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Organoids are self-organized three-dimensional (3D) multicellular tissue cultures which derive from cancerous and healthy stem cells, sharing a highly similarity to the corresponding in vivo organs. Since their introduction in 2009, they have emerged as a valuable model for studying early embryogenesis, organ and tissue development, as well as tools in drug screening, disease modeling and personalized therapy. Organoids can now be established for various tissues, including brain, retina, thyroid, gastrointestinal, lung, liver, pancreas, and kidney. These micro-tissues resemble the native organ in terms of gene expression, protein expression, tissue architecture and cell-cell interactions. Despite the success of organoid-based research and the advances in patient-derived organoid culture, important challenges remain. In this review, we briefly showcase the evolution from the primary 3D systems to complex, multilayered 3D structures such as assembloids, gastruloids and ETiX embryoids. We discuss current developments in organoid research and highlight developments in organoid culturing systems and analysis tools which make organoids accessible for high-throughput and high-content screening. Finally, we summarize the potential of machine learning and computational modeling in conjunction with organoid systems.
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1 INTRODUCTION
Cell culture has been a powerful in vitro tool to study the mechanisms by which cells assemble and function into tissues and organs, while also understanding mechanisms of diseases and drug function. Although two-dimensional (2D) cell culture is one of the major techniques through which researchers have elucidated a variety of cellular functions, there are critical limitations. In adherent 2D cultures, cells grow as a monolayer attached to a plastic surface (Breslin and O’Driscoll, 2013); this culture method has numerous disadvantages. The most profound disadvantages are lack of interactions between cellular and extracellular environment, structures showing changed morphology compared to the natural tissue structures, and loss of epithelial polarity. Furthermore, cells grown in monolayer have unlimited access to the ingredients of the medium, e.g., nutrients, metabolites and signal molecules, which does not resemble the physiological condition, likely resulting in unnatural gene responses and cell biochemistry (Kapałczyńska et al., 2018), thus failing to mimic cellular functions and signaling pathways present in tissues. Due to the many limitations of the 2D culture system, there was a need for a better model to resemble native organs.
Three-dimensional (3D) cell culture, unlike 2D, provides an environment where cells can interact in all three dimensions. One such 3D cell culture technique is organoid culture. In classic developmental biology the term organoid first appeared in 1963 (Schneider et al., 1963). Ten years later, the first long-term culture of untransformed human cells was reported, initiating the field of organoids (Rheinwatd and Green, 1975). In 1987, using hydrogel, recapitulation of a pathological state in primary mammary epithelial cells was achieved, highlighting the importance of extracellular matrix in 3D cell culture (Li et al., 1987). The organoid field moved forward slowly until 2009, when the laboratory of Hans Clevers seeded single intestinal stem cells in Matrigel, which is nowadays the most commonly used extracellular matrix substitute, and essential niche factors, resulting in stem cells proliferating and forming complex 3D organized structures (Sato et al., 2009). Those complex 3D organized structures, which contained stem cells but also various differentiated cell types, while also resembling the architecture of the original tissue, are considered to be the first “modern-era” organoids (Clevers, 2016; Fatehullah et al., 2016).
Currently there are two major avenues for generating organoids. One way that organoids can be established is from embryonic stem cells, or induced pluripotent stem cells, leveraging on their intrinsic ability to self-organize and form 3D structures which resemble tissues in vivo. Because organoids come from active stem cell populations, researchers can expand their cultures repeatedly over time. Specific growth factors, proteins and extracellular matrix will direct the differentiation of the stem cells and their morphogenetic processes in order to form the type of organoid needed. Organoids deriving from embryonic stem cells or induced pluripotent stem cells are great models for organs where tissue is very difficult to be obtained e.g., brain or tissues which do not contain easily culturable stem cells (Hautefort et al., 2022). Those organoids bear a great degree of resemblance, both structural and functional, to the adult organ. Furthermore, PSC-derived organoids usually include more than one tissue type and neighboring cells to the tissue of interest, allowing intercellular interactions to be studied in vitro (Spence et al., 2011) The other method of establishing organoids is from organ-specific adult stem cells (ASCs), which can be defined as undifferentiated cells naturally capable of self-regenerating asymmetrically. They renew themselves and produce progenitor cells that will proliferate and differentiate into all of the functional cell types normally residing in the tissue from which they derive (Middendorp et al., 2014). In order to establish organoids from ASCs, a tissue biopsy is minced in several pieces using mechanical force. Incubation with enzymes such as collagenase and elastase will generate single cell suspension. Once single cell culture is established, the cells will be seeded in extracellular matrix, growth medium and tissue growth factors and will form organoids containing most of the different cell types normally present in the tissue of origin (Dutta et al., 2017) ASC-derived organoids can be expanded almost indefinitely, making them an incredibly valuable source of untransformed primary cells (Hofer and Lutolf, 2021).
Since the generation of the landmark intestinal organoids numerous types of organoids have been established, including but not limited to, brain (Lancaster et al., 2013), intestine (Spence et al., 2011), kidney (Takasato et al., 2014; Przepiorski et al., 2018), liver (Takebe et al., 2013), lung (Miller et al., 2019), pancreas (Huch et al., 2013) and retina (Hua et al., 2020) organoids. Their popularity has increased due to the availability of culturing protocols and their potential in drug screening and regenerative medicine.
2 DISEASE MODELING USING ORGANOIDS
Organoids combined with gene editing technology have the potential to become a major weapon against cancer and numerous other diseases. So far, there are protocols available for deriving organoids from primary colon (van de Wetering et al., 2015), esophagus (Sato et al., 2011), bladder (Vasyutin et al., 2019), pancreas (Boj et al., 2015), stomach (Bartfeld et al., 2015), liver (Broutier et al., 2017), endometrium (Turco et al., 2017) cancer tissues, as well as from metastatic colon (Weeber et al., 2015), prostate (Gao et al., 2014; Drost et al., 2016) and breast (Sachs et al., 2018) cancer biopsy samples. Those organoids faithfully recapitulate characteristics of the parent tumor, mimicking key histopathological, genetic and phenotypic features of it. Cancer organoids have been used for patient-specific testing of clinical and emerging anticancer treatments as well as in cancer progression studies (Nanki et al., 2018; Seino et al., 2018). Large collections of tumor and matching healthy organoids are generated and biobanked, giving useful insights into cancer progression. Colorectal cancer (CRC), Pancreatic ductal adenocarcinoma (PDAC) and breast cancer biobanks have already been established. Recently a tumor organoid biobank deriving from patients with CRC was generated and consists of a set of 20 genetically diverse tumor organoid cultures and their matching normal tissue-derived organoids (van de Wetering et al., 2015). Tiriac et al. established pancreatic cancer organoids from a genetically and phenotypically comprehensive cohort of 138 patient tumor samples (Tiriac et al., 2018). Those studies allowed researchers to identify population-level genetic and transcriptomic signatures on anticancer drug responses which correlated with the clinical outcome of the patients. Increasing the number of biobanked organoids will allow more accurate correlations between genetic markers and drug responses. Interestingly, when protein profiles of tumor organoids and matching healthy organoids were investigated, they showed distinct differences in their profiles (Cristobal et al., 2017). This finding signifies the importance of personalized proteomic profiling in cancer research. In addition, patient-derived organoids are not able to grow in a “universal” medium, highlighting the diversity in genetic composition of cancer tissues, even of the same type. Furthermore, in a publication from Fujii et al., it was shown that xenotransplantation of kidney organoids in immunodeficient mice, was enough to introduce histopathologically identical tumors in those mice (Fujii et al., 2016). Organoid transplantations hold great potential in validating drug responses in an in vivo environment.
Organoid cancer models do not only derive from cancer cells but can also be generated from wild-type embryonic stem cells (ESCs) or from induced pluripotent stem cells (iPSCs) (Figure 1), which accounts for another major advantage of organoid technology, allowing screening for compounds which specifically target tumor cells while leaving wild type cells intact. Targeting oncogenes with gene engineering methods, such as Crispr-Cas9 or shRNA, researchers can produce cancer organoids in a dish. Double K.O of Cdh1 and Tp53 in stomach organoids enables the organoids to demonstrate invasive phenotypes in vitro and robust metastasis in vivo (Li et al., 2014). Modeling of colorectal carcinoma has been achieved using organoids which lack Apc, p53, Kras and Smad4 (Li et al., 2014). In the reverse experiment, expression of mutated KRAS and/or TP53 in pancreas organoids resulted in neoplastic transformation in culture and in vivo (Boj et al., 2015). Furthermore, two independent studies have achieved to model the “adeno-carcinoma sequence”, a stepwise activation pattern of oncogenes, with simultaneous inactivation of tumor suppressor genes, introduced in human colon organoids (Drost et al., 2015; Matano et al., 2015). In addition, Crispr-Cas9 was utilized to introduce combinations of CRC driver mutations to generate accurate CRC progression models. Surprisingly, those models showed that growth happens independently from intestinal stem cell niche factors like EGF, WNT, R-spondin and Noggin (Matano et al., 2015). Organoid technology can also be utilized to study cancer-related processes and signaling pathways. Using intestinal organoids, it was shown that mutations in RHOA, a gene involved in gastric cancer, were able to induce resistance to commonly used anticancer drugs (Wang K. et al., 2014). Finally, human colon organoids were used to show that CDX2 loss and BRAF mutations are the driving force in serrated colon carcinoma (Sakamoto et al., 2017). Although cancer organoids hold immense potential as models of patient-specific cancer biology, there are still limitations to be considered. Eliminating the variability which accompanies cancer organoid culture is of vital importance in order to establish reproducible platforms which will speed up the insights into patient care and better clinical outcome. Unfortunately, for many cancers the efficiency of organoid formation and in vitro expansion is as low as 5% (Neal et al., 2018; Dijkstra et al., 2020). In addition, cancer cell interactions with the extracellular matrix (ECM) are very difficult to recapitulate in 3D cultures while the current techniques are not able to accurately represent the physiological condition and the interactions with the ECM. Finally, non-standardized cancer tissue sources, their downstream processing, ill-defined and non-specific medium formulations cause variations in organoid generation which are precluding their clinical implementation (LeSavage et al., 2022).
[image: Figure 1]FIGURE 1 | Schematic overview of organoid origin. Organoids can be established from various healthy and cancer-derived organs. ESCs isolated from mouse blastocysts are commonly used to generate organoids. iPSCs from patient derived healthy and disease tissue samples are also able to establish organoids.
In this section we primarily focused on organoids and their usage in cancer research. This is not the only disease which leverages on the usage of organoids. In this paragraph we are pointing out disease research which is profiting from the 3D organoid cultures, to highlight organoid’s almost infinite potential in disease modeling. Infectious disease research holds a plethora of organoids as models to understand the underlying disease mechanisms. Brain organoids have been used as models for studying Human Immunodeficiency virus, Herpes Simplex virus, Prion, Zika virus and SARS-CoV-2 (Garcez et al., 2016; Groveman et al., 2019; Jacob et al., 2020; Pellegrini et al., 2020). Of note, skin organoids (Ma et al., 2022), as well as cardiac organoids (Mills et al., 2021), have been used lately to study SARS-CoV-2 as well. Liver organoids have been exploited in research focusing on Hepatitis B, C and Malaria (Baktash et al., 2018; Nie et al., 2018; Arez et al., 2019). Furthermore, reproductive track organoids were utilized to study human papillomavirus (Lõhmussaar et al., 2021). In addition, intestinal organoids are used for studying Human Noroviruses, Salmonella and Vibrio cholera (Yin et al., 2015; Heo et al., 2018) Similarly, other human organoid disease models include cerebral organoids (Lancaster et al., 2013) as models to study Autism and Schizophrenia, optic cup organoids to study glaucoma (Eiraku et al., 2011), inner ear organoids for modeling congenital and early-onset hearing loss (Koehler et al., 2013), as well as skin organoids for systemic sclerosis and inflammatory skin diseases (Kim et al., 2018; Elias et al., 2019). Finally, heart organoids are a useful model to study Barth syndrome, Dilated cardiomyopathy, acute myocardial infarction and Duchenne muscular dystrophy (Wang G. et al., 2014; Hinson et al., 2015; Cashman et al., 2016), while lung organoids model benefit Idiopathic pulmonary fibrosis and Cryptosporidium (Strikoudis et al., 2019; Surolia et al., 2019) research. This small overview pinpoints the diversity of diseases that can be studied in vitro using organoid models.
3 EVOLUTION OF ORGANOIDS–GASTRULOIDS AND ASSEMBLOIDS
Apart from organoids, other more complex 3D models have recently emerged and are gaining a lot of popularity. Treatment of 3D stem cell aggregates with Wnt leads to symmetry break followed by polarized growth with regard to three orthogonal axes (Marikawa et al., 2009; Baillie-Johnson et al., 2015). This process forms elongated 3D structures, the so-called “gastruloids” (van den Brink et al., 2014). Gastruloids display distinct axial organization, clearly defined anterior-posterior, left-right, and dorsal-ventral body axes, and well-organized gene expression domains while also comprising post occipital embryo derivatives of all three germ layers, -endoderm, mesoderm, ectoderm- (Veenvliet et al., 2020). Gastruloids recapitulate key aspects of gastrula-stage embryos and are a powerful tool for studying post-implantation development. Lately, more advanced gastruloid models have been developed that are able to generate brain (Girgin et al., 2021), somite (van den Brink et al., 2020), neural tube (Veenvliet et al., 2020), gut tube and beating heart-like structures (Rossi et al., 2021). Gastruloids can be generated in large numbers, allowing them to be easily used in screens, thus having great potential in clinical applications.
The latest and most complete 3D model that resembles mouse embryos is ETiX-embryoids (Amadei et al., 2022; Lau et al., 2022). ETiX-embryoids are stem cell-based structures which accurately recapitulate post-implantation morphogenesis. ETiX-embryoids form by aggregating trophoblast stem cells, extraembryonic endoderm stem cells and inducible XEN cells without the need for additional external signalling cues (Harrison et al., 2017; Sozen et al., 2018; Girgin et al., 2021). ETiX-embryoids are able to complete gastrulation after 6 days in culture. On day 8 they are forming headfolds with defined forebrain and midbrain regions, a beating heart-like structure, a trunk comprising a neural tube and somites, a tail bud and a gut tube. This almost complete embryo model is developing inside extraembryonic membranes equivalent to amnion and yolk sac. ETiX embryoids offer a powerful and physiologically relevant model of post-implantation embryogenesis in development and disease (Marton and Pașca, 2020).
Assembloids also provide an excellent model for cancer research. For example, spheroids derived from glioblastoma multiforme cancer cells co-cultured with cortical organoids accurately recapitulate the invasion of cancer cells into healthy tissue (da Silva et al., 2018). Furthermore, In recent years, it has become evident that the interaction of tumors with the local cellular and extracellular environment can have a major influence on progression and treatment outcomes (Sun, 2016; Anderson and Simon, 2020). Classical organoid systems, as we have highlighted before, lack a microenvironment that recapitulates these conditions in vitro. In bladder cancer, studies have shown that luminal-cancer-derived organoids shift to a basal subtype in the absence of a stroma (Lee et al., 2018) and therefore diverge from the primary tumor composition. This shift to a basal-like subtype might influence the responsiveness to chemotherapeutic drugs and potentially hamper the outcome of drug screening studies. Kim et al. developed mouse and human bladder assembloids consisting of an inner, multilayered bladder epithelium (urothelium), a stroma, and an outer shell of muscle fibers. In their work, they showed that 7-day-old assembloids display a striking similarity to normal bladder tissue. They also demonstrated that assembloids generated from urothelial carcinomas with matched cancer-associated fibroblasts (CAFs) maintain their luminal subtype, showcasing the importance of the cancer-associated environment (Kim E. et al., 2020). A more extensive review focusing on the current state of assembloids has recently been published by Kanton and Pasca (Kanton and Paşca, 2022).
4 HIGH THROUGHPUT SCREENING USING ORGANOIDS
The enhanced complexity of organoids has proven to be useful for studying more intricate relationships and processes. However, one of the expectations for organoids was that they might lessen or replace animal models in drug screening. Drug screening assays often rely on high-throughput screening (HTS) approaches to gain meaningful insight within a reasonable amount of time. To highlight the power of organoids in HTS cancer research one can focus on the publication from Vlachogiannis et al. The group generated patient-derived organoid models of metastatic gastrointestinal cancer and used them to predict patient treatment responses (Vlachogiannis et al., 2018). Using a compound library of drugs, they tested organoid sensitivities versus patient responses. The positive predictive value was reported to be 88%, while the negative predictive value was reported to reach an impressive 100%, profoundly demonstrating the ability of organoids to be used for personalized medicine programmes.
To be suitable for HTS, cellular assay protocols must be simple enough so that they can be compatible with liquid-handling robots. Furthermore, production efficacy and inter-organoid homogeneity must be high in order to produce meaningful results (Figure 2). As aforementioned, in many organoid protocols, the organoids are commonly embedded in a drop of Matrigel and grow at a random position within the embedding medium. This makes fast single-plane imaging difficult as the focal plane for each organoid is different. Additionally, compounds of interest in drug screening might interact with the matrix in a difficult-to-predict fashion (Gunasekara et al., 2018). One pillar in the development of HTS organoid assays is the optimization of these culturing methods. For example, Gunasekara et al. introduced a culturing system that can overcome some of the limitations imposed by ECM embedding. Instead of generating drops with embedded organoids, they coated microwell plates with matrigel and then let organoids grow on top of these hydrogels. This setup allowed them to scan organoids using an automated focus scan and to either monitor growth over a time period of 3 days or swelling due to compound exposure over a time period of over 1 h. Although this system allows fast image scanning, it still relies on many manual steps during organoid preparation (Gunasekara et al., 2018).
[image: Figure 2]FIGURE 2 | Schematic overview of HTS & HCA workflow. HTS relies upon on simple culturing protocols, fully compatible with high count microwell platforms and liquid handling automatons. HTS experimental design allows fast readout and automated data processing. HCA is suitable for obtaining a comprehensive understanding of tissue and cell mechanic, utilizing (single cell) omics and high-resolution imaging tools. Computational models are used to examine mechanobiological processes controlling organoid growth, patterning or for validating results from organoid studies. Measurements and features derived from organoid culture are structuring those models.
For drug screening in 2D cell cultures, 384 or 1,536 well plates are commonly used, which reduces the amount of reagent used per well/assay while allowing testing of a wider range of drugs or drug concentrations within one single plate (An and Tolliday, 2010). This is why these plate formats are also preferred in organoid HTS. Owing to the small dimensions of the wells in these plates, manual handling can be cumbersome and slow. These plate formats are, therefore, more commonly used in combination with liquid handling robots. Complex organoid protocols are not well suited for automatisation using liquid handling robots. In the past 5 years, several microplate-compatible organoid protocols have been developed, for example, for breast cancer (Sachs et al., 2018), kidney organoids (Czerniecki et al., 2018), pancreas (Hou et al., 2018) or colon organoids (Du et al., 2020).
A different approach to make organoid culturing more practical for HTS is the engineering of alternatives to traditional cell culture dishes. An early example of such an alternative, developed by Gracz et al., is a polydimethylsiloxane (PDMS)/polystyrene-based microraft array (MRA). These arrays allowed them to study stem cell niche interaction between intestinal stem cells (ISC) and paneth cells both through imaging over extended time periods and endpoint gene expression analysis on a high-throughput scale (Gracz et al., 2015). Another example of a micro-engineered organoid culturing system, suitable for HTS, is the hydrogel-based microcavities system developed by Brandenberg and colleagues. Using PDMS stamps, they create U-shaped microwells in a poly (ethylene glycol) (PEG) substrate. The size and shape of these wells are such that the cavities act not only as stable traps for the organoids but also improve intra-organoids homogeneity and reduce the amount of Matrigel required (Brandenberg et al., 2020).
Improvement of the culturing conditions is not the only challenge that can be addressed using microengineering. The recently developed JeWell (Beghin et al., 2022) microwell array is an outstanding example of an organoid culturing system that improves the accessibility of organoid systems for fast imaging. On the JeWell chip, each microcavity is flanked with mirrors at a 45° angle. This enables single-objective SPIM imaging of hundreds of organoids within a short amount of time, thus not only increasing the speed but also the information depth that can be obtained from organoids.
HTS methods are currently focusing on simpler organoid systems because higher-order organoids, such as assembloids or gastruloids, often rely on even more elaborate culturing systems. However, there are some examples of how such elaborate systems could be made compatible with HTS. For instance, Mantizou et al. showed that gastruloids could be used for teratogenicity testing in HTS (Mantziou et al., 2021), while Kim et al. established a 3D-bioprinting method for their bladder cancer assembloids which is compatible with a high-throughput approach (Kim E. et al., 2020). The approach developed by Zhu et al. is one of the most recent examples of how to make higher-order organoids systems feasible for HTS. As part of their protocol, they use electrospray-generated microcapsules to pre-grew region-specific brain organoids. These organoids were then permitted to fuse into brain assembloids on a microfluidics chip (Zhu et al., 2023). This strategy makes it possible to produce brain assembloids at a scale that is compatible with HTS and shows once again how microengineering techniques can enhance the integrability of organoid systems to HTS.
5 ENDPOINT MEASUREMENTS AND IMAGE-BASED PROFILING IN HTS
Evidently, scaling up the number of organoids that may be handled within a single experiment is only one side of the coin. Measurable parameters and how they are interpreted are ultimately of main interest. Two of the most fundamental readout parameters are viability and metabolic activity (Czerniecki et al., 2018; Hou et al., 2018; Phan et al., 2019; Du et al., 2020); however, information gained from such measurements is very limited. To increase information depth, these measurements can also be combined with enzyme-linked immunosorbent assays (ELISA) for quantifying biomarkers such as the Kidney injury molecule-1 (KIM-1) (Czerniecki et al., 2018). These types of measurements can be evaluated utilizing assays that are available as kits on the market, many of which are compatible with HTS.
Furthermore, such measurements can be combined with (live-)imaging approaches. The simplest readouts for image-based HTS are alterations in size or shape, either compared to a control group and/or monitored over time and hereafter referred to as image-based profiling (IBP). Datasets for basic IBP can be acquired using epifluorescence and confocal microscopes (Gracz et al., 2015; Czerniecki et al., 2018; Gunasekara et al., 2018; Brandenberg et al., 2020). However, manual evaluation of every single organoid in an HTS essay is not feasible. Therefore, automated pipelines for IBP are needed for the unbiased and fast interpretation of large arrays of imaging data. Such pipelines are capable of performing basic operations, such as foreground and background separation, edge detection and feature extraction, and are often specifically tailored and optimized for the HTS systems they were developed for (Walsh et al., 2014; Gracz et al., 2015; Gunasekara et al., 2018; Brandenberg et al., 2020). Other approaches utilize machine learning to incorporate 3D information for fast phenotypic screening (Kassis et al., 2019). More recently, machine-learning techniques have also been applied in high-content screens, which will be discussed hereafter.
6 HIGH CONTENT ANALYSIS USING OMICS TOOLS
The biological complexity of organoids that improves fidelity in HTS can also be exploited to study processes and interactions on cellular levels in a more physiological environment using high content analysis (HCA). In HTS the goal is to screen high numbers of organoids within a short amount of time by measuring easily accessible and interpretable markers. In contrast, the focus in HCA is to dissect developmental processes, tissue homeostasis and alteration thereof during disease onset and progression. In order to understand the intricate interactions within cellular networks in organoids, multidimensional datasets are derived utilizing omics and/or multidimensional imaging technologies (Figure 2).
In omic-based approaches, datasets can be obtained either on a population level (organoid population or cell populations from a single organoid) or on a single cell level. Population-based methods are typically less costly, easier to perform and less noisy than single-cell approaches. Therefore they are the method of choice when cellular heterogeneity is not the focus of interest. Whole genome sequencing (WGS), for example, is applied to understand the mutational landscape of organoids and to compare them to their tissue of origin at the genome level (Behjati et al., 2014; Roerink et al., 2018; Kopper et al., 2019). ChIP-seq, ATAC-seq, and methylation arrays can give insights into the epigenome based on chromatin-protein interactions and DNA accessibility, for example, during developmental processes, or to assess epigenetic changes in cancers (Kanton et al., 2019; Kopper et al., 2019). Bulk RNA profiles of organoids are used to gauge differences in gene expression levels in organoids from healthy tissue (Middendorp et al., 2014), cancer (Boj et al., 2015; Roerink et al., 2018; Kopper et al., 2019) or upon environmental changes (Gjorevski et al., 2016). Finally, mass spectrometry (MS) based methods can be employed to get a better understanding of the proteomic landscape (Boj et al., 2015; Gonneaud et al., 2016; Williams et al., 2016; Cristobal et al., 2017) and the metabolome of organoids (Lindeboom et al., 2018). All these methods can be combined to systematically dissect regulatory mechanisms which predestined cell faith, as demonstrated by Lindenboom et al. in their multi-omics study (Lindeboom et al., 2018).
Furthermore, for almost all of these methods, a single cell (sc) equivalent exists nowadays. With the help of these techniques, tissues can be studied at the cellular level to determine their molecular makeup. In Organoids scWGS has, for example, been used to show that the genetic feature of organoids derived from ovarian cancer mirror the original tumor biopsy and maintain their tumor heterogeneity (Kopper et al., 2019). Likewise, scWGS was applied to monitor the genomic heterogeneity and stability of pancreatic cancer organoids (Usman et al., 2022) or investigate intra-tumor heterogeneity and tumor evolution in colorectal cancer organoids (Kester et al., 2022).
Whereas scWGS is useful to investigate the genomic heterogeneity in organoids, scRNA-sequencing can be applied to study cell status and differentiation based on gene expression profiles. This form of benchmarking is particularly important because it has been documented that organoids generated from tumors might not always retain the characteristics of their parental tumors. This has been demonstrated for bladder cancer organoids, which tend to shift from a luminal to a basal subtype in culture (Lee et al., 2018). Such pheromones have major implications for drug screening and personalized medicine, for instance, since tumor composition can affect treatment outcomes.
Wang et al., compared the gene expression signatures of patient-derived colorectal cancer organoids and matched normal organoids to the gene expression signature of the primary tissue. In their study, they were able to show that the tumor organoids retain the gene expression signature of the corresponding tumor, while on the other hand, the organoids derived from normal tissue adopt some tumor-like features (Wang et al., 2022).
Organoids can also be used in conjunction with scRNA-sequencing to study cell populations with low abundance. Employing scRNA sequencing and intestinal organoids, as a mean to obtain a random mixture of intestinal cells free of non-epithelial cells, Grün et al. discovered a rare intestinal cell type in these organoids, and subsequently confirmed the existence of these cell types in cell isolates from mouse intestines (Grün et al., 2015). Similarly, Czernieck et al. explored the maturation heterogeneity of kidney organoids in their HTS platform using scRNA-sequencing and found previously undetected cell compartments in their organoid model (Czerniecki et al., 2018).
In the context of developmental biology, Camp et al. performed scRNA-sequencing on cerebral organoids and were able to show that the gene expression pattern in the cortex-like regions of the organoids is similar to the fetal cerebral cortex (Camp et al., 2015), while Kanton et al. combined scRNA-seq and scATAC-seq to show how chromatin accessibility and gene expression differ between human and chimpanzee cerebral organoid development (Kanton et al., 2019). Similarly, Sridhar et al. compared the cellular composition and gene expression patterns between the human fetal retina and retinal organoids and detailed similarities and differences between the two (Sridhar et al., 2020).
In addition, for scProteomics CyTOF has recently been used to demonstrate that the protein expression pattern in organoid cultures from normal breast tissue is also conserved (Rosenbluth et al., 2020). Furthermore, CyTOF can also be used to investigate cell-specific post-translational modifications on proteins, as demonstrated by Qin and colleagues (Qin et al., 2020). However, many of the above-mentioned works use a mix of different bulk and or sc approaches and demonstrate that a smart combination of culturing methods and sc- and bulk-omic methodologies opens new ways for exploring organoid biology.
7 IMAGING AND MACHINE LEARNING FOR HCA
Imaging approaches have played an integral part in the world of organoids. As previously discussed, imaging can be used for feature extraction in HTS. Furthermore, immunohistochemical stainings are commonly used to characterize organoids and validate findings from omics-based HCA screens. Imaging methods are constrained by the number of possible fluorophore combinations. Nevertheless, imaging approaches can be considered HCA, because they allow the studying of biomarkers in a spatiotemporal context within their cellular environment. High-resolution microscopes such as confocal or light sheet microscopes can be utilized to extract 2D and 3D information of immunofluorescent (IF) labeled organoids (Dekkers et al., 2019). Alternatively, approaches like optical metabolic imaging allow for label-free imaging (Walsh et al., 2014), and smFISH can give insights into the spatial expression pattern of RNA molecules in organoids (Omerzu et al., 2019; Borrelli and Moor, 2020). As an alternative to quantifying soluble biomarkers using ELISA McGhee et al. developed an image-based assay to study these biomarkers in situ. The approach is based on immunosorbent beads embedded in matrigel, which allows for spatiotemporal quantification of these biomarkers (McGhee et al., 2022). Furthermore, organoids are accessible for genetic modifications. Stable integration of fluorescently labeled proteins or membrane markers opens the field to 4D imaging and allows, for example, to monitor apoptotic or mitotic events over the time course of several days (Verissimo et al., 2016). Of note, light sheet microscopy has become an important tool in live imaging of organoids, as it allows for fast z-scanning with low phototoxicity over extended periods of time. These properties make light sheet HCA imaging also suitable for HTS (Beghin et al., 2022; de Medeiros et al., 2022). However, the analysis of such multidimensional datasets can be challenging and time-consuming.
Many groups have used machine learning methods to analyze the multidimensional datasets created from organoids. PCA has been utilized to cluster organoids based on their phenotypic profiles (Booij et al., 2017), while random forest classification has been applied to predict the disease state in patient-derived midbrain organoids from patients with Parkinson’s disease (Monzel et al., 2020). Machine learning cannot only be applied to imaging data but can also be used to predict drug responses based on pharmacogenomic data from organoid models (Kong et al., 2020). Recently, deep learning techniques have been increasingly utilized to analyze organoid systems. For instance, OrgaQuant was developed in order to automatically locate and quantify the size of organoids in brightfield images (Kassis et al., 2019), while OrganoidTracker is a convolutional neural network (CNN)-based tool to track nuclei in 4D data sets (Kok et al., 2020). Likewise, Medeiros and Beghin used CNN for data processing in their HTS-HCA organoid platforms (Beghin et al., 2022; de Medeiros et al., 2022). To make machine learning for organoid imaging data more accessible to researchers with limited programming expertise, Gritti et al. developed a machine learning tool called MOrgAna. This software automates image segmentation, quantification and visualization of morphological and fluorescence information of organoids across hundreds of images through a user-friendly interface (Gritti et al., 2021).
8 COMPUTATIONAL MODELING WITH ORGANOIDS
Computational methods play an integral role in the analysis of complex omics and imaging data, and computational simulations have become an important tool in cancer and drug research (Metzcar et al., 2019; Cui et al., 2020; Lin et al., 2020). Likewise, in silico studies of tissue development during embryogenesis are well established (Tanaka, 2015; Gómez et al., 2017; Tosenberger et al., 2019), and powerful simulation environments to simulate patterning and growth in tissues are readily available, both for continuum and cellular domains (Swat et al., 2012; Mirams et al., 2013; Iber et al., 2015; Tanaka et al., 2015; Multerer et al., 2018; Kim H. et al., 2020). The inherent properties of organoid models, such as recapitulating and maintaining biological features of their tissue of origin, accessibility and their comparably small size, make them an ideal tool to inform and/or validate computational simulations (Figure 2). Various approaches in 2D and 3D, such as agent-based models, vertex models, Potts models, and finite element models have been utilized to model cellular interactions and biomechanical properties in organoids (Montes-Olivas et al., 2019; Norfleet et al., 2020; Byrne, 2022). Furthermore, computational modeling has also been used to optimize culture conditions (Goto-Silva et al., 2019).
As organoids can be imaged at cellular resolution, 3D vertex models are frequently used to simulate organoid development at cellular resolution (Misra et al., 2016; Okuda et al., 2018; Yang et al., 2021). As epithelial cells change their neighbors along the apical-basal axis (Gómez et al., 2021; Iber and Vetter, 2022), classical 3D vertex models have been extended to allow for an intermediate vertex along the apical-basal axis (Ioannou et al., 2020). Recently, high-resolution 3D simulation frameworks have become available that represent cells by individual, deformable meshes (Van Liedekerke et al., 2020; Torres-Sánchez et al., 2022). Given their high computational costs, these simulation frameworks are sometimes used in combination with spheroid models to permit the simulation of larger tissues and efficient parameter screens. Further developments will allow for the simulation of larger tissues at higher spatial resolution over longer time frames. In combination with advancements in organoid research, this will open up new ways to understand the molecular principles of tissue development and disease.
9 SUMMARY
In this review, we illustrated the advancements of modern-day organoid protocols that enable HTS and HCA screening. Conventional HTS rely on 2D cell culture assays, where the lack of cell-cell and cell-matrix interaction may confound results. Organoid cultures can circumvent some of these limitations, but classic organoids culturing protocols are not well suited for upscaling. Nevertheless, recent developments in culturing methods and platforms have demonstrated that organoids can be made accessible, for high-throughput drug screening.
The higher complexity of organoids makes them also an appealing tool for HCA. Bulk- and single-cell omics approaches can be used to study tissue interaction, homeostasis, and cell interaction, as well as alterations that are caused by or lead to disease onset and progression. Due to their relatively small size, organoids are furthermore accessible for high-resolution 3D and 4D imaging. Moreover, machine learning has emerged as an integral tool for comprehending high-dimensional datasets, particularly in HCA.
Computational methods play an essential role in analyzing complex omics and imaging data. However, computational approaches are not only of interest for data analysis. In silico studies of mechanobiological properties in tissues can be used to validate findings from organoid research or inform experimental designs. The smaller size and accessibility of organoids can again be advantageous, as using spheroid models for in silico studies instead of larger tissue areas helps to lower computational costs.
The articles we covered in this review represent a small portion of the body of work published on organoid research to date. This illustrates the profound impact that the emergence of modern-day organoid protocols have had on biomedical research. As many groups work on enhancing organoid procedures to address current limitations and make organoids more accessible, it is anticipated that organoid research will become even more significant in the fields of disease, cancer and development.
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