
 Kim, S., Lee, H., Chung, M., and Jeon, N. L. (2013). Engineering of functional, perfusable 3d microvascular networks on a chip. Lab. Chip 13, 1489–1500. doi:10.1039/c3lc41320a
 KISCO (2022). Karolinska institutet stem cell organoid. Sweden: Karolinska Institutet. Available at: https://ki.se/en/bionut/kisco-karolinska-institutet-stem-cell-organoid (Accessed August 29, 2022). 
 Kuraoka, S., Tanigawa, S., Taguchi, A., Hotta, A., Nakazato, H., Osafune, K., et al. (2020). PKD1-Dependent renal cystogenesis in human induced pluripotent stem cell-derived ureteric bud/collecting duct organoids. J. Am. Soc. Nephrol. 31, 2355–2371. doi:10.1681/ASN.2020030378
 Lancaster, M. A., and Huch, M. (2019). Disease modelling in human organoids. Dis. Model. Mech. 12, dmm039347. doi:10.1242/DMM.039347
 Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles, M. E., et al. (2013). Cerebral organoids model human brain development and microcephaly. Nature 501 (501), 7467373–7467379. doi:10.1038/nature12517
 Lane, A., Jovanovic, K., Shortall, C., Ottaviani, D., Panes, A. B., Schwarz, N., et al. (2020). Modeling and rescue of RP2 retinitis pigmentosa using iPSC-derived retinal organoids. Stem Cell. Rep. 15, 67–79. doi:10.1016/J.STEMCR.2020.05.007
 Latour, Y. L., Yoon, R., Thomas, S. E., Grant, C., Li, C., Sena-Esteves, M., et al. (2019). Human GLB1 knockout cerebral organoids: A model system for testing AAV9-mediated GLB1 gene therapy for reducing GM1 ganglioside storage in GM1 gangliosidosis. Mol. Genet. Metab. Rep. 21, 100513. doi:10.1016/J.YMGMR.2019.100513
 Lê, H., Seitlinger, J., Lindner, V., Olland, A., Falcoz, P.-E., Benkirane-Jessel, N., et al. (2022). Patient-derived lung tumoroids-an emerging technology in drug development and precision medicine. Biomedicines 10, 1677. doi:10.3390/BIOMEDICINES10071677
 Lee, G., Papapetrou, E. P., Kim, H., Chambers, S. M., Tomishima, M. J., Fasano, C. A., et al. (2009). Modelling pathogenesis and treatment of familial dysautonomia using patient-specific iPSCs. Nature 461 (461), 7262402–7262406. doi:10.1038/nature08320
 Lee, S. G., Kim, Y. J., Son, M. Y., Oh, M. S., Kim, J., Ryu, B., et al. (2022). Generation of human iPSCs derived heart organoids structurally and functionally similar to heart. Biomaterials 290, 121860. doi:10.1016/j.biomaterials.2022.121860
 Lewis-Israeli, Y. R., Wasserman, A. H., Gabalski, M. A., Volmert, B. D., Ming, Y., Ball, K. A. W., et al. (2021). Self-assembling human heart organoids for the modeling of cardiac development and congenital heart disease. Nat. Commun. 12 (1), 5142. doi:10.1038/s41467-021-25329-5
 Li, C., Kato, M., Shiue, L., Shively, J. E., Ares, M., and Lin, R. J. (2006). Cell type and culture condition-dependent alternative splicing in human breast cancer cells revealed by splicing-sensitive microarrays. Cancer Res. 66, 1990–1999. –9. doi:10.1158/0008-5472.CAN-05-2593
 Life Sciences Institute (2022). National university of Singapore. Available at: https://www.lsi.nus.edu.sg/corp/core-facility-induced-pluripotent-stem-cells-ips-organoid-culture/ (Accessed August 29, 2022). 
 Lin, X., Chen, H., Lu, Y. Q., Hong, S., Hu, X., Gao, Y., et al. (2020). Base editing-mediated splicing correction therapy for spinal muscular atrophy. Cell. Res. 30, 548–550. doi:10.1038/S41422-020-0304-Y
 Lin, Y. T., Seo, J., Gao, F., Feldman, H. M., Wen, H. L., Penney, J., et al. (2018). APOE4 causes widespread molecular and cellular alterations associated with Alzheimer’s disease phenotypes in human iPSC-derived brain cell types. Neuron 98, 1141–1154. e7. doi:10.1016/J.NEURON.2018.05.008
 Litviňuková, M., Talavera-López, C., Maatz, H., Reichart, D., Worth, C. L., Lindberg, E. L., et al. (2020). Cells of the adult human heart. Nature 588 (7838), 466–472. doi:10.1038/s41586-020-2797-4
 Lõ, K., Oka, R., Espejo Valle-Inclan, J., Veersema, S., van Boxtel, R., Clevers Correspondence, H., et al. (2021). Patient-derived organoids model cervical tissue dynamics and viral oncogenesis in cervical cancer. Stem Cell. 28, 1380–1396.e6. e6. doi:10.1016/j.stem.2021.03.012
 Lovell-Badge, R., Anthony, E., Barker, R. A., Bubela, T., Brivanlou, A. H., Carpenter, M., et al. (2021). ISSCR Guidelines for stem cell research and clinical translation: The 2021 update. Stem Cell. Rep. 16, 1398–1408. doi:10.1016/J.STEMCR.2021.05.012
 Ma, J., Wang, Y., and Liu, J. (2018). Bioprinting of 3d tissues/organs combined with microfluidics. RSC Adv. 8, 21712.
 Mansour, A. A., Gonçalves, J. T., Bloyd, C. W., Li, H., Fernandes, S., Quang, D., et al. (2018). An in vivo model of functional and vascularized human brain organoids. Nat. Biotechnol. 36 (5), 432–441.
 Mariano, E. D., Teixeira, M. J., Marie, S. K. N., and Lepski, G. (2015). Adult stem cells in neural repair: Current options, limitations and perspectives. World J. Stem Cells 7, 477–482. doi:10.4252/WJSC.V7.I2.477
 Medle, B., Sjödahl, G., Eriksson, P., Liedberg, F., Höglund, M., and Bernardo, C. (2022). Patient-derived bladder cancer organoid models in tumor biology and drug testing: A systematic review. Cancers (Basel) 14, 2062. doi:10.3390/CANCERS14092062
 Meyers, J., Craig, J., and Odde, D. J. (2003). Potential for control of signaling pathways via cell size and shape. Curr. Biol. 16, 1685–1693. 
 Miller, J. D., Ganat, Y. M., Kishinevsky, S., Bowman, R. L., Liu, B., Tu, E. Y., et al. (2013). Human iPSC-based modeling of late-onset disease via progerin-induced aging. Cell. Stem Cell. 13, 691–705. doi:10.1016/J.STEM.2013.11.006
 Miraikan The National Museum of Emerging Science and Innovation (2022). Human organoid Project| research. Available at: https://www.miraikan.jst.go.jp/en/research/facilities/HumanOrganoid/ (Accessed August 29, 2022). 
 Molecular Devices (2022). Automated 3D cell culture and image analysis lab streamlines and scales complex biology research. Available at: https://www.moleculardevices.com/applications/organoid-innovation-center (Accessed August 30, 2022). 
 MPI-CBG (2022). Organoid and stem cell facility. Available at: https://www.mpi-cbg.de/research/scientific-cores-support/scientific-services/organoid-and-stem-cell-facility/overview (Accessed August 29, 2022). 
 Mseka, T., Bamburg, J. R., and Cramer, L. P. (2007). ADF/cofilin family proteins control formation of oriented actin-filament bundles in the cell body to trigger fibroblast polarization. J. Cell. Sci. 120, 4332–4344. doi:10.1242/jcs.017640
 Nuciforo, S., and Heim, M. H. (2021). Organoids to model liver disease. JHEP Rep. 3, 100198. doi:10.1016/J.JHEPR.2020.100198
 O’Hara-Wright, M., and Gonzalez-Cordero, A. (2020). Retinal organoids: A window into human retinal development. Development 147. doi:10.1242/DEV.189746
 Organoid and Primary Culture Research Core (2022). A shared research facility. Available at: https://voices.uchicago.edu/organoids/(Accessed August 29, 2022). 
 Organoid Center (2022). Ingm. Available at: https://ingm.org/en/organoid-center/(Accessed August 29, 2022). 
 Organoid Core (2022). BIDMC of boston. Available at: https://www.bidmc.org/research/core-facilities/organoid-core (Accessed August 30, 2022). 
 Organoid Program (2022). Monash biomedicine. Discovery Institute Available at: https://www.monash.edu/discovery-institute/research/organoid-program (Accessed August 29, 2022). 
 Organoids (2022b). InnoSer. Available at: https://www.innoserlaboratories.com/organoids-2/ (Accessed August 30, 2022). 
 Organoids (2022a). MDC berlin. Available at: https://www.mdc-berlin.de/organoids-platform#t-technology&application (Accessed August 29, 2022). 
 Orimo, A., Gupta, P. B., Sgroi, D. C., Arenzana-Seisdedos, F., Delaunay, T., Naeem, R., et al. (2005). Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion. Cell. 121, 335–348. doi:10.1016/J.CELL.2005.02.034
 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. e6. doi:10.1016/J.CMET.2019.05.007
 Pasca, S. P. (2019). Assembling human brain organoids. Science 363, 126–127. doi:10.1126/SCIENCE.AAU5729
 Peng, W., Datta, P., Ayan, B., Ozbolat, V., Sosnoski, D., and Ozbolat, I. T. (2017). 3D bioprinting for drug discovery and development in pharmaceutics. Acta Biomater. 57, 26–46. doi:10.1016/j.actbio.2017.05.025
 Precision Animal Models and Organoids Core (2022). PAMOC research - Washington university. Available at: https://research.wustl.edu/core-facilities/pamoc/ (Accessed August 29, 2022). 
 Price, S., Bhosle, S., Gonçalves, E., Li, X., McClurg, D. P., Barthorpe, S., et al. (2022). A suspension technique for efficient large-scale cancer organoid culturing and perturbation screens. Sci. Rep. 12 (1), 5571. doi:10.1038/s41598-022-09508-y
 Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack, C., et al. (2016). Brain-region-specific organoids using mini-bioreactors for modeling ZIKV exposure. Cell. 165, 1238–1254. doi:10.1016/j.cell.2016.04.032
 Radhakrishnan, J., Varadaraj, S., Dash, S. K., Sharma, A., and Verma, R. S. (2020). Organotypic cancer tissue models for drug screening: 3D constructs, bioprinting and microfluidic chips. Drug Discov. Today 25 (5), 879–890. doi:10.1016/j.drudis.2020.03.002
 Renner, M., Lancaster, M. A., Bian, S., Choi, H., Ku, T., Peer, A., et al. (2017). Self-organized developmental patterning and differentiation in cerebral organoids. EMBO J. 36, 1316–1329. doi:10.15252/embj.201694700
 Ronaldson-Bouchard, K., Yeager, K., Teles, D., Chen, T., Ma, S., Song, L. J., et al. (2019). Engineering of human cardiac muscle electromechanically matured to an adult-like phenotype. Nat. Protoc. 14, 2781. doi:10.1038/S41596-019-0189-8
 Rossi, G., Boni, A., Guiet, R., Girgin, M., Kelly, R. G., and Lutolf, M. P. (2019). Embryonic organoids recapitulate early heart organogenesis, 802181. bioRxiv. doi:10.1101/802181
 Ruan, J. L., Tulloch, N. L., Razumova, M. v., Saiget, M., Muskheli, V., Pabon, L., et al. (2016). Mechanical stress conditioning and electrical stimulation promote contractility and force maturation of induced pluripotent stem cell-derived human cardiac tissue. Circulation 134, 1557–1567. doi:10.1161/CIRCULATIONAHA.114.014998
 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
 Schene, I. F., Joore, I. P., Oka, R., Mokry, M., van Vugt, A. H. M., van Boxtel, R., et al. (2020). Prime editing for functional repair in patient-derived disease models. Nat. Commun. 11 (1 11), 5352–5358. doi:10.1038/s41467-020-19136-7
 Sharma, A., Sances, S., Workman, M. J., and Svendsen, C. N. (2020). Multi-lineage human iPSC-derived platforms for disease modeling and drug discovery. Cell. Stem Cell. 26, 309–329. doi:10.1016/J.STEM.2020.02.011
 Shiota, J., Samuelson, L. C., and Razumilava, N. (2021). Hepatobiliary organoids and their applications for studies of liver health and disease: Are we there yet?Hepatology 74, 2251–2263. doi:10.1002/HEP.31772
 Shirure, V. S., Bi, Y., Curtis, M. B., Lezia, A., Goedegebuure, M. M., Goedegebuure, S. P., et al. (2018). Tumor-on-a-chip platform to investigate progression and drug sensitivity in cell lines and patient-derived organoids. Lab. Chip 18, 3687–3702. doi:10.1039/c8lc00596f
 Skardal, A., Shupe, T., and Atala, A. (2016). Organoid-on-a-chip and body-on-a-chip systems for drug screening and disease modeling. Drug Discov. 21, 1399–1411. doi:10.1016/j.drudis.2016.07.003
 Sogawa, C., Eguchi, T., Namba, Y., Okusha, Y., Aoyama, E., Ohyama, K., et al. (2021). Gel-free 3D tumoroids with stem cell properties modeling drug resistance to cisplatin and imatinib in metastatic colorectal cancer. Cells 10, 344–417. doi:10.3390/CELLS10020344
 Soldin, O. P., and Mattison, D. R. (2009). Sex differences in pharmacokinetics and pharmacodynamics. Clin. Pharmacokinet. 48 (3), 143–157. doi:10.2165/00003088-200948030-00001
 Soroka, C. J., Assis, D. N., Alrabadi, L. S., Roberts, S., Cusack, L., Jaffe, A. B., et al. (2019). Bile-derived organoids from patients with primary sclerosing cholangitis recapitulate their inflammatory immune profile. Hepatology 70, 871–882. doi:10.1002/HEP.30470
 Spitalieri, P., Centofanti, F., Murdocca, M., Scioli, M. G., Latini, A., Cesare, S. di, et al. (2022). Two different therapeutic approaches for SARS-CoV-2 in hiPSCs-derived lung organoids. Cells , 11. doi:10.3390/CELLS11071235/S1
 Sprangers, J., Zaalberg, I. C., and Maurice, M. M. (2020). Organoid-based modeling of intestinal development, regeneration, and repair. Cell. Death Differ. 28 (1 28), 95–107. doi:10.1038/s41418-020-00665-z
 Sung, J. H., Srinivasan, B., Esch, M. B., McLamb, W. T., Bernabini, C., Shuler, M. L., et al. (2014). Using physiologically-based pharmacokinetic-guided “body-on-a-chip” systems to predict mammalian response to drug and chemical exposure. Exp. Biol. Med. 239, 1225–1239. doi:10.1177/1535370214529397
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell. 126, 663–676. doi:10.1016/J.CELL.2006.07.024
 Takebe, T., Wells, J. M., Helmrath, M. A., and Zorn, A. M. (2018). Organoid center strategies for accelerating clinical translation. Stem Cell. 22, 806–809. doi:10.1016/j.stem.2018.05.008
 Tang, X. Y., Xu, L., Wang, J., Hong, Y., Wang, Y., Zhu, Q., et al. (2021). DSCAM/PAK1 pathway suppression reverses neurogenesis deficits in iPSC-derived cerebral organoids from patients with Down syndrome. J. Clin. Investig. 131, e135763. doi:10.1172/JCI135763
 Tiriac, H., Belleau, P., Engle, D. D., Plenker, D., Deschênes, A., D Somerville, T. D., et al. (2018). Organoid profi ling identifi es common responders to chemotherapy in pancreatic cancer. Cancer Discov. , 8112. doi:10.1158/2159-8290.CD-18-0349
 Tristan, C. A., Ormanoglu, P., Slamecka, J., Malley, C., Chu, P. H., Jovanovic, V. M., et al. (2021). Robotic high-throughput biomanufacturing and functional differentiation of human pluripotent stem cells. Stem Cell. Rep. 16, 3076–3092. doi:10.1016/J.STEMCR.2021.11.004
 Trujillo, C. A., Gao, R., Negraes, P. D., Gu, J., Buchanan, J., Preissl, S., et al. (2019). Complex oscillatory waves emerging from cortical organoids model early human brain network development. Cell. Stem Cell. 25, 558–569. e7. doi:10.1016/J.STEM.2019.08.002
 Trujillo, C. A., and Muotri, A. R. (2018). Brain organoids and the study of neurodevelopment. Trends Mol. Med. 24, 982–990. doi:10.1016/J.MOLMED.2018.09.005
 van den Berg, C. W., Koudijs, A., Ritsma, L., and Rabelink, T. J. (2020). In vivo assessment of size-selective glomerular sieving in transplanted human induced pluripotent stem cell-derived kidney organoids. J. Am. Soc. Nephrol. 31, 921–929. doi:10.1681/ASN.2019060573
 van Mourik, P., Beekman, J. M., and van der Ent, C. K. (2018). Intestinal organoids to model cystic fibrosis. doi:10.1183/13993003.02379-2018
 Vonk, A. M., van Mourik, P., Ramalho, A. S., Silva, I. A. L., Statia, M., Kruisselbrink, E., et al. (2020). Protocol for application, standardization and validation of the forskolin-induced swelling assay in cystic fibrosis human colon organoids. Star. Protoc. 1, 100019. doi:10.1016/J.XPRO.2020.100019
 Wang, P., Mokhtari, R., Pedrosa, E., Kirschenbaum, M., Bayrak, C., Zheng, D., et al. (2017). CRISPR/Cas9-mediated heterozygous knockout of the autism gene CHD8 and characterization of its transcriptional networks in cerebral organoids derived from iPS cells. Mol. Autism 8, 11. doi:10.1186/S13229-017-0124-1
 Wang, X., Phan, D. T., Sobrino, A., George, S. C., Hughes, C. C., and Lee, A. P. (2016). Engineering anastomosis between living capillary networks and endothelial cell-lined microfluidic channels. Lab. Chip 16, 282–290. doi:10.1039/c5lc01050k
 Wang, Y., Wang, L., Zhu, Y., and Qin, J. (2018). Human brain organoid-on-a-chip to model prenatal nicotine exposure. Lab. Chip 18, 851–860. doi:10.1039/c7lc01084b
 Weaver, V., Lelièvre, S., Lakins, J. N., Chrenek, M. A., Jones, J. C. R., Giancotti, F., et al. (2002). Beta4 integrin-dependent formation of polarized three-dimensional architecture confers resistance to apoptosis in normal and malignant mammary epithelium. Cancer Cell. 2, 205–216. doi:10.1016/s1535-6108(02)00125-3
 Wiegerinck, C. L., Janecke, A. R., Schneeberger, K., Vogel, G. F., van Haaften-Visser, D. Y., Escher, J. C., et al. (2014). Loss of syntaxin 3 causes variant microvillus inclusion disease. Gastroenterology 147, 65–68. doi:10.1053/J.GASTRO.2014.04.002
 Wimmer, R. A., Leopoldi, A., Aichinger, M., Wick, N., Hantusch, B., Novatchkova, M., et al. (2019). Human blood vessel organoids as a model of diabetic vasculopathy. Nature 565 (565), 7740505–7740510. doi:10.1038/s41586-018-0858-8
 Woo, D. H., Chen, Q., Yang, T. L. B., Glineburg, M. R., Hoge, C., Leu, N. A., et al. (2016). Enhancing a wnt-telomere feedback loop restores intestinal stem cell function in a human organotypic model of dyskeratosis congenita. Cell. Stem Cell. 19, 397–405. doi:10.1016/J.STEM.2016.05.024
 Workman, M. J., Mahe, M. M., Trisno, S., Poling, H. M., Watson, C. L., Sundaram, N., et al. (2017). Engineered human pluripotent-stem-cell-derived intestinal tissues with a functional enteric nervous system. Nat. Med. 23, 49–59. doi:10.1038/NM.4233
 Xia, X., Li, F., He, J., Aji, R., and Gao, D. (2019). Organoid technology in cancer precision medicine. Cancer Lett. 457, 20–27. doi:10.1016/J.CANLET.2019.04.039
 Xiang, Y., Tanaka, Y., Cakir, B., Patterson, B., Kim, K. Y., Sun, P., et al. (2019). hESC-derived thalamic organoids form reciprocal projections when fused with cortical organoids. Cell. Stem Cell. 24, 487–497. doi:10.1016/J.STEM.2018.12.015
 Yao, Y., Xu, X., Yang, L., Zhu, J., Wan, J., Shen, L., et al. (2020). Patient-derived organoids predict chemoradiation responses of locally advanced rectal cancer. Cell. Stem Cell. 26, 17–26. doi:10.1016/J.STEM.2019.10.010
 Yaqub, N., Wayne, G., Birchall, M., and Song, W. (2022). Recent advances in human respiratory epithelium models for drug discovery. Biotechnol. Adv. 54, 107832. doi:10.1016/J.BIOTECHADV.2021.107832
 Yazdi, A. A., Popma, A., Wong, W., Nguyen, T., Pan, Y., and Xu, J. (2016). 3D printing: An emerging tool for novel microfluidics and lab-on-a-chip applications. Microfluid. Nanofluidics 20, 50. doi:10.1007/s10404-016-1715-4
 Yokota, E., Iwai, M., Yukawa, T., Yoshida, M., Naomoto, Y., Haisa, M., et al. (2021). Clinical application of a lung cancer organoid (tumoroid) culture system. NPJ Precis. Oncol. 5, 29. doi:10.1038/S41698-021-00166-3
 Zhang, Q., Bansal, A., Dunbar, K. B., Chang, Y., Zhang, J., Balaji, U., et al. (2022). A human Barrett’s esophagus organoid system reveals epithelial-mesenchymal plasticity induced by acid and bile salts. Am. J. Physiol. Gastrointest. Liver Physiol. 322, G598–G614. doi:10.1152/AJPGI.00017.2022
 Zhang, B, B., Korolj, A., Lai, B. F. L., and Radisic, M. (2018). Advances in organ-on-a-chip engineering. Nat. Rev. Mat. 3, 257–278. doi:10.1038/s41578-018-0034-7
 Zhang, M, M., Xu, C., Jiang, L., and Qin, J. (2018). A 3d human lung-on-a-chip model for nanotoxicity testing. Toxicol. Res. 7, 1048–1060. doi:10.1039/c8tx00156a
 Zhou, Z., Cong, L., and Cong, X. (2021a). Patient-derived organoids in precision medicine: Drug screening, organoid-on-a-chip and living organoid biobank. Front. Oncol. 11, 762184. doi:10.3389/FONC.2021.762184
 Zhou, Z., Cong, L., and Cong, X. (2021b). Patient-derived organoids in precision medicine: Drug screening, organoid-on-a-chip and living organoid biobank. Front. Oncol. 11, 5625. doi:10.3389/fonc.2021.762184
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 © 2023 Novelli, Spitalieri, Murdocca, Centanini and Sangiuolo. 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/fcell-10-1059579-t001.jpg
In vitro disease model References

Brain ZIKA virus Qian et al. (2016)
Microcephaly Lancaster et al. (2013)
Autism de Jong et al. (2021)
7 Lungs | Cryptosporidium Heo et al. (2018)
SARS-CoV-2 Spitalieri et al. (2022)
Respiratory Syncytial Virus (RSV) Harford et al. (2022)
CF (CFTR gene) Hirai et al. (2021)
Kidney  Polyeystic idney discase (PKD gene) Freedman et al. (2015)
Eye | Retinite pigmentosa (RPGR gene) Lane et al. (2020)
Esophagus Barretts esophagus (Zhang et al,, 2022)*
Stomach Hepylori (Bartfeld et al,, 2015)
Intestine and Colon Cryptosporidium Heo et al. (2018)
CF (CFTR gene) (Vonk et al,, 2020)*
Intestinal Atresia (TTC7A gene) (Bigorgne et al,, 2014)*
Microvillus inclusion disease (STX3 gene) (Wiegerinck et al., 2014)*
Dyskeratosis congenital (DKCI gene) (Woo et al,, 2016)*
Liver | Alagille syndrome JAGI gene) (Shiota et al., 2021)*
AIAT-deficiency (Nuciforo and Heim, 2021)*
Wolman’s disease | Ouchi et al. (2019)
Steatosis Ouchi et al. (2019)
Primary sclerosing cholangtis Soroka et al. (2019)
Citrullinemia type I Akbari et al. (2019)

The starred references (*) refer to organoids derived from cell sources other than hiPSC, such as hESCs, tissue specific stem cells, etc.





OPS/images/fcell-10-1059579-t002.jpg
Tumor model

3D

culture

Microfluidic
device

References

Lung
Metastatic colorectal
cancer

Triple-negative breast

cancer

Cervical tissue

Liver

Glioblastoma

Pancreas

Rectal cancer

Identification of therapeutic targets based on NGS results of patient-derived organoids
“Test on drug sensitivity and resistance using a gel-free 3D cutlure device
Multi-parametric profiling of drug sensitivity on individual tumor types
Endo- and ectocervical derived organoids that can recapitulate in vitro the viral infections

(e.g. HPV) cause of the cervival cancer

Bio-active silk 3D tunable matrix that enable prolonged growth, high metabolic activity
and overall enhancement of tumor properties

Optimization of defined media and protocol for culturing glioblastoma organoids, used to
model personalized CAR-T immunotherapy

Tumoroid profiling, using a multi-omics approach, to identify molecular and functional
cancer subtypes to predict therapeutic responses

Living biobank of 80 patient-derived rectal cancer tumoroids. They demonstrated to
accurately confirm the clinical outcomes of locally advanced rectal cancer (LARC)

Yokota et al.
(2021)

Sogawa et al.
(2021)

Cromwell et al.
(2022)
Lo et al. (2021)
Arora et al. (2021)
Jacob et al. (2020)

‘Tiriac et al. (2018)

Yao et al. (2020)





OPS/images/fcell-10-1059579-g003.gif





OPS/images/fcell-10-1059579-g004.gif
Qg Fackrisintne Pt Secor






OPS/images/fcell-10-1059579-t003.jpg
Name of stitute

Cold Spring Harbor Laboratory

Karolinska Institutet Stem Cell Organoid

University Of Colorado - Gates Center For
Regenerative Medicine

Location

United States
(New York)

Sweden

United States
(Colorado)

Tumoroids

hESCs and hiPSCs characterization and differentiation in
organoids of interest for studying the developmental
stage and diseases

iPSC e ASC-derived organoids

References

CSHL's new organoid facility, (2022)

KISCO, (2022)

Gates Center, (2022)

“Tampere University - Adult Stem Cell Organoids
Facility

Finland

Gut and esophagus organoids, derived from human and
‘murine biopsies; Murine liver, cornea, kidneys, and
prostate organoids

Adult Stem Cell Organoids Facility,
(2022)

Cincinnati Children’s Hospital Medical Center -
Custom

United States
(Ohio)

Gut, liver, stomach, and colon organoids

Cincinnatichildren, (2022)

Max Planck Institute Of Molecular Cell Biology And | Germany Developmental studies on placenta and blastocyst, MPI-CBG, (2022)
Genetics - OSCF gastruloids; fibroblast differentiation into brain

organoids, neuronal precursors, motoneurons; pancreas

and liver spheroids
Monash Biomedicine Discovery Institute Australia nr Organoid Program, (2022)
Istituto Nazionale Di Genetica Molecolare - Center For | Italy (Milan) nr Organoid Center, (2022)

Engineered Multilineage Organoids In 3D
Microenvironment

University Of Chicago - OPCR

Children’s Medical Research Institute

Max Delbriick Center (Mdc)

University Of Calgary - Snyder Institute For Chronic
Diseases - Human Organoid Innovation Hub

Forth - Biomedical Research Institute - Human Brain
Organoids Facility

National University of Singapore - Induced Pluripotent

Stem Cells (Ips) & Organoid Central Facility

Human Organoid Project

United States
(Illinois)

Australia

Germany

Canada

Greece

Singapore

Japan

‘The aim is to ease the access, development, creation, and
use of organoids and primary cell lines derived from
patients

iPSC derivation, cultivation, and differentiation into
organoids (brain, cortical and cerebral, heart, kidneys)

Engineered brain organoid cultures
Human and murine cell-derived gut and colon organoids
hiPSC and hESC-derived brain organoids to study the
developmental stage

nr

nr

(Organoid and Primary Culture
Research Core, 2022)

CMRI, (2020)

Organoids, (2022a)

Human Organoid Innovation Hub
(2022)

(Human Brain Organoids Facility)

Life Sciences Institute, (2022)

Miraikan The National Museum of

Emerging Science and Innovation,
(2022)

Washington University In St Louis - PAMOC

I

United States
(Missouri)

Gastrointestinal organoids are derived from human and
murine cells

Precision Animal Models and
Organoids Core (2022)
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‘ Epistem United Kingdom

Applications

Liver and gut organoid models

References

Epistem, (2022)

CorEuStem: The European Network for Stem | Belgium
Cell Core Facilities

Beth Israel Deaconess Medical Center United States
(Massachusetts)

nr

Patient-derived tumor organoids

Action CA 20140,
2022

Organoid Core,
(2022)

Organoid Innovation Center United States 3D cell culture system, modular and automated, that allows to acquire and | Molecular Devices,
(California) laborate images and makes the drug discovery process scalable and reproducible | (2022)
HUB Netherlands Disease modeling, R&D on the development of new drugs, Clinical Trials in a | HUB Organoids,
Dish (CTiD), toxicity and safety tests, personalized medicine (2022)
InnoSer Belgium Brain organoids and tumoroids Organoids, (2022b)
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