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Abstract

:

In the last decades three-dimensional (3D) in vitro cancer models have been proposed as a bridge between bidimensional (2D) cell cultures and in vivo animal models, the gold standards in the preclinical assessment of anticancer drug efficacy. 3D in vitro cancer models can be generated through a multitude of techniques, from both immortalized cancer cell lines and primary patient-derived tumor tissue. Among them, spheroids and organoids represent the most versatile and promising models, as they faithfully recapitulate the complexity and heterogeneity of human cancers. Although their recent applications include drug screening programs and personalized medicine, 3D in vitro cancer models have not yet been established as preclinical tools for studying anticancer drug efficacy and supporting preclinical-to-clinical translation, which remains mainly based on animal experimentation. In this review, we describe the state-of-the-art of 3D in vitro cancer models for the efficacy evaluation of anticancer agents, focusing on their potential contribution to replace, reduce and refine animal experimentations, highlighting their strength and weakness, and discussing possible perspectives to overcome current challenges.
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1. Introduction


Cancer is one of the major leading causes of human death, and oncology represents the largest therapeutic area in the pharmaceutical industry in terms of number of projects, clinical trials and research investments. The development of new anticancer agents is a complex, time-consuming and expensive process that is associated with an high attrition rate [1,2]. The typical development process of (anticancer) drugs includes a preclinical phase followed by three clinical phases. Currently, the preclinical studies required by regulatory authorities are mainly based on bidimensional (2D) cell cultures and animal models, which remain one of the pivotal experimental approaches of translational cancer research [3].



In 2D in vitro experiments, cell cultures are exposed to drug candidates, usually at constant concentrations for a fixed period. The aim is to screen and rank a large number of test compounds, assessing if they have an anticancer effect, typically quantified by measuring cell viability. Other endpoints, such as target engagement and downstream effects, can also be assessed as part of these studies to provide information on the potency and on the mode of action of the candidates. Compounds that show promising efficacy profiles in 2D in vitro systems progress to in vivo tests in animal models. Despite 2D cell cultures are the most commonly used in vitro models for drug screening due to their easy handling, reproducibility and low cost, they are unable to fully reproduce the properties of in vivo solid tumors [4,5]. Indeed, in vivo, tumors grow in three-dimensional (3D) conformation with a specific organization and architecture that is not modeled in 2D cell cultures. Growing in a 2D plastic substrate, tumor cells have equal and unlimited access to nutrients and oxygen and are uniformly exposed to drug treatment. Consequently, numerous processes, such as diffusion-limited distribution of oxygen, nutrients and metabolites as well as drug penetration, are lost in 2D cell cultures. In addition, the physical organization in monolayers greatly limits cell–cell interactions, which are responsible for cell differentiation, proliferation, vitality, expressions of genes and proteins, drug metabolism and other cellular functions. This leads to higher proliferation rates compared to in vivo cancer cells, which often results in higher drug sensitivity. As a result, the capabilities of 2D cell cultures of predict anticancer drug efficacy is impaired [6,7] and a large number of agents (also showing low efficacy) proceed to the subsequent in vivo phase, which contributes to an overuse of animals, thereby increasing the overall length and cost of the drug development process [8,9].



In in vivo experiments, the selected compounds are administered to animal models to investigate the pharmacokinetics (PK) and to assess efficacy and safety. In this context, ectopic xenografts are the most popular animal models [10]. They consist of immunosuppressed animals, usually mice or rats, in which human cancer cells are inoculated subcutaneously (s.c.) in the flank. Alternative and more complex xenograft models, differing in the transplant site (orthotopic xenograft) or in the source of tumor cell lines (syngeneic xenograft or patient-derived xenograft, PDX), have been well-established, too [11]. Xenografted animals are divided into several arms receiving placebo or anticancer agents following different administration protocols. Anticancer activity is typically assessed by monitoring tumor volume over time and computing tumor growth delay and/or tumor growth inhibition (TGI) as efficacy metrics. The investigated compounds are ranked according to the efficacy assessment, and precedence is given to agents showing the greatest antitumor activity. However, the aim of animal experiments is not only to discriminate “effective/not-effective” agents but also to anticipate the concentration levels and the doses which are expected to exert a therapeutic effect in patients. Indeed, for compounds that progress to the clinical phases, drug concentration levels showing a certain activity in a panel of xenograft models are typically used to identify a range of target concentrations in humans, thereby contributing to the dose selection for the First-In-Human (FIH) studies.



Despite the undeniable importance of animal models and their cornerstone role in translational cancer research, they have some serious drawbacks. Promising results from preclinical animal studies are often not confirmed in cancer patients, and candidate agents effective in animal models do not proceed to clinical development, due to the different genetic, cellular and immunological characteristics of animals compared with humans [12,13]. Further, xenograft experiments are very resource- and time-consuming and are encumbered with ethical/regulatory limitations. Indeed, replacing, reducing and refining (3Rs) animal experiments in scientific research has become an international priority, and regulatory agencies and industry are working toward a decrease in animal use [14].



3D in vitro cancer models are emerging as a promising method to bridge the gap between 2D in vitro cell cultures and animal models, due to their ability to more faithfully mimick in vivo tumors [9,15,16]. Various 3D in vitro cancer models have been developed, including spheroids and organoids, which differ in terms of tumor cell sources, culture protocols and time required for establishment [16]. They have distinct and overlapping purposes, among which are studies in cancer biology, drug screening, anticancer efficacy assessment as well as personalized medicine.



In this review, we describe the state of the art in the use of 3D in vitro cancer models for the evaluation of drug anticancer efficacy. We will focus on the two most common 3D in vitro models used in cancer research, i.e., spheroids and organoids. For both of them, methodologies for generation, techniques for the assessment of anticancer activity, translatability to the in vivo setting and examples of applications in the drug development will be presented. We will highlight strengths and weaknesses of spheroids and organoids as tools for the anticancer efficacy assessment. Finally, we will discuss the possible contribution of such cancer models to replace, reduce and refine the use of animal models in anticancer drug development, as well as the need to exploit mathematical modeling and simulation (M&S) to reach this goal.




2. Types of 3D In Vitro Cancer Models


3D in vitro cancer models are regarded as a promising alternative to animal models, due to their ability to mimic several features of in vivo tumors such as natural tumor architecture, cell–cell interactions, nutrient and oxygen gradients, drug penetration and resistance and, with a varying degree of faithfulness, tumor microenvironment (TME). TME consists of malignant cells, non-malignant cells (cancer-associated fibroblasts, stem cells, endothelial cells and immune cells) and non-cellular components (extracellular matrix, cytokines, chemokines and growth factors), and plays a crucial role in tumor development and progression [17].



Several methods to assemble 3D in vitro cancer models have been developed (see Table 1 and Table 2 and Figure 1). They are usually categorized into scaffold-free and scaffold-based systems in accordance with the presence or not of a support for cell culture. Scaffold-free (or liquid-based) models include all the systems for which no external artificial platforms are used to promote or induce cell growth and aggregation. In these systems, the 3D architecture is obtained through a cellular self-assembling, in which cancer cells synthesize their own extracellular matrix (ECM), allowing for natural modeling of cell–matrix interactions [18]. Up to now, there are five main scaffold-free techniques, i.e., agitation-based [19,20,21], hanging drop [22,23], liquid overlay [24,25], magnetic levitation [26,27,28] and microfluidic techniques [29,30] (see Table 1). In scaffold-based 3D systems, cell cultures are developed on exogenous structures, made of synthetic or naturally derived polymers, which provide a support for cell growth and mimic ECM conditions. Improving scaffold properties allows optimizing the exchange of nutrients, gasses and waste materials of cancer cells, thus creating conditions similar to those in vivo tumors. In relation to the geometry and production technique, there are different types of scaffolds (see Table 2): hydrogels (such as Matrigel) [31,32], decellularized scaffolds [33,34], fibrous scaffolds [35,36], microsphere scaffolds [37,38] and 3D bioprinted scaffolds [39,40].



In the following sections, we will focus on spheroids and organoids, the two most common and versatile 3D in vitro cancer models, highlighting differences and summarizing culture methods.



2.1. Spheroids


Spheroids are the simplest 3D in vitro cancer model consisting of spherical aggregates of tumor cells that are either self-assembling or forced to aggregate. Structure and morphology of spheroids are influenced by a multitude of factors, which include cell types, culture methods and media, cell seeding density and mechanical stress. Generally, spheroids with a diameter > 500 µm exhibit similar properties to in vivo avascular tumors, such as heterogeneous cell populations and pathophysiological gradients. Indeed, large spheroids are typically characterized by an external proliferating layer, a middle quiescent layer and an inner core of hypoxic and necrotic cells, caused by the limited distribution of oxygen, nutrients and metabolites in these areas. Spheroid volume generally follows an S-shape growth pattern over time with an initial exponential phase followed by a linear one and then a plateau [59].



Spheroids exhibit strong cell–cell interactions that are enforced by the secretion of ECM proteins. These cell–cell and cell–ECM interactions significantly affect cancer cell proliferation, survival and response to therapy. Indeed, they increase spheroid density, forming a physical barrier that prevents and limits the transport of drugs into the spheroid mass. All these properties strongly influence the therapeutic effects of drugs, increasing drug resistance and improving the reliability of drug screening in cancer spheroids [8].



Spheroids can be divided into several sub-categories. However, the terminology used to indicate the different types of spheroid models is confounding and inconsistent through the literature [9,60,61]. As a strict classification is out of the scope of this paper, we only discern between cell-line derived spheroids, i.e., spheroids generated from immortalized cancer cell lines, and patient-derived spheroids, which are obtained from primary tumor tissue [62].



Immortalized cancer cell lines have often acquired genetic modifications during the immortalization process. Consequently, cell line-derived spheroids are generally easier to handle but less representative of the human native tumors. Hundreds of cancer cell lines from different tumor types have been tested for spheroid formation, showing different degrees of efficiency [42,59,63,64]. For example, Selby et al. explored the possibility of generating spheroids from the 60 cancer cell lines present in the National Cancer Institute (the NCI-60 panel) using ultra-low attachment (ULA) plates, optimizing cell seeding density to obtain a structure of a prespecified diameter (300–500 μm) and providing a classification of generated spheroids based on their morphological characteristics, i.e., the degree of intercellular adhesion [63].



In contrast, patient-derived spheroids maintain the histological and genetic characteristics of the original tumor, and, thus, better recapitulate the inter-individual variability of cancer biology and treatment response observed in cancer patients. However, they exhibit several limitations common to other patient-derived in vitro models, such as variable establishment rates and limited lifespans [62]. Spheroids were successfully grown with varying success from primary tissue of brain [65], breast [66,67,68], colorectal [69], lung [70], ovarian [47,71], uterine endometrial [72] and prostate [73] cancers, and used to test efficacy of anticancer agents, also in the context of personalized medicine.



Further, we can distinguish homotypic spheroids, i.e., cultures of only one type of tumor cells, from heterotypic spheroids, i.e., co-cultures of tumor and stromal cells, such as cancer-associated fibroblasts (CAF) [68] or their precursors [74,75], cells of the immune system [62,76,77] and endothelial cells [78]. Heterotypic spheroids are of great relevance to mimic the cellular heterogeneity of solid tumors and the drug resistance mediated by tumor-stromal cell interactions [8,79,80,81]. In addition, they provide a useful tool for testing new immuno-oncological agents [62,76,77] or novel compounds targeting the stromal components [74,75]. However, co-cultures enhance the complexity of the in vitro model and require optimization of the tumor-stromal cell ratio to correctly recapitulate specific tissue composition as well as of the media components to adequately support growth of both cell types [61].



Spheroids can be obtained after 1 to 7 days of culture, depending on the cells and culture methods. Different approaches are used to generate spheroids, including both scaffold-free and scaffold-based methods (see Table 1 and Table 2). The choice of the generation technique to use is extremely important and is influenced by several factors, such as the research question to address, the used cancer cell type, the expertise of the research team as well as the available equipment and budget. For example, the liquid overlay and the hanging drop techniques are easy and cheap to operate and do not require specialized equipment, thus being compatible with high-throughput drug screening [82,83,84]. Other methods, such those based on microfluidic or bioprinting techniques, may require specialized equipment and expertise that may not be available in all research laboratories [85]. Cancer cell type is a determining factor in the choice of the spheroid formation method. For example, the hanging drop method or the liquid overlay technique in ULA plates might be inadequate to form spheroids from cells such as the Panc-1 and Mia-PaCa pancreatic cancer cells or the CAKI-I renal cancer cells, with a low ability to self-aggregate [63]. For these cell types, alternative methods, for example based on co-culture with supportive cells or embedment in a 3D matrix, such as a hydrogel, may be more appropriate.



Finally, it has been demonstrated that spheroids from the same cancer cell lines can exhibit different properties and responses to therapy depending on the technique used for their generation [64]. This observation is of great relevance, especially because well-established guidelines for spheroid generation are missing and culturing protocols can vary significantly across spheroid studies also involving the same cancer cells. As a result, a high heterogeneity in the spheroid size, shape and cell density, as well as in the cell differentiation degree and physiological behavior is generally observed, which can affect the reliability of study results. Establishing standardized and reproducible protocols for spheroid formation is, therefore, essential to increase uniformity and reproducibility of results across multiple spheroid studies [59].




2.2. Organoids


Organoids are complex self-organizing and self-renewing 3D in vitro cultures derived from embryonic stem cells, induced pluripotent stem cells or adult stem cells (ASCs) [86]. The possibility of growing organoids from ASCs originated in 2009 with the seminal work of the Clevers group [87] and was subsequently introduced to cancer research [88]. This paved the way to generate organoids from patient-derived tumor tissue, which generally contains a large number of ASCs. Since then, cultures of patient-derived organoids (PDOs) were established for a multitude of primary and metastatic cancers, including prostate [89], colorectal [90], pancreatic [91], liver [92], breast [93], bladder [94], gastric [95], esophageal [96], lung [97] and ovarian [98] cancers.



Cancer PDOs are generally derived from tumor tissue specimens directly obtained from patients via biopsy or surgical resection. The success rate of organoid establishment varies significantly among cancer types (see Table 3), ranging from 70–100% for colorectal cancer (CRC) to 15–20% for prostate cancer [99,100]. The derivation time can be significantly different, too, taking up weeks to months. Before being cultured, tumor tissue from human donors has to be first cut into small fragments and then undergo (mechanical or enzymatic) digestion processes. Different techniques for processing tumor fragments as well as different protocols for cancer PDO culture have been proposed. Classically, cell suspensions are embedded within a suitable support that provides an ECM facsimile and a medium containing a cocktail of growth factors. In the vast majority of the studies, cancer organoids are cultured in hydrogel-based scaffolds, typically involving the use of the animal-derived Matrigel, a protein mixture secreted by mouse sarcoma cells. The use of Matrigel for organoid culture is well described and protocols are available [101]. However, due to its natural origin, the Matrigel composition is affected by batch-to-batch variability that might impair the quality control, reliability and reproducibility of organoid studies. Additionally, Matrigel contains animal growth factors that might influence PDO culture and reduce the similarity with the human physiological settings. Alternatively, synthetic hydrogels, which are fully defined and growth-factor-free, can be used [102]. For example, Mosquera et al. demonstrated that synthetic hydrogel-based ECMs can regulate the growth and activity of prostate cancer organoids in a way that is different from that of Matrigel, significantly impacting organoid response to therapeutic drugs [103]. Recently, the possibility of using scaffold-free approaches for organoid cultures has been investigated. For example, organoids have been formed in suspension cultures using ULA plates [44] or through agitation-based techniques [41].



Cancer PDOs display a tumor-like cellular morphology, with typically multiple polarized epithelial structures, that more faithfully mimics the original tumor architecture and functionality than spheroid models [108,109]. Consistent with the primary tumors, cancer PDOs exhibit a range of morphological phenotypes and different cellular architectures [110]. Cohesive organoids are characterized by the presence of multiple structures of different sizes, which can be dense and solid or hollow and cystic, as well as spherical or more irregular in shape. Differently, discohesive organoids form solid cell clusters, some of which have a loose aggregation, giving a “grape-like” appearance. This morphological heterogeneity recapitulates the histological features of the original patient tissue and tumor subtype, but it is also affected by extrinsic factors, such as various oxygenation levels or the composition of the ECM.



An intrinsic limitation of the ASC-derived cancer organoids is that they are composed almost solely of tumor epithelial cells and do not include non-neoplastic stroma components, especially from the immune system. Incorporating TME components into cancer organoid models could be of great relevance especially for some cancer types, such as pancreatic ductal adenocarcinoma (PDAC), which normally includes up to 90% of the stroma component in the tumor mass. To fill this gap, two culturing strategies have been developed [16,111]. In the first approach, the TME is reconstructed by co-culturing well-established organoids with exogenous stroma cells, such as native or reconstituted autologous CAFs or different types of immune cells [109,112]. For example, Tsai et al. generated co-cultures of PDAC organoids with autologous CAFs and T-cells [109]. Additionally, Luo et al. successfully established a co-culture system of CRC PDOs and CAFs by embedding both cell types in a hydrogel-based matrix [113]. Characterization of this in vitro system demonstrated that the co-culturing was able to promote the growth of cancer PDOs, recovering biological pathways that are absent in the conventional PDO cultures but present in patient tissues. The second approach aims to generate cancer organoids that preserve the endogenous TME by culturing tumor epithelium together with endogenous stromal and immune cells as a cohesive unit without the need of reconstitution [111]. This can be achieved through the air-liquid interface (ALI) method, in which minced primary tissue fragments, containing both tumor and stromal cells, are embedded in a collagen matrix within an inner transwell dish, where the top of the collagen gel is exposed to the air, allowing the cells access to oxygen [114]. Alternatively, 3D microfluidic devices can be used to construct organotypic tumor spheroids in collagen hydrogels that retain the native immune cells [115].



An attractive feature of cancer PDOs is that, as the traditional cancer cell lines, they can be passaged, cryopreserved, shipped frozen in vials across the world, thawed, and quickly restored to a proliferative culture (Figure 2). Consequently, since the first collection of well-established PDOs were reported in 2015 [90], several living biobanks of cancer and matched healthy PDOs have been established [41,51,93,95,104,116,117]. Across these studies, it was demonstrated that PDOs preserve the histological and genetic diversity of the original tumors, even after long-term culture [118]. This faithful representation has been reported for a multitude of cancer types [95,97,98,105,106], demonstrating that PDOs can provide a useful tool to explore both inter- and intra-tumoral heterogeneity. In this regard, it is important to highlight that cancer PDOs are generally derived from single biopsies or small fragments of surgically resected tissue and, therefore, might not fully encompass the original tumor diversity [100].



Further, PDOs can be orthotopically or s.c. transplanted into immunodeficient mice [91,94,98,107,119]. In a reciprocal fashion, organoids can be derived from PDX mice [120,121,122], taking advantage of the already available large PDX libraries. However, the generation of PDX-derived organoids (PDxOs) could be difficult due to the presence of mouse stromal components in the tumor samples that have to be adequately removed. Guillen et al. were able to derive 40 PDxO lines from breast cancer PDXs with a success rate of 85% and cultured them for more than 200 days [121]. Genomics analysis of several PDxO lines revealed high concordance with the original human tumors, also after long propagation. In addition, when the PDxOs were reimplanted in mice their tumor growth rates were not statistically different from the growth rates of the parental PDX, even when implanted after different time points in culture.



Given the organoid relevance to cancer research, large efforts are undertaken to make PDOs available to the scientific community. The first was the establishment of a large PDO collection, the Hubrecht Organoid Technology (HUB) living biobank [123], resulting from the collaboration between the US NCI, the UK Wellcome Trust Sanger Institute and the HUB foundation, known as the Human Cancer Models Initiative. The HUB biobank contains and generates hundreds of PDOs from healthy and tumor tissues together with baseline clinical data from the original patients that are accessible for both industry and academia.





3. Efficacy Assessment in 3D In Vitro Cancer Models


An accurate quantification of the anticancer efficacy of a drug or a therapeutic intervention is a critical aspect of the development process. However, in the context of the 3D in vitro cancer models, there are no well-established and standardized approaches to evaluate the response to an anticancer treatment [16,124]. As a result, researchers can apply a variety of different assays and techniques to characterize the anticancer drug efficacy [61], including assays evaluating cell viability, proliferation or apoptosis as well as approaches based on microscopy imaging. Many of these techniques are common to both spheroids and organoids. However, some assays are more frequently used and have to be preferred over others, depending on the final scope of the study, on the 3D culture system under consideration, and on the characteristics of the cells composing the system [125,126,127].



In this review, we will focus on assays based on cell viability and on microscopy imaging. For both of them, we will shortly describe the main characteristics, report the most relevant applications stratified in spheroids and organoids, and, lastly, introduce the efficacy metrics typically derived from these measurements.



3.1. Cell Viability-Based Assays


Cell viability assays evaluate the well-being of cells in response to drug exposure by measuring the proportion of living cells or of their fluorescent/luminescent signals. They can be classified in dye exclusion assays, colorimetric assays, fluorometric assays and luminometric assays [128] (see Table 4). Dye exclusion assays use dyes to differentiate between live and dead cells, exploiting their different membrane permeability. Indeed, live cells have intact membranes that prevent the dyes from entering, while dead cells do not present this barrier, and so allow the dye passage [129]. Colorimetric assays measure the metabolic activity of cells by detecting color changes of a specific compound. These assays use reagents that undergo a measurable color change in the presence of live cells as an indication of their biochemical activity [130]. Fluorescent viability assays utilize specialized dyes or probes that emit fluorescence when exposed to certain wavelengths of light. These assays are relatively simple to perform and can be more sensitive than colorimetric assays in detecting subtle changes in cell viability [131]. Finally, luminometric assays measure the amount of light emitted by cells, based on the principle that living cells have an active metabolism and produce a constant amount of ATP [132].



Cell viability assays generally require the destruction of the 3D in vitro models. Consequently, they are classified as endpoint assays, as they provide a snapshot of what is occurring at a single time point and do not capture the entire time course of drug response. Because the response to treatment could vary over time, the results of cell viability assays could be dependent on the time at which they are performed. This could lead to misspecifications of treatment effects, which could be especially relevant when the time required to obtain a response to treatment is not yet well-established or when some resistance mechanisms arise during drug exposure.



3.1.1. Spheroids


A variety of techniques and assays to assess the cell viability in cancer spheroids has been used. Most of them are derived from the methods applied for the traditional 2D in vitro cell cultures with no or only minimal modifications. For example, Kochanek et al. used the fluorometric CellTiter-Blue assay to quantify the effects of 19 different approved anticancer drugs on spheroids derived from five head and neck squamous cell carcinoma cell lines [143]. Kessel et al. performed a fluorimetric assay using the Calcein AM, propidium iodide and Hoechst 33342 to determine cell viability of glioblastoma spheroids derived from the U87 cell line and treated with Tanespimycin, Paclitaxel, Temozolomide or Doxorubicin for drug-screening application [83]. Differently, a dye exclusion assay, the Trypan Blue, was used by Xu et al. to assess the effectiveness of Atorvastatin in combination with Celecoxib and Tipifarnib on spheroids derived from the pancreatic cancer Panc-1 cell line [133].



However, because these assays were originally designed for 2D monolayer cultures and used outside their original intended use, they could not be efficient when applied to spheroids, due, for example, to decreased penetration of dyes/reagents in large 3D structures, decreased lytic activity due to the presence of an extracellular matrix and the tight cell–cell junctions of the 3D cellular aggregates [132]. Therefore, the application of a 2D viability assay to 3D in vitro cancer models requires an accurate optimization of the viability protocol as well as an extensive validation of its accuracy. For example, Piccinini et al. compared the repeatability and the reproducibility of viability results obtained through the Trypan Blue assay on 2D cell cultures and 3D spheroids from two different cancer cell lines (the A549 lung carcinoma and PANC-1 pancreatic carcinoma cell line) [152]. Viability measurements independently obtained by two biologists who analyzed 105 different samples were compared, highlighting an approximate variability of 5%, similar for 2D and 3D cultures. Further, Eilenberger et al. optimized the standard alamarBlue viability protocol for the application to spheroid cultures to enhance the assay precision [153]. Key modifications involved the increase of the incubation period from the original 2–3 h to 24 h. Cell viability of 2D cultures and spheroids from the HepG2 liver cancer cell line exposed to sorafenib treatment was measured and compared. For spheroids, an extended incubation period resulted in a tremendous increase in the assay precision with an overall reduction of the standard deviation range to 4–10%. In comparison, 2D monolayer cultures displayed a similar comparable precision and reliability for any alamarBlue incubation time.



To overcome the limitations of 2D-derived viability assays, methods specifically designed for the 3D in vitro systems were developed. Among the commercially available assays, one of the most widely used is the CellTiterGlo-3D (CTG-3D), an ATP-based luminescent assay, whose application is documented for spheroids derived from different cancer types and cultured with different techniques [144,145]. Few works compared viability measurements obtained with 2D-derived and 3D-specific assays, demonstrating that methods specifically designed for 3D in vitro models generally perform better. For example, Zanoni et al. tested the Trypan Blue assay and two 3D-specific viability assays, including the CTG-3D, to evaluate the effect of increasing concentrations of an anticancer agent on large spheroids [64]. All the assays showed a decrease in cell viability in treated spheroids compared to controls. However, the Trypan Blue assay failed to capture the dose-dependence of drug effect and exhibited a high variability of viability results (CV = 42.7). Differently, the two 3D-specific assays correctly identified the dose-dependent treatment effect and showed a similar and low variability (CV = 7.53 and 7.23). Further, Dominijanni et al. assessed and compared the accuracy of various commercially available cell viability assays developed for 2D or 3D applications (including MTS and CTG-3D) on different 3D hydrogel constructs derived from the HCT-116 human CRC cells [132]. An important variability in the viability results was found, with CTG-3D exhibiting the most accurate readouts overall regardless of construct size, cell density and hydrogel makeup.



Despite their popularity, the viability-based methods are unable to fully grasp the whole spectrum of spheroid responses to treatment. For example, morphological changes of the 3D spheroid structure induced by the treatment cannot be captured [143]. Consequently, measuring cell viability alone might provide an incomplete picture of the drug impact on spheroids, potentially resulting in an underestimation of the actual drug efficacy.




3.1.2. Organoids


Cancer organoids exhibit a more complex morphological structure than cancer spheroids, further challenging the assessment of cell viability. As a result, the use of specialized viability assays, specifically designed for 3D in vitro models, is of great relevance to accurately assess the overall viability of organoid cultures. The previously introduced CTG-3D luminescent assay is the most widely used method in organoid studies [148,149,150,151].



Despite this consideration, the use of viability assay techniques not specifically designed for 3D in vitro models is still documented in some organoid studies. For example, Mazzocchi et al. used the dye exclusion assay based on calcein-AM and ethidium homodimer-1 [141], while Fusco et al. used the Trypan Blue assay [135]. Such examples are, however, less frequent and popular compared to spheroids.



As for spheroids, the use of viability-based methods for the drug efficacy assessment presents some limitations also when applied to organoid cultures. In addition to previously discussed issues, viability assays provide only a well-level quantification of organoid response to treatment and fail to capture the contributions of inter- and intra-heterogeneity of PDO cultures. Consequently, the presence of cell subpopulations with varying drug sensitivities cannot be detected through cell viability assessment [127,154]. Additional techniques, such as imaging-based assays, must be used to better understand the heterogeneity of cancer organoid response to drug treatment.




3.1.3. Efficacy Metrics


Cell viability is typically measured at multiple concentrations of drugs or treatments and used to build the concentration–response curve, illustrating the relationship between the drug concentration and the corresponding percentage of cell viability compared to the control, i.e., untreated culture. From the obtained concentration–response curve, different parameters can be derived to quantify the potency of drug treatment (see Figure 3). The most popular metrics of drug efficacy are the half-maximal inhibitory concentration, IC50, and the area under the curve, AUC [155]. The first one represents the concentration of drug required to reduce the cancer cells by 50% with respect to the control. It is a simple and easy-to-understand parameter that, providing a clear threshold value to discriminate between effectiveness or ineffectiveness, allows a quick comparison of different drugs or treatments. However, IC50 accounts for the effect of a drug or treatment only at a single concentration point, without considering the anticancer activity at different concentrations. Conversely, AUC, measuring the area under the concentration–response curve, integrates results across a wide range of drug concentrations, thereby providing a more comprehensive picture of the overall drug effectiveness. However, AUC is a more complex metric that can be difficult to interpret and compare across different drugs or treatments and does not provide a clear threshold value to discern between effective or ineffective treatment [156].



It has been demonstrated that IC50 and AUC are both influenced by the growth rate of cancer cells. For example, rapidly growing cells may require a higher drug concentration to be reduced by 50% than slowly growing cells. To account for this issue, in 2016 Hafner et al. proposed to replace the concentration–viability curve with the concentration–growth rate inhibition curve [157]. First, the growth rates are simply computed from endpoint measurements of cell viability in treated and untreated samples, given the initial cell number. Then the growth rate inhibition, GR, is defined as the ratio between growth rates under treated and untreated conditions, normalized to a single cell division. The corresponding efficacy metrics are the concentration at which the growth rate is inhibited by 50%, GR50, the area under the concentration–GR curve, GRAUC, and the area over the concentration–GR curve, GRAOC (see Figure 3).



Finally, it is important to underline that all the previous efficacy metrics inherit the limitations of the viability assays from which they are derived. In particular, they are dependent on the time at which the viability assays are performed. Therefore, if the response to treatment varies over time, the efficacy metrics based on cell viability assays could be not suitable to quantify the treatment effects on spheroids or organoids. In addition, this time-dependence hampers the comparison across different studies if the assays are performed at different time points.





3.2. Image-Based Assays


Image-based techniques provide alternative tools to evaluate the effects of anticancer treatments [158], in particular on 3D in vitro cancer cultures. These techniques allow the size, morphology and metabolic status of 3D in vitro cancer models to be monitored at multiple time points, thus enabling real-time assays of responses to treatment exposure. Several imaging techniques are available, ranging from the simplest and cheapest brightfield microscope analysis to complex and expensive advanced microscopy techniques.



Each technique is characterized by its own advantages and specific applications (see Table 5). Brightfield and fluorescence microscopy can be used to analyze the structure and cell organization of the 3D in vitro cancer models and of their surrounding TME [159]. Fluorescence microscopy combined with suitable cell labeling can allow the assessment of cell viability and proliferation. Confocal microscopy can create high-resolution images of thick samples, providing information on the internal 3D structure. Live-cell imaging allows to monitor the cell activity in real-time. Super-resolution microscopy provides detailed images of cancer cells and their microenvironment. Additionally, other imaging-based methods, such as automated imaging, label-free biosensors, and imaging mass cytometry, can provide insights into different aspects of cancer biology and drug activity [160].



Microscopy techniques have to be coupled with appropriate software for image-data processing. Depending on the nature of the 3D in vitro model, on the images to process and on the level of accuracy and precision required, several specialized tools are available, ranging from simple image processing software to more advanced algorithms. There are both commercial products, such as Imaris (Bitplane AG, Zurich, Switzerland) and Amira (Visage Imaging Inc., Carlsbad, CA, USA), and open-source solutions, such as ReViSP [161] and its updated version ReViMS [162], OpenSegSPIM [163] or OrganoID [164].
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Table 5. Image-based assays commonly applied in spheroid and organoid studies.
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	Type of Image-Based Technique
	Monitored Quantity
	Applications





	Brightfield imaging
	Morphology, dimension
	Spheroids [165,166]

Organoids [148]



	Fluorescence imaging
	Dimension, viable cells, cell density
	Spheroids [143,167]

Organoids [168]



	Confocal live cell imaging
	Morphology, internal 3D

architecture
	Spheroids [169]

Organoids [170]



	Live cell imaging
	Cell activity in real-time,

morphology, dimension
	Spheroids [171]

Organoids [170]



	Optical metabolic Imaging
	Fluorescence intensity and lifetime of NADH and FAD
	Organoids [154,172,173]








Image-based approaches to analyze 3D in vitro cancer models is a wide research field under further development, and currently, there is no gold standard. A comprehensive review of all the available techniques and applications is out of the scope of this paper. In the following, we will report an overview of the most relevant and frequently applied approaches.



3.2.1. Spheroids


In spheroid studies, the applications of image-based techniques typically aim to monitor the temporal dynamics of the 3D morphology over several days in order to identify possible changes induced by the treatment. To this end, multiple morphological features, such as the volume, shape, perimeter, density and diameter, are tracked before, during and after drug exposure. Symmetrically to the in vivo settings, a reduction of spheroid volume is generally considered as the primary endpoint of treatment efficacy [64]. Therefore, tracking the temporal dynamic of spheroid volume is a crucial task.



The selection of the imaging techniques depends on the spheroid morphology and on the measurement accuracy that is considered acceptable. 2D brightfield imaging, coupled with appropriate software for image-data processing [161,165], could be sufficient to accurately reconstruct the 3D structure of sphere-like spheroids. Instead, for more irregular structures, advanced 3D imaging systems, able to acquire data of the whole 3D surface, are needed to obtain reliable results. A study by De Santis et al. compared the performances of different open-source software in calculating spheroid volume from light-sheet fluorescence microscopy images, with the aim of providing guidelines for researchers on which is the “best software” according to the characteristics of the 3D in vitro model to analyze [174].



Several applications of image-assay techniques in spheroid studies can be found in the literature. In the study of Takuri et al., an inverted fluorescent microscope was used to evaluate the volume changes in CRC spheroids treated with four different drugs [167]. The PrestoBlue cell viability reagent was used to stain the living cells, and the intensity of fluorescent signal was monitored through microscopy imaging and used to derive spheroid volume based on the strong correlation between volume and cell viability. Another interesting example is provided by the study of Kochanek et al. [143], in which the treatment effects on spheroids from head and neck squamous carcinoma were assessed by using various techniques, including an automated imaging system that tracks changes in the spheroid shape, perimeter, density and diameter on a daily basis. Further, Chen et al. investigated the treatment impact on breast cancer spheroids by monitoring their growth over a period of 30 days [166]. The spheroid size and volume were determined through a combination of brightfield microscopy and ImageJ software (National Institute of Health, USA). Finally, in the study of Rodallec et al. [175], a fluorescent microscope was used to monitor cell growth in untreated and treated spheroids generated from bioluminescently-labeled breast cancer cells. Microscopy imaging was used to quantify the antiproliferative activity of investigated treatments that resulted, depending on cell type, treatment schedule and spheroid size.




3.2.2. Organoids


Image-based assays play a crucial role also in efficacy assessment in cancer organoids. The imaging techniques used to monitor the treatment response of organoids are similar to those applied to spheroids. For example, Yao et al. used an inverted microscope in a brightfield setting to monitor the temporal size changes of 80 PDOs derived from patients with locally advanced rectal cancers [148]. Images were taken every three days for a 24-day period after drug treatment and analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA), a commercial dedicated software. The areas of all the living 3D structures composing the PDOs were derived and gathered to characterize the organoid size at well-level. This method was found to be as informative as monitoring cell viability over the same time period.



However, it is important to underline that image analysis of cancer organoids is more challenging compared to spheroids due, for example, to the presence of multi-objects per well, their movements across focal planes as well as their heterogeneity in size and shape, which can be particularly irregular. Hence, advanced imaging approaches could be necessary for a robust quantitative analysis of organoid cultures. For example, Z-stack technology, i.e., a continuous scan of the same field at different Z-axis levels and merging of the images from different layers into a final one, could be fundamental to capture all the 3D structures composing the organoid culture and gather their maximum cross-sections into a single image [176].



Single-object tracking is also crucial to account for the intra-organoid variability of size, shape, growth pattern and response to treatment and, thus, to overcome the limitation of a well-level quantification of treatment efficacy. To this regard, Skala et al. showed that normalizing growth to the pretreatment size for each organoid structure decreased the measurement noise, highlighting the importance of monitoring each organoid individually [127]. Kim et al. proposed a very complete quantification workflow, based on dynamic confocal live cell imaging, to monitor tumor growth and drug response in CRC PDOs at single-object level [170]. Organoids were fluorescently labeled with Lentivirus H2B-GFP and imaged with DRAQ7 vital dye across multiple time points during drug treatment to track cell birth and death events in the individual 3D organoid structures. From the same images, they derived morphological features of the 3D objects, including volume, sphericity and ellipticity, using Imaris. A strong correlation was found between organoid live cell count and volume.



Single-object tracking of organoid cultures across multiple time-lapse images could be labor-intensive to obtain. Indeed, several platforms for organoid image-data processing require manual labeling of all the 3D structures in each image. Conversely, the automatization of the tracking process is often based on the labeling of the cellular nuclei, which increases experiment time and complexity and may modify cellular dynamics. Implementing machine learning algorithms could significantly reduce the time needed for the image analysis. For example, OrganoID is a software platform based on a convolutional neural network that is able to identify and track the individual 3D structures composing organoid cultures from a wide range of cancer tissue types in time-lapse imaging experiments [164].



Finally, temporal monitoring of organoid size and morphology could not be able to account for additional treatment-induced effects. For example, drug exposure may cause changes in the cellular composition of organoids that are not reflected by alteration of growth or morphology [86]. The Optical Metabolic Imaging (OMI) provides 3D imaging of single cell-metabolism, thus representing a particularly attractive approach to track the metabolic response to treatment within PDOs at both single-cell and single-object level. It exploits the natural cellular autofluorescence of NAD(P)H and FAD through the optical redox ratio, defined as the ratio between NAD(P)H and FAD fluorescence intensity [172,173]. The OMI method has been recently applied in some PDO studies [154,172,173,177]; among them, a good representative example is provided by Pash et al., who assessed both the changes of organoid size and optical redox ratio [177].




3.2.3. Efficacy Metrics


A variety of efficacy metrics can be derived from results obtained with image-based assays. Among them, the difference in growth rate between treated and untreated 3D structures is the most commonly used. This metric has already been introduced based on cell viability assays, where GR has been defined from viability assessments at a single time point. In contrast, in the context of image-based assays, the growth rate inhibition is computed from multiple measurements in both untreated and treated cultures and can be defined based on several morphological parameters, such as volume, surface area or live cell count. For example, Kim et al. compared growth rates derived from volume and surface area with those computed from the live cell numbers in treated and untreated CRC PDOs [170]; a good consistency was found, although the volume–growth rate had a slightly better correlation.



The growth rate inhibition metric is commonly used in both cancer spheroid and organoid studies. However, for the second application it is important to keep in mind that growth rate differences could not be due to drug treatment effects but can result from the inter- and intra-organoid variability of the growth pattern. In the organoid studies including the single-object tracking, the distributions of morphological parameters and/or of the optical redox ratio in untreated and treated organoid cultures can be considered and compared [177,178], allowing the intra-organoid variability in both tumor growth and treatment response to be accounted for. The Glass’s Delta index [179] can be computed to summarize the treatment effect. It is defined as the mean difference between the treated and control group divided by the standard deviation of the control group, thus considering the treatment change as a function of the distribution of the control organoids.






4. Are 3D In Vitro Cancer Models Good Predictors of In Vivo Anticancer Drug Efficacy?


The relevance of spheroids and organoids as preclinical models for anticancer efficacy testing is determined, at least partially, by the extent to which the 3D in vitro results can be extrapolated to the in vivo situation (Figure 4). Therefore, a rapidly increasing number of studies are addressing the potentiality of the 3D in vitro models, and especially of PDOs, as predictive tools for in vivo response to anticancer drug treatment.



In this section, we will provide an overview of the current evidence on transferability of the 3D in vitro results to the in vivo, animal and human, settings.



4.1. Spheroids


Several studies have investigated the treatment responses in cancer spheroids compared to 2D cell cultures, highlighting significant differences when the same cancer cell lines were treated with the same compounds in 2D or 3D conditions [139,142,180,181,182,183]. According to the majority of the literature reports, many anticancer compounds lose efficacy in spheroids compared to cell monolayers [63,142,180,181], for example due to insufficient drug penetration into the inner core of the 3D structures. However, this observation cannot be generalized. Indeed, it has been shown that in some cases spheroids can be more sensitive than 2D cell cultures due to the drug-specific mechanisms of action [42,139,183]. For example, it has been reported that kinase inhibitors are more effective on spheroids, while cell cycle inhibitors are more effective on 2D in vitro models [8,42,139].



Based on disparity in testing outcomes between spheroids and 2D cell cultures, many studies concluded that drug response in spheroids better predict the in vivo efficacy, compared to those of 2D cultures. However, only a few studies included an actual in vivo validation of the spheroid results by performing confirmatory xenograft experiments [47,74,75,175,184,185,186].



For example, in the work of Erlichman et al., doxorubicin cytotoxicity was assessed on the MGH-U1 human bladder carcinoma line grown as monolayer, spheroids, and as xenografts in immunodeficient mice [185]. The MGH-U1 spheroids exhibited five-fold resistance to doxorubicin compared to 2D cell cultures, due to the limited drug penetration in the inner core. Indeed, as demonstrated by fluorescence analysis, cells near the spheroid surface were more sensitive to doxorubicin, while drug resistance increased through the inner layers of the spheroids and became maximal near the necrotic core. Doxorubicin treatment of MGH-U1-bearing xenograft mice resulted in low cytotoxicity, consistent with the spheroid model that more closely predicts the in vivo effects than monolayer culture.



More recently, Brodeur et al. conducted a comparative study to investigate the carboplatin response in epithelial ovarian cancer cell lines grown as 2D monolayers and 3D spheroids (and also as ex vivo system, i.e., 3D micro-dissected tumors) and compared them to the in vivo response in xenograft mice [186]. Six cell lines were considered and classified as “sensitive”, “intermediate” or “resistant” based on chemosensitivity to carboplatin quantified through IC50 metrics in in vitro models and TGI in in vivo models. In vivo results from the mouse models correlated with 2D cell culture and 3D spheroid responses in 3/6 and 4/6 cell lines, respectively. This study suggested that the carboplatin response of 3D in vitro models was in line with in vivo results even if 3D spheroids demonstrated higher carboplatin resistance compared to xenograft mice in two cell lines, OV4453 and OV4485.



Another interesting study, evaluating the ability of 3D in vitro spheroids to predict in vivo efficacy in xenograft mice, was conducted by Rodallec et al. [175]. In this work, the effect of a new candidate immunoliposome combined with trastuzumab was evaluated in spheroids generated from two HER2-positive breast cancer cell lines (MDA-MB-453 and MDA-MB-231) before testing it in vivo. Fluorescence microscope imaging was used to monitor cell growth in untreated and treated spheroids and, thus, to assess antiproliferative efficacy of the treatments. Antiproliferative activity resulted dependent on cell type, spheroid size and treatment scheduling, and showed that immunoliposomes performed better (higher cell growth reduction) than current anti-HER2 breast cancer strategies. Confirmatory experiments were then performed in mice orthotopically xenografted with cells from the same cancer lines. A higher efficacy in terms of TGI and prolonged survival was obtained with immunoliposomes compared to two reference treatments, demonstrating the predictivity of 3D spheroids when testing nanoparticles in experimental oncology [187].



Finally, in some studies patient-derived spheroids were developed to predict the patient responses to treatment at individual level. Clinical validation of the in vitro results is reported only in a small set of studies [184]. As an example, in the work of Raghavan et al., spheroids were generated using primary ovarian cancer stem cells derived from three patient ascites and treated with cisplatin alone or in combination with a novel investigated compound [47]. Spheroids from distinct patients showed different responses to drug treatment (based on cell viability at 72 h after drug treatment) that correlated with patient clinical history for platinum response. In addition, two spheroid models were used to initiate tumors in mice. Spheroid-derived xenografts revealed similar responses to chemotherapeutics to the corresponding 3D in vitro model, demonstrating the predictive potency of spheroid-based therapeutic assays compared with those conducted in vivo in spheroid-derived xenograft models.




4.2. Organoid


A rapidly increasing number of studies investigated the PDO ability to predict therapeutic efficacy in patients by comparing PDO treatment data with clinical responses of the original patient donors. Although these studies were typically designed with the primary aim of personalized medicine, they provided strong evidence of PDO translational potential. These works were already systematically reviewed in [188,189,190], resulted to be heterogeneous for a multitude of factors. They differed in (i) investigated tumor type and anticancer treatments, (ii) patient cohort size, (iii) study design, (iv) definition of treatment response in PDOs as well in patients, (v) inclusion of parallel PDXs, and (vi) strength of the applied statistical methods and correlation significance. The majority of these studies only provided a descriptive comparison between the organoid and clinical response, generally based on extremely small patient cohorts [188]. Few studies, to date, have performed a rigorous and quantitative clinical comparison that resulted in a statistically significant correlation and/or predictive value [116,148,150,191,192].



The first attempt to rigorously demonstrate the predictive potential of cancer PDOs was provided by the work of Vlachogiannis et al., where the effect of a library of anticancer agents in PDOs (n = 21) derived from heavily pretreated colorectal and gastroesophageal cancer patients were compared to their clinical response [191]. The authors found 100% sensitivity, 93% specificity, and 88% and 100% positive and negative predictive values, respectively. However, the criteria to define responses in PDOs and patients were not specified in the work that was carried out retrospectively.



Ooft et al. reported the results of a prospective observational study (the TUMOROID trial) investigating the use of cancer PDOs as a predictive test for chemotherapeutic regimens, including 5-FU in combination with oxaliplatin (i.e., FOLFOX) or irinotecan, or irinotecan alone, in metastatic CRC patients [150]. The temporal dynamics of PDO areas were monitored through microscopy imaging. The inhibition of growth rates after six days of treatment were derived and correlated to the best RECIST response in patients considering the lesions from which PDOs were obtained. Organoids (n = 22) correctly predicted the response to irinotecan-containing therapies (irinotecan single or combination treatment) in more than 80% of patients. However, PDOs failed to correctly predict outcomes of FOLFOX treatment for which no correlation with patient responses was found. The absence of correlation for oxaliplatin-based therapy was confirmed also by the APOLLO trial in metastatic CRC [193], where FOLFOX sensitivity in nine PDOs (quantified by the AUC derived from the concentration–viability curve) failed to clearly separate patients who had disease control (i.e., partial responses or stable disease) versus progressive disease (PD). Conflicting results were reported in the work of Ganesh et al., in which the AUCs for FOLFOX (and 5-FU) treatment in seven CRC PDOs correlated well with progression-free survival (PFS) in the corresponding patients (Spearman r = 0.86 and p = 0.024) [51].



The phase III CinClare trial, evaluating the predictive value of PDO response to neoadjuvant chemoradiation (i.e., radiation combined with 5-FU with or without irinotecan) in 80 locally advanced rectal cancer patients [148], represented an exception to the generally small size of patient cohorts. PDOs were separately treated with radiations, 5-FU or irinotecan and the least of the ratios of PDO size changes at day 24 to day 0 after treatments was used as predictor of clinical outcome (tumor regression grade upon resection). Of the patients, 85% (n = 68) achieved a good clinical response and, accordingly, the parallel organoids were sensitive to at least one of the three treatment components; nine patients had a poor response even if the matched PDOs were sensitive to one or two of the treatment components, and three patients had a good response while the matched organoids resulted resistant to all the treatments. Overall, the combined PDO data highly correlated with patient clinical outcomes, with 84.43% accuracy, 78.01% sensitivity and 91.97% specificity.



The HOPE trial was a prospective clinical study aiming to generate PDOs from PDAC patients and to evaluate the correlation between their drug sensitivity and clinical outcomes [194]. Sensitivities to gemcitabine, 5-FU, oxaliplatin, irinotecan, paclitaxel and other drugs were quantified in 12 PDOs, based on cell viability. Independent AUC assessments (n = 49) were calculated for each tested drug and PDO line. For each patient, normalized AUCs were then compared to develop a personalized drug rank that resulted consistent with clinical responses. In addition, a method for classifying PDOs as sensitive or resistant to chemotherapy combination regimens was developed with predictive purpose. PDO AUCs were annotated with clinical outcomes, matching the lowest AUC of the combination with patient response, i.e., disease control or PD. A break of 0.56 segregated PDO AUCs matching to patient disease control from the ones matching PD. Accordingly, organoids were classified as “sensitive” to a combination treatment regimen if at least one of the drugs in the regimen yielded an AUC < 0.56, and “resistant” if all of the drug components yielded an AUC ≥ 0.56.



A different predictive score for response to combined regimens was proposed and validated by Beutel et al. on pancreatic cancer PDOs [192]. Single chemotherapeutic agents (gemcitabine, 5-FU, oxaliplatin, irinotecan, paclitaxel) were separately tested in PDOs, and AUCs for each compound were derived. AUCs were then classified into three groups (high, intermediate and low response) and a score was assigned to each of them (1 = high, 2 = intermediate, 3 = low). For each PDO and tested combination, the mean score was considered as a predictor for the effectiveness of the drug combination: a score ≤ 2 indicated an efficacious combinational chemotherapy, while a score ≥ 2 denoted an inefficacious combination. The comparison with clinical response, classified in disease control or PD, revealed that PDOs successfully predicted outcomes in treatment-naïve patients with an accuracy of 91.1% for first-line (n = 11) and 80.0% for second-line regimens (n = 5). The prediction accuracy declined to 40% in pretreated patients (n = 5).



In the CinClare and HOPE trials as well as in the work of Beutel et al. [148,192,194], the PDO responses to combination therapies were based on the independent assessments of each drug composing the combinations. A different strategy was followed in the work of Witte et al., where the responses to combination treatments were directly evaluated in vitro [116]. In this study, seven PDOs derived from five patients with different subtypes of ovarian cancer were exposed to cotreatment of 5-FU and paclitaxel. Obtained AUCs showed a statistically significant correlation with clinical responses defined based on chemotherapy response score (p < 0.001), biomarker normalization (p = 0.004) and RECIST (p = 0.0092). However, AUCs did not correlate with long-term clinical response (i.e., recurrence and PFS).



To date, the majority of clinical studies on cancer PDOs were observational and involved standard-of-care treatments. Very few studies involved investigational agents and were of interventional design. For example, Tiriac et al. tested a panel of investigational targeted agents on a set of PDAC PDOs on which all the standard-of-care chemotherapeutics for pancreatic cancer had previously been ineffective [195]. This allowed alternative treatment options to be identified that, however, were not validated in clinics. In the already mentioned APOLLO study, two patients started off-label drug treatment based on PDO results, upon failure of standard treatments; one of them had a partial response [193]. Finally, the SENSOR trial, a prospective intervention trial in metastatic incurable CRC patients which progressed after standard-of-care treatments, aimed to evaluate the feasibility of PDOs to allocate patients for treatment with off-label or investigational agents [196]. In this study, 25 PDOs were treated with five FDA-approved drugs and three agents under development exhibiting substantial responses to one or more drugs in 19 cases. Six patients underwent treatment based on PDO results; none of them obtained significant and durable clinical responses.



Beyond the correlation between organoid and clinical response, some studies investigated the concordance between paired PDO and PDX models derived from the same patients [52,92,98,107,121,197,198]. For example, Schütte et al. collected a large biobank of PDOs and PDXs from CRC patients [198]. Nineteen tumors were modeled in both the systems, allowing a comparative analysis of drug response in PDO/PDX sibling pairs for eight anticancer agents. Treatment outcomes were classified into four categories (strong-, moderate-, minor-response or resistance) based on the IC50 value for PDOs and on relative tumor volume of the treated group versus the matched untreated control in PDXs. Responses were defined to be concordant between PDX/PDO siblings if they did not differ by more than one rank. A general concordance was found, with only two exceptions (AZD8931 and 5-FU). However, comparisons with clinical outcomes were missing.



In a recent study [107] eight PDAC PDOs were treated with commonly used therapeutic agents among which was gemcitabine, showing a different sensitivity than that which resulted from cell viability assessment. The organoid responses to gemcitabine were then examined in vivo through s.c. transplantation of PDOs into immunodeficient mice. Responses to gemcitabine obtained in the PDO-derived xenografts were well correlated with those obtained in vitro, further confirming that organoids can be used to anticipate in vivo drug response. In addition, a library of kinase inhibitors was tested on PDOs allowing a compound able to induce TGI in a gemcitabine-resistant PDO-derived xenograft model to be identified.



Conversely, Guillen et al. investigated the ability of PDxOs to mirror the responses of the matched PDX mice for birinapant, a drug for the treatment of triple-negative breast cancer [121]. Seven patient-derived breast cancers, spanning a range of birinapant sensitivity, were considered in vivo and in vitro. Lines that were shown to be insensitive to birinapant as PDxOs also showed a progressive disease similar to controls in xenograft mice, whereas lines predicted to be sensitive resulted in tumor shrinkage. A similar comparative analysis was performed in the work of Xu et al. [122], where the correlation between the in vitro response in PDxO and the in vivo outcome in PDX was investigated in a large panel of 13 paired PDxO/PDX models across four cancer types for a library of five standard-of-care chemotherapies and seven targeted agents. Drug effects were categorized as either sensitive or insensitive based on the IC50 value in PDxO and TGI in PDX. Statistical analysis of 30 data points indicated that the PDxO in vitro response has an overall good predictive power for the corresponding PDX in vivo outcome (accuracy = 86%, positive predictive value = 75%, negative predictive value = 91%).





5. Applications of 3D Cancer In Vitro Models to Drug Development


The potential of cancer spheroids and organoids to be incorporated into the mainstream development process of new anticancer therapeutics is increasingly recognized, owing to their resemblance to in vivo solid tumors [184,199,200,201]. Despite this trend, their actual inclusion in the assessment of the anticancer efficacy is still sparsely reported [201]. In such examples, in vivo experiments were not completely replaced by spheroids and/or organoids that, instead, were used to screen and further test candidate therapeutics in a more relevant environment compared to 2D cell cultures before starting animal studies [202] (Figure 5). Some interesting applications are reported here.



5.1. Spheroids


Cancer spheroids have been available for decades and their potential to either eliminate poor drug candidates at pre-animal stage or to identify promising drugs that had failed in classical 2D cell assays has been widely emphasized [199]. However, to date spheroid experiments have not been yet included in the routinely performed anticancer drug development plans.



One of the most common and relevant applications of cancer spheroids is drug screening. Several works documented the use of spheroids from different cancer types for the selection of the most promising candidates among several new ruthenium complexes, a new generation of metal anticancer drugs which have awoken a lot of interest in the scientific community [203,204,205]. The interest in spheroids for testing ruthenium complexes resulted from their ability to, at least partially, resemble the tumor ECM, which carries out an important role in the activity of ruthenium-derived compounds. For example, De Grandis et al. synthetized a series of novel lawsone-containing ruthenium complexes and screened their antitumor effects against spheroids from the human prostatic DU-145 cells [203]. Anticancer activity was assessed through morphological changes and cell viability, from which the IC50 value was derived. DU-145 spheroids generally resulted in more resistance to ruthenium complexes compared to the 2D-cultured cells. Among the tested agents, complex (4) showed the highest anticancer activity inducing disruption of cell aggregations. Based on the IC50 value, the investigated compound showed a cytotoxic potency 18-fold higher than cisplatin and was selected as a promising candidate for further evaluation. Similarly, Santi et al. evaluated the efficacy of new ruthenium-arene compounds on 3D spheroids of head and neck cancers with or without human papillomavirus infection and compared their effects to the gold standard for this family of compounds [204].



Cancer spheroids also allow fast and affordable large-scale drug screening. Very recently, an automated high-throughput screening of 150,000 compounds in a pancreatic cancer spheroid model directly established from biopsy has been presented and was able to identify leads with potential for further development and clinical applications [206].



In some studies, cancer spheroids have been used to study the mechanisms involved in drug activity or resistance, which also supports the identification of synergistic drug combinations [207,208]. For example, Dubois et al. developed spheroids from two triple-negative breast cancer cell lines (i.e., MDA-MB-231 and SUM1315) and used them to determine the effectiveness of co-treatment with Olaparib and fractionated irradiation with the aim of optimizing the balance between Olaparib cytotoxicity and resistance [146,180,207]. Spheroids allowed long-term culture and, thus, longer exposure time than monolayers (up to 10 days), faithfully mimicking the potential in vivo treatment strategy. Monitoring of spheroid size and metabolic activity revealed a higher efficacy of the low-dose Olaparib compared to the high dose, suggesting the perspective of a low dose and long-term Olaparib administration alongside fractionated irradiation for triple-negative breast cancers.



Co-culture of tumor spheroids with immune cells were recently applied to evaluate the effects of novel immunotherapies [77]. For example, Courau et al. developed a spheroid model by co-culturing CRC cells and immune cells to test the therapeutic potential of immunomodulatory antibodies targeting the NKG2D/MICA-B axis [76]. Treatment enhanced immune-dependent destruction of tumors, increasing immune cell infiltration into tumor spheroids. Results were further validated in clinically relevant 3D in vitro models obtained by co-culturing patient-derived spheroids and autologous tumor-infiltrating lymphocytes from the same CRC patient.



In addition, scaffold-based models, such as embedded-cultures of tumor spheroids within a hydrogel ECM, could provide useful in vitro tools for the evaluation of tumor invasiveness, whose assessment could enhance the spheroid prediction of drug efficiency. For example, Huang et al. developed tumor spheroids embedded within a Matrigel-based ECM to monitor the drug responses of two invasive cell lines from non-small cell lung cancer and CRC to sotorasib (AMG510) under normoxia and hypoxia conditions [209].



Finally, two interesting applications that integrate the use of cancer spheroids for the assessment and the in vitro-to-in vivo extrapolation of anticancer efficacy of new therapeutics in a more complete drug development pipeline were reported [74,75]. In both the studies an investigational compound was evaluated in 3D heterospheroids consisting of pancreatic cancer cells and pancreatic stellate cells (PSCs), before embarking on animal experiments. PSCs have become the therapeutic targets of several novel anticancer strategies, as they are the precursors of CAFs, the most prevalent cell type in the TME and among the major drivers of tumor growth and progression. Schnittert et al. used 3D heterospheroids comprised of PSC and cancer cells from the Panc-1 line to assess the antitumor effect of LXA4, an endogenous bioactive lipid inhibiting the differentiation of human PSCs [75]. In addition, spheroids generated only from Panc-1 cells were considered. LXA4 treatment significantly decreased the size and the growth rate of PSC/Panc-1 spheroids while no effect was observed on the Panc-1 models, confirming that the anticancer activity was due to the PSC inhibition and not to a direct effect on the tumor cells. Based on these findings, the therapeutic efficacy of LXA4 was further examined in a xenograft mice model co-injected with Panc-1 and PSCs, resulting in a highly comparable inhibition profile. Similarly, Kuninty et al. investigated the therapeutic potential of AV3, a novel agent inhibiting PCS activation, in combination with gemcitabine in 3D heterospheroids from co-culture of PSC and Panc-1 or MIA-PaCa-2 tumor cells [74]. Heterospheroids treated with the combination showed a substantial reduction in cell viability, which was much higher than the decrease induced by AV3 or gemcitabine alone. Unlike in homotypic spheroids composed only of tumor cells, adding AV3 did not enhance tumor volume reduction induced by gemcitabine. Spheroid results were then confirmed in co-injected (PSCs + PANC-1 or MIA-PaCa-2) xenograft models and in a PDX of pancreatic cancer. In vivo gemcitabine alone induced a significant TGI, but cotreatment with AV3 reduced the tumor growth more markedly. These two studies provided a further demonstration of correlation between results from 3D in vitro and in vivo models and showed how spheroids can be used to reduce and inform animal studies in a drug development pipeline.




5.2. Organoids


Currently, the major promising applications of PDOs to oncological drug development are (personalized) drug-screening to prioritize candidate agents for in vivo evaluation and drug-gene associations. Indeed, well-established organoid biobanks can be exploited for drug-sensitivity testing, allowing potential active agents to be identified from among newly developed compounds or novel indications for already approved drugs (drug repurposing). In addition, organoid cultures can also be used to investigate the potential beneficials of drug combinations and reversal of drug resistance.



Verissimo et al. first demonstrated the potentiality of PDO libraries in evaluating targeted agents, alone or in combination, in a preclinical setting [210]. They employed a previously established biobank of colorectal cancer PDOs [90] to investigate the effect of multiple clinically advanced targeted inhibitors against the EGFR-RAS-ERK pathway, either alone or in combinations. Based on organoid results, the presence of mutant RAS strongly correlated with resistance to these targeted therapies. In addition, they found a beneficial effect of a combinatorial EGFR inhibition on organoid viability in RAS-mutated cancers, possibly providing an alternative treatment strategy for this subtype of cancer.



A further proof-of-concept exercise demonstrating that drug sensitivity testing in cancer organoids can inform anticancer drug development was performed in a small library of PDOs from liver cancer patients [92]. Study results provided initial evidence that ERK inhibitors could have a beneficial effect on a subset of liver cancer patients, a therapeutic indication that had not been explored in clinical trials.



Carrera et al. exploited CRC PDOs at different passages to study the effect of plocabulin, a novel antitumor agent of marine origin that was undergoing phase II clinical trials [211]. In organoids derived from three therapy-naive individuals, plocabulin was more cytotoxic than SN38, the active derivative of irinotecan, a chemotherapeutic drug widely used in CRC treatment. Moreover, plocabulin maintained its strong cytotoxic activity in wash-out experiments, where short pulse treatment was as efficient as continuous treatment. Reported results in PDOs reinforced preliminary efficacy evidence from clinical studies, increasing interest in this novel anticancer agent and encouraging further studies.



From previous examples, it is clear that PDOs offer great promise as preclinical cancer models to improve drug development in oncology. However, their actual use is still in its infancy and, as of now, there have been no drugs approved using screening with organoids technology. Only recently, with the simplification of the protocols and high-throughput availability, promising drug candidates have been identified through PDOs [119]. Herpes et al. published the first peer-reviewed work in the oncology field to demonstrate the feasibility of using PDOs to screen a library of compounds and to progress a lead agent from early-stage discovery to clinical trials. More than 500 therapeutic bispecific antibodies were functionally evaluated on a heterogeneous PDO biobank from CRC and paired healthy colonic mucosa samples from the HUB biobank. This led to the identification of MCLA-158, a bispecific antibody that binds the LGR5 marker and the EGFR on cancer stem cells, inducing a robust blocking of growth in organoids. Results obtained in the PDOs were then validated in in vivo models. MCLA-158 induced TGI and damped metastasis formation in organoid-derived PDX obtained by engraftment of PDOs in mice. This promising new agent is currently under evaluation on patients in clinical trials. Notably, the development of the lead agent was accomplished in about five years, a significantly shorter timeframe than a classic drug discovery and development pipeline.





6. 3D In Vitro Cancer Models as an Alternative to Animal Testing: Advantages and Current Challenges


One of the major obstacles in the development of anticancer drugs in a time- and cost-effective manner is the lack of translatability of preclinical results, generally obtained in 2D cell cultures and xenograft models, from bench to bedside. Therefore, there is an urgent need of incorporating more predictive in vitro cancer models throughout the drug discovery and development pipeline to both increase the translational success of preclinical studies, which ultimately results in better treatment options for cancer patients, and to reduce the animal use, in alignment with the 3Rs commitment. 3D in vitro cancer models, in the form of spheroids or organoids, offer a new and exciting preclinical platform potentially able to provide more translatable data to the clinics, while ensuring the 3Rs of animal use.



Spheroids and organoids have distinct and overlapping features, which result in distinct and overlapping applications. Spheroids are of low complexity in mirroring in vivo tumor organization and generally showed little histological resemblance to the original tumor. However, they faithfully mimic metabolic and proliferating gradients of the in vivo tumors and develop clinically relevant resistance to anticancer treatment. The simplicity and low cost of generation, together with these features, make spheroids an extremely useful model for efficacy testing in drug screening programs. Organoids are more complex in vitro systems that histologically and genetically resemble the original tumors from which they are derived, thereby allowing modeling of the inter- and intra-tumor heterogeneity observed in cancer patients. Organoids can be generated from a very small amount of human tissue, expanded for long-term culture and cryopreserved in biobanks which could serve as a source of biomaterial for world-wise use and be an oasis for rare cancer types. These characteristics allow their use for a wide range of applications, which include anticancer drug efficacy assessment. Moreover, additional TME components can be incorporated in both the 3D in vitro systems using co-culturing techniques, thus providing relevant in vitro tools to test the anticancer activity of agents targeting the stroma cells, including immunotherapy.



Despite the excellent properties of spheroid and organoids, several challenges still hamper their actual use as preclinical tools for therapeutic efficacy evaluation in the development programs of new anticancer agents [59,126].



The first and major issue relates to the absence of standardized culture protocols. The wide variability and inconsistency of methods to generate both spheroids and organoids, together with the often low methodological transparency of published experiments, leads to a lack of reliability and reproducibility of results across studies [59,100,126,212]. For example, culture technique, medium composition and cell seeding density significantly affect spheroid formation, resulting in difficulties in consistently producing 3D structures of homogeneous shape and size [8,59,64]. This represents an important bottleneck for the anticancer efficacy assessment in cancer spheroids, as differences in the morphological features will result in different therapeutic responses. Similarly, the current use of non-standardized and ill-defined culture techniques across PDO studies introduces an additional and confounding source of variability, preventing a faithful representation of the intrinsic cancer biological heterogeneity. The origins of technical variabilities can include cancer tissue sources (primary or metastatic lesions) and subsequent processing techniques, medium formulation as well as heterogeneous and animal-derived matrices [100]. Therefore, there is an urgent need for standardized methods and guidelines and/or for a transparent knowledge base for the generation and culture of both spheroid and organoid models.



Another relevant drawback encompasses the lack of quantitative and robust evaluation methods for drug efficacy [59]. As previously discussed, a plethora of different assays, based on both cell viability and microscopy imaging, have been employed to characterize drug efficacy in 3D in vitro cancer models. Each technique is characterized by its own advantages and limitations, so that a reference has not yet been established. In addition, several techniques have been inherited from 2D in vitro cultures and, although considerable progress has been made to adapt them to the 3D models, many challenges remain to be addressed, including an accurate optimization of the viability protocols as well as an extensive evaluation of their accuracy. Finally, several efficacy metrics used to summarize the response to treatment, such as IC50, AUC, GR50, etc., are strongly affected by tumor growth rate and experimental settings, such as drug exposure duration, concentration level and time at which the assays are performed, thus often providing biased estimates of treatment efficacy.



Additionally, because of these open challenges, the full potentiality of 3D in vitro cancer models to predict the in vivo, in animal and in human, drug efficacy is poorly outlined. Some studies pointed out that spheroids more closely resemble the in vivo treatment response observed in xenograft mice than monolayer cultures, including confirmatory experiments in animals. However, only a qualitative comparison between in vitro and in vivo treatment responses was ever carried out, based on few cancer cell lines and/or drug treatments. A more systematic analysis that includes a wide panel of cancer cell lines and anticancer agents might be needed. Available data on drug sensitivity in the NCI60 cell lines, as both monolayer cultures and in vivo models, could allow for a stronger assessment of predictive power of 3D spheroids in forecasting the in vivo drug efficacy in cancer animal models [63]. Regarding cancer organoids, a multitude of works qualitatively compared the treatment responses in paired PDOs and PDXs with the clinical responses in the original patient donors, highlighting a good consistency. However, the small sample size of the PDO studies together with the incompletely matching conditions, such as tested drug concentrations, exposure duration as well as treatment efficacy criteria, considered in PDOs, PDXs and patients, affected the strength of the results. In addition, the experimental design, the protocols for PDO generation, the assays to quantify treatment efficacy in PDOs and the readouts to define both the in vitro and in vivo responses significantly differed among these studies. This heterogeneity avoids gathering results from different studies and performing a pooled analysis in order to quantitatively derive an estimate of the overall PDO performance in predicting in vivo (in animal and human) responses. More comprehensive studies and quantitative data are necessary to make an accurate assessment of PDO predictivity [188]. Finally, the majority of these studies were performed retrospectively and involved only gold-standard treatments and not investigational agents. Cancer PDOs were generally asked to retrospectively categorize compounds into “active/not-active” as well as patients into “respondent/not respondent”, while their capability in prospectively anticipating the conditions, i.e., dose or concentration levels, needed to achieve a therapeutic effect and to support the drug development process, has not yet been investigated.



When the current issues relating spheroids and organoids are addressed, including standardization of culture protocols and assay techniques, establishment of quantitative evaluation methods for drug efficacy and validation of drug response predictions, these 3D in vitro cancer models will provide a powerful platform for the preclinical evaluation of anticancer drug candidates. The recent passage of the FDA Modernization Act 2.0 [213], which allows for the replacement of certain animal studies by using alternative models such as spheroids and organoids, could cause a surge in the popularity of these 3D in vitro cancer models, leading to an improved standardization of the methodologies [214]. Up to now, it still seems unfeasible that 3D in vitro cancer models could completely replace in a short time in vivo animal models for testing anticancer efficacy. More realistically, in the near future, their use could become a mandatory step between 2D in vitro and in vivo animal models. Identifying and eliminating those treatments that did not show any interesting efficacy in 3D in vitro cultures will reduce animal use and, thus, the relating costs and ethical issues. If the predictive ability of 3D in vitro cancer models was confirmed to be greater than current preclinical cancer models, the integration of spheroid and organoid studies in the drug development pipeline could enhance the transferability of preclinical results from bench to bedside. This could speed up the number of effective candidate drugs that reach clinical development, thereby reducing the number of enrolled patients receiving ineffective treatments and increasing the success rate of clinical studies. In addition, the more easy and cost-effective generation of patient-derived cancer models, such as PDOs, could facilitate an early identification of target patients who benefit most from a specific treatment, moving a step forward to the adoption of a more personalized approach in oncological clinical trials.




7. M&S May Enhance 3D In Vitro Cancer Models


M&S may enhance the use of 3D in vitro cancer models in translational oncology, contributing to the establishment of spheroids and organoids as preclinical tools for the assessment of anticancer drug efficacy, in conformity with a model-informed approach to drug discovery and development (MID3) [215,216].



Mathematical models represent the most comprehensive approaches for extracting, summarizing and integrating information obtained in the often less-than-optimally designed experiments performed in the preclinical phase of oncology drug development [217]. Up to now, M&S has been of little impact in the field of 3D in vitro cancer models [218,219,220,221,222].



In contrast, a multitude of mathematical modeling approaches, which describe the anticancer treatment effect on 2D in vitro cell cultures and xenograft animals, have been developed [217], proving an impressive proof-of-concept of the M&S potential to improve the power of preclinical cancer models. In particular, mathematical models quantitatively linking the drug concentration time curve to TGI are of extremely relevant value [223,224,225,226,227]. Among them, the Simeoni TGI model [223] has been applied by several international research groups on a huge panel of xenograft studies as well as in vitro data [228] involving a multitude of different cancer cell lines and anticancer agents, becoming a reference in the field. Several features determined the popularity of this model (Figure 6): (1) it provides quantitative measurements of the anticancer drug efficacy that, differently from simple efficacy metrics directly computed on experimental data (i.e., in vivo TGI percentage), are tumor/compound-specific and independent of experimental conditions (i.e., dose, time and dosing regimen) [229], allowing a drug ranking; (2) it is able to predict outcomes of administration schedules not experimentally tested, reducing in vivo studies; (3) it provides estimates of the minimal drug concentration level needed to guarantee tumor eradication in xenograft mice [230] that strongly correlated to doses administered in patients [231], anticipating the minimal efficacious exposure to be targeted in clinics and supporting the study design of early clinical studies during the drug development process [232,233].



In the field of xenograft experiments, M&S has created a unique opportunity for supporting anticancer drug development. The challenge ahead is now to exploit M&S to address open challenges of 3D in vitro models, thereby boosting and improving their use for anticancer drug activity assessment in translational cancer research [15,212,234]. Mathematical modeling may provide an analysis-assisting tool, filling the lack of a quantitative evaluation method to characterize tumor growth and anticancer drug efficacy in spheroids and organoids. In addition, once adequately qualified, mathematical models may be efficiently used to predict outcomes of conditions not experimentally tested via simulations, reducing wet-laboratory experiments and the associated costs [212]. More relevantly, M&S can increase the quantity and quality of information obtained from spheroid and organoid studies, enabling a more efficient translation of 3D in vitro results to the in vivo settings.



In summary, integration of M&S could significantly contribute to the refinement of 3D in vitro cancer models, increasing their potential to better inform the subsequent in vivo step, in alignment with 3R principles [235].




8. Conclusions


3D in vitro cancer models, such as spheroids and organoids, represent a promising preclinical platform for anticancer drug efficacy evaluation that is potentially able to increase the translational success of preclinical studies, thereby resulting in better treatment options for cancer patients, and to reduce the animal use, in alignment with the 3R commitments. Up to now, some issues relating to spheroids and organoids remain unaddressed, including the standardization of culture protocols and assay techniques, the establishment of quantitative evaluation methods for drug efficacy and a complete validation of their predictive capabilities of in vivo treatment response. M&S could significantly contribute to addressing these open challenges, thereby boosting and improving the establishment of the 3D in vitro cancer models as preclinical tools for the anticancer efficacy assessment in translational cancer research.







Author Contributions


Conceptualization, E.M.T. and D.R.; investigation, E.M.T., D.R. and D.F.; writing—original draft preparation, E.M.T. and D.R.; writing—review and editing, E.M.T. and P.M.; supervision, P.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nass, S.J.; Rothenberg, M.L.; Pentz, R.; Hricak, H.; Abernethy, A.; Anderson, K.; Gee, A.W.; Harvey, R.D.; Piantadosi, S.; Bertagnolli, M.M.; et al. Accelerating anticancer drug development—Opportunities and trade-offs. Nat. Rev. Clin. Oncol. 2018, 15, 777–786. [Google Scholar] [CrossRef] [PubMed]

	



Wong, C.H.; Siah, K.W.; Lo, A.W. Estimation of clinical trial success rates and related parameters. Biostatistics 2019, 20, 273–286. [Google Scholar] [CrossRef]

	



Azmi, A.S.; Mohammad, R.M. Animal Models in Cancer Drug Discovery; Academic Press: Cambridge, MA, USA, 2019. [Google Scholar] [CrossRef]

	



Jensen, C.; Teng, Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front. Mol. Biosci. 2020, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Kapałczyńska, M.; Kolenda, T.; Przybyła, W.; Zajączkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Bliźniak, R.; Łuczewski, L.; Lamperska, K. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures. Arch. Med. Sci. 2018, 14, 910–919. [Google Scholar] [CrossRef]

	



Liu, W.A.; Yu, L.; Morcos, P.N.; Mercier, F.; Brennan, B.J. Assessing the translational value of pre-clinical studies for clinical response rate in oncology: An exploratory investigation of 42 FDA-approved small-molecule targeted anticancer drugs. Cancer Chemother. Pharmacol. 2020, 85, 1015–1027. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.I.; Decker, S.; Zaharevitz, D.; Rubinstein, L.V.; Venditti, J.M.; Schepartz, S.; Kalyandrug, S.; Christian, M.; Arbuck, S.; Hollingshead, M.; et al. Relationships between drug activity in NCI preclinical in vitro and in vivo models and early clinical trials. Br. J. Cancer 2001, 84, 1424–1431. [Google Scholar] [CrossRef]

	



Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 2018, 116, 206–226. [Google Scholar] [CrossRef]

	



Zanoni, M.; Cortesi, M.; Zamagni, A.; Arienti, C.; Pignatta, S.; Tesei, A. Modeling neoplastic disease with spheroids and organoids. J. Hematol. Oncol. 2020, 13, 97. [Google Scholar] [CrossRef]

	



Sausville, E.A.; Burger, A.M. Contributions of Human Tumor Xenografts to Anticancer Drug Development. Cancer Res. 2006, 66, 3351–3354. [Google Scholar] [CrossRef]

	



Ireson, C.R.; Alavijeh, M.; Palmer, A.M.; Fowler, E.R.; Jones, H.J. The role of mouse tumour models in the discovery and development of anticancer drugs. Br. J. Cancer 2019, 121, 101–108. [Google Scholar] [CrossRef]

	



Mak, I.W.; Evaniew, N.; Ghert, M. Lost in translation: Animal models and clinical trials in cancer treatment. Am. J. Transl. Res. 2014, 6, 114–118. [Google Scholar] [PubMed]

	



Gengenbacher, N.; Singhal, M.; Augustin, H.G. Preclinical mouse solid tumour models: Status quo, challenges and perspectives. Nat. Rev. Cancer 2017, 17, 751–765. [Google Scholar] [CrossRef] [PubMed]

	



Burgdorf, T.; Piersma, A.H.; Landsiedel, R.; Clewell, R.; Kleinstreuer, N.; Oelgeschläger, M.; Desprez, B.; Kienhuis, A.; Bos, P.; de Vries, R.; et al. Workshop on the validation and regulatory acceptance of innovative 3R approaches in regulatory toxicology–Evolution versus revolution. Toxicol. In Vitro 2019, 59, 1–11. [Google Scholar] [CrossRef]

	



Jubelin, C.; Muñoz-Garcia, J.; Griscom, L.; Cochonneau, D.; Ollivier, E.; Heymann, M.-F.; Vallette, F.M.; Oliver, L.; Heymann, D. Three-dimensional in vitro culture models in oncology research. Cell Biosci. 2022, 12, 155. [Google Scholar] [CrossRef]

	



Gunti, S.; Hoke, A.T.K.; Vu, K.; London, N.R., Jr. Organoid and Spheroid Tumor Models: Techniques and Applications. Cancers 2021, 13, 874. [Google Scholar] [CrossRef]

	



Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921–R925. [Google Scholar] [CrossRef]

	



Knight, E.; Przyborski, S. Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro. J. Anat. 2015, 227, 746–756. [Google Scholar] [CrossRef] [PubMed]

	



Franchi-Mendes, T.; Eduardo, R.; Domenici, G.; Brito, C. 3D Cancer Models: Depicting Cellular Crosstalk within the Tumour Microenvironment. Cancers 2021, 13, 4610. [Google Scholar] [CrossRef] [PubMed]

	



Khot, M.I.; Perry, S.L.; Maisey, T.; Armstrong, G.; Andrew, H.; Hughes, T.A.; Kapur, N.; Jayne, D.G. Inhibiting ABCG2 could potentially enhance the efficacy of hypericin-mediated photodynamic therapy in spheroidal cell models of colorectal cancer. Photodiagn. Photodyn. Ther. 2018, 23, 221–229. [Google Scholar] [CrossRef] [PubMed]

	



Cartaxo, A.L.; Estrada, M.F.; Domenici, G.; Roque, R.; Silva, F.; Gualda, E.J.; Loza-Alvarez, P.; Sflomos, G.; Brisken, C.; Alves, P.M.; et al. A novel culture method that sustains ERα signaling in human breast cancer tissue microstructures. J. Exp. Clin. Cancer Res. 2020, 39, 161. [Google Scholar] [CrossRef]

	



Djomehri, S.I.; Burman, B.; Gonzalez, M.E.; Takayama, S.; Kleer, C.G. A reproducible scaffold-free 3D organoid model to study neoplastic progression in breast cancer. J. Cell Commun. Signal. 2018, 13, 129–143. [Google Scholar] [CrossRef]

	



Amaral, R.L.F.; Miranda, M.; Marcato, P.D.; Swiech, K. Comparative Analysis of 3D Bladder Tumor Spheroids Obtained by Forced Floating and Hanging Drop Methods for Drug Screening. Front. Physiol. 2017, 8, 605. [Google Scholar] [CrossRef] [PubMed]

	



Costa, E.C.; de Melo-Diogo, D.; Moreira, A.F.; Carvalho, M.P.; Correia, I.J. Spheroids Formation on Non-Adhesive Surfaces by Liquid Overlay Technique: Considerations and Practical Approaches. Biotechnol. J. 2018, 13, 1700417. [Google Scholar] [CrossRef]

	



Muniandy, K.; Ahmad, Z.A.; Dass, S.A.; Shamsuddin, S.; Kumaran, N.M.; Balakrishnan, V. Growth and Invasion of 3D Spheroid Tumor of HeLa and CasKi Cervical Cancer Cells. Oncologie 2021, 23, 279–291. [Google Scholar] [CrossRef]

	



Haisler, W.L.; Timm, D.M.; Gage, J.A.; Tseng, H.; Killian, T.; Souza, G.R. Three-dimensional cell culturing by magnetic levitation. Nat. Protoc. 2013, 8, 1940–1949. [Google Scholar] [CrossRef]

	



Foglietta, F.; Canaparo, R.; Muccioli, G.; Terreno, E.; Serpe, L. Methodological aspects and pharmacological applications of three-dimensional cancer cell cultures and organoids. Life Sci. 2020, 254, 117784. [Google Scholar] [CrossRef]

	



Hoarau-Véchot, J.; Rafii, A.; Touboul, C.; Pasquier, J. Halfway between 2D and Animal Models: Are 3D Cultures the Ideal Tool to Study Cancer-Microenvironment Interactions? Int. J. Mol. Sci. 2018, 19, 181. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Rajan, S.A.P.; Song, Q.; Zhao, Y.; Wan, M.; Aleman, J.; Skardal, A.; Bishop, C.; Atala, A.; Lu, B. 3D scaffold-free microlivers with drug metabolic function generated by lineage-reprogrammed hepatocytes from human fibroblasts. Biomaterials 2021, 269, 120668. [Google Scholar] [CrossRef]

	



Moshksayan, K.; Kashaninejad, N.; Warkiani, M.E.; Lock, J.G.; Moghadas, H.; Firoozabadi, B.; Saidi, M.S.; Nguyen, N.-T. Spheroids-on-a-chip: Recent advances and design considerations in microfluidic platforms for spheroid formation and culture. Sens. Actuators B Chem. 2018, 263, 151–176. [Google Scholar] [CrossRef]

	



Flores-Torres, S.; Peza-Chavez, O.; Kuasne, H.; Munguia-Lopez, J.G.; Kort-Mascort, J.; Ferri, L.; Jiang, T.; Rajadurai, C.V.; Park, M.; Sangwan, V.; et al. Alginate–gelatin–Matrigel hydrogels enable the development and multigenerational passaging of patient-derived 3D bioprinted cancer spheroid models. Biofabrication 2021, 13, 025001. [Google Scholar] [CrossRef] [PubMed]

	



Hongisto, V.; Jernström, S.; Fey, V.; Mpindi, J.-P.; Sahlberg, K.K.; Kallioniemi, O.; Perälä, M. High-Throughput 3D Screening Reveals Differences in Drug Sensitivities between Culture Models of JIMT1 Breast Cancer Cells. PLoS ONE 2013, 8, e77232. [Google Scholar] [CrossRef]

	



Koh, I.; Cha, J.; Park, J.; Choi, J.; Kang, S.-G.; Kim, P. The mode and dynamics of glioblastoma cell invasion into a decellularized tissue-derived extracellular matrix-based three-dimensional tumor model. Sci. Rep. 2018, 8, 4608. [Google Scholar] [CrossRef] [PubMed]

	



Sun, D.; Liu, Y.; Wang, H.; Deng, F.; Zhang, Y.; Zhao, S.; Ma, X.; Wu, H.; Sun, G. Novel decellularized liver matrix-alginate hybrid gel beads for the 3D culture of hepatocellular carcinoma cells. Int. J. Biol. Macromol. 2017, 109, 1154–1163. [Google Scholar] [CrossRef] [PubMed]

	



Girard, Y.K.; Wang, C.; Ravi, S.; Howell, M.C.; Mallela, J.; Alibrahim, M.; Green, R.; Hellermann, G.; Mohapatra, S.S.; Mohapatra, S. A 3D Fibrous Scaffold Inducing Tumoroids: A Platform for Anticancer Drug Development. PLoS ONE 2013, 8, e75345. [Google Scholar] [CrossRef]

	



Feng, S.; Duan, X.; Lo, P.-K.; Liu, S.; Liu, X.; Chen, H.; Wang, Q. Expansion of breast cancer stem cells with fibrous scaffolds. Integr. Biol. 2013, 5, 768–777. [Google Scholar] [CrossRef] [PubMed]

	



Pradhan, S.; Clary, J.M.; Seliktar, D.; Lipke, E.A. A three-dimensional spheroidal cancer model based on PEG-fibrinogen hydrogel microspheres. Biomaterials 2017, 115, 141–154. [Google Scholar] [CrossRef]

	



Leong, W.; Kremer, A.; Wang, D.-A. Development of size-customized hepatocarcinoma spheroids as a potential drug testing platform using a sacrificial gelatin microsphere system. Mater. Sci. Eng. C 2016, 63, 644–649. [Google Scholar] [CrossRef]

	



Yin, R.; Zhang, N.; Wang, K.; Long, H.; Xing, T.; Nie, J.; Zhang, H.; Zhang, W. Material design and photo-regulated hydrolytic degradation behavior of tissue engineering scaffolds fabricated via 3D fiber deposition. J. Mater. Chem. B 2016, 5, 329–340. [Google Scholar] [CrossRef]

	



Wu, Z.; Su, X.; Xu, Y.; Kong, B.; Sun, W.; Mi, S. Bioprinting three-dimensional cell-laden tissue constructs with controllable degradation. Sci. Rep. 2016, 6, 24474. [Google Scholar] [CrossRef]

	



Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.; et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell 2020, 180, 188–204.e22. [Google Scholar] [CrossRef]

	



Vinci, M.; Gowan, S.; Boxall, F.; Patterson, L.; Zimmermann, M.; Court, W.; Lomas, C.; Mendiola, M.; Hardisson, D.; Eccles, S.A. Advances in establishment and analysis of three-dimensional tumor spheroid-based functional assays for target validation and drug evaluation. BMC Biol. 2012, 10, 29. [Google Scholar] [CrossRef]

	



Ekert, J.E.; Johnson, K.; Strake, B.; Pardinas, J.; Jarantow, S.; Perkinson, R.; Colter, D.C. Three-Dimensional Lung Tumor Microenvironment Modulates Therapeutic Compound Responsiveness In Vitro—Implication for Drug Development. PLoS ONE 2014, 9, e92248. [Google Scholar] [CrossRef] [PubMed]

	



Karkampouna, S.; La Manna, F.; Benjak, A.; Kiener, M.; De Menna, M.; Zoni, E.; Grosjean, J.; Klima, I.; Garofoli, A.; Bolis, M.; et al. Patient-derived xenografts and organoids model therapy response in prostate cancer. Nat. Commun. 2021, 12, 1117. [Google Scholar] [CrossRef] [PubMed]

	



Ruppen, J.; Wildhaber, F.D.; Strub, C.; Hall, S.R.R.; Schmid, R.A.; Geiser, T.; Guenat, O.T. Towards personalized medicine: Chemosensitivity assays of patient lung cancer cell spheroids in a perfused microfluidic platform. Lab Chip 2015, 15, 3076–3085. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Chen, M.C.W.; Cheung, K.C. Droplet-based microfluidic system for multicellular tumor spheroid formation and anticancer drug testing. Lab Chip 2010, 10, 2424–2432. [Google Scholar] [CrossRef]

	



Raghavan, S.; Mehta, P.; Ward, M.R.; Bregenzer, M.E.; Fleck, E.M.A.; Tan, L.; McLean, K.; Buckanovich, R.J.; Mehta, G. Personalized Medicine–Based Approach to Model Patterns of Chemoresistance and Tumor Recurrence Using Ovarian Cancer Stem Cell Spheroids. Clin. Cancer Res. 2017, 23, 6934–6945. [Google Scholar] [CrossRef] [PubMed]

	



Tung, Y.-C.; Hsiao, A.Y.; Allen, S.G.; Torisawa, Y.-S.; Ho, M.; Takayama, S. High-throughput 3D spheroid culture and drug testing using a 384 hanging drop array. Analyst 2010, 136, 473–478. [Google Scholar] [CrossRef]

	



Jaganathan, H.; Gage, J.; Leonard, F.; Srinivasan, S.; Souza, G.R.; Dave, B.; Godin, B. Three-Dimensional In Vitro Co-Culture Model of Breast Tumor using Magnetic Levitation. Sci. Rep. 2014, 4, 6468. [Google Scholar] [CrossRef]

	



Moon, S.; Ok, Y.; Hwang, S.; Lim, Y.S.; Kim, H.-Y.; Na, Y.-J.; Yoon, S. A Marine Collagen-Based Biomimetic Hydrogel Recapitulates Cancer Stem Cell Niche and Enhances Progression and Chemoresistance in Human Ovarian Cancer. Mar. Drugs 2020, 18, 498. [Google Scholar] [CrossRef]

	



Ganesh, K.; Wu, C.; O’Rourke, K.P.; Szeglin, B.C.; Zheng, Y.; Sauvé, C.-E.G.; Adileh, M.; Wasserman, I.; Marco, M.R.; Kim, A.S.; et al. A rectal cancer organoid platform to study individual responses to chemoradiation. Nat. Med. 2019, 25, 1607–1614. [Google Scholar] [CrossRef]

	



Shi, R.; Radulovich, N.; Ng, C.; Liu, N.; Notsuda, H.; Cabanero, M.; Martins-Filho, S.N.; Raghavan, V.; Li, Q.; Mer, A.S.; et al. Organoid Cultures as Preclinical Models of Non–Small Cell Lung Cancer. Clin. Cancer Res. 2020, 26, 1162–1174. [Google Scholar] [CrossRef] [PubMed]

	



Hoshiba, T.; Tanaka, M. Decellularized matrices as in vitro models of extracellular matrix in tumor tissues at different malignant levels: Mechanism of 5-fluorouracil resistance in colorectal tumor cells. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2016, 1863, 2749–2757. [Google Scholar] [CrossRef]

	



Sensi, F.; D’Angelo, E.; Piccoli, M.; Pavan, P.; Mastrotto, F.; Caliceti, P.; Biccari, A.; Corallo, D.; Urbani, L.; Fassan, M.; et al. Recellularized Colorectal Cancer Patient-Derived Scaffolds as In Vitro Pre-Clinical 3D Model for Drug Screening. Cancers 2020, 12, 681. [Google Scholar] [CrossRef] [PubMed]

	



Rabie, A.M.I.; Ali, A.S.M.; Al-Zeer, M.A.; Barhoum, A.; El-Hallouty, S.; Shousha, W.G.; Berg, J.; Kurreck, J.; Khalil, A.S.G. Spontaneous Formation of 3D Breast Cancer Tissues on Electrospun Chitosan/Poly(ethylene oxide) Nanofibrous Scaffolds. ACS Omega 2022, 7, 2114–2126. [Google Scholar] [CrossRef] [PubMed]

	



Dhamecha, D.; Le, D.; Movsas, R.; Gonsalves, A.; Menon, J.U. Porous Polymeric Microspheres With Controllable Pore Diameters for Tissue Engineered Lung Tumor Model Development. Front. Bioeng. Biotechnol. 2020, 8, 799. [Google Scholar] [CrossRef]

	



Zhou, X.; Zhu, W.; Nowicki, M.; Miao, S.; Cui, H.; Holmes, B.; Glazer, R.I.; Zhang, L.G. 3D Bioprinting a Cell-Laden Bone Matrix for Breast Cancer Metastasis Study. ACS Appl. Mater. Interfaces 2016, 8, 30017–30026. [Google Scholar] [CrossRef]

	



Zhao, Y.; Yao, R.; Ouyang, L.; Ding, H.; Zhang, T.; Zhang, K.; Cheng, S.; Sun, W. Three-dimensional printing of Hela cells for cervical tumor model in vitro. Biofabrication 2014, 6, 035001. [Google Scholar] [CrossRef]

	



Han, S.J.; Kwon, S.; Kim, K.S. Challenges of applying multicellular tumor spheroids in preclinical phase. Cancer Cell Int. 2021, 21, 1–19. [Google Scholar] [CrossRef]

	



Weiswald, L.-B.; Bellet, D.; Dangles-Marie, V. Spherical Cancer Models in Tumor Biology. Neoplasia 2015, 17, 1–15. [Google Scholar] [CrossRef]

	



Barbosa, M.A.G.; Xavier, C.P.R.; Pereira, R.F.; Petrikaitė, V.; Vasconcelos, M.H. 3D Cell Culture Models as Recapitulators of the Tumor Microenvironment for the Screening of Anti-Cancer Drugs. Cancers 2021, 14, 190. [Google Scholar] [CrossRef]

	



Zhu, Y.; Kang, E.; Wilson, M.; Basso, T.; Chen, E.; Yu, Y.; Li, Y.-R. 3D Tumor Spheroid and Organoid to Model Tumor Microenvironment for Cancer Immunotherapy. Organoids 2022, 1, 149–167. [Google Scholar] [CrossRef]

	



Selby, M.; Delosh, R.; Laudeman, J.; Ogle, C.; Reinhart, R.; Silvers, T.; Lawrence, S.; Kinders, R.; Parchment, R.; Teicher, B.A.; et al. 3D Models of the NCI60 Cell Lines for Screening Oncology Compounds. SLAS Discov. Adv. Sci. Drug Discov. 2017, 22, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor spheroid models for in vitro therapeutic screening: A systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 2016, 6, 19103. [Google Scholar] [CrossRef] [PubMed]

	



Quereda, V.; Hou, S.; Madoux, F.; Scampavia, L.; Spicer, T.P.; Duckett, D. A Cytotoxic Three-Dimensional-Spheroid, High-Throughput Assay Using Patient-Derived Glioma Stem Cells. SLAS Discov. Adv. Sci. Drug Discov. 2018, 23, 842–849. [Google Scholar] [CrossRef] [PubMed]

	



Halfter, K.; Ditsch, N.; Kolberg, H.-C.; Fischer, H.; Hauzenberger, T.; von Koch, F.E.; Bauerfeind, I.; von Minckwitz, G.; Funke, I.; Crispin, A.; et al. Prospective cohort study using the breast cancer spheroid model as a predictor for response to neoadjuvant therapy—The SpheroNEO study. BMC Cancer 2015, 15, 519. [Google Scholar] [CrossRef] [PubMed]

	



Halfter, K.; Hoffmann, O.; Ditsch, N.; Ahne, M.; Arnold, F.; Paepke, S.; Grab, D.; Bauerfeind, I.; Mayer, B. Testing chemotherapy efficacy in HER2 negative breast cancer using patient-derived spheroids. J. Transl. Med. 2016, 14, 112. [Google Scholar] [CrossRef] [PubMed]

	



Hofmann, S.; Cohen-Harazi, R.; Maizels, Y.; Koman, I. Patient-derived tumor spheroid cultures as a promising tool to assist personalized therapeutic decisions in breast cancer. Transl. Cancer Res. 2022, 11, 134–147. [Google Scholar] [CrossRef]

	



Jeppesen, M.; Hagel, G.; Glenthoj, A.; Vainer, B.; Ibsen, P.; Harling, H.; Thastrup, O.; Jorgensen, L.N.; Thastrup, J. Short-term spheroid culture of primary colorectal cancer cells as an in vitro model for personalizing cancer medicine. PLoS ONE 2017, 12, e0183074. [Google Scholar] [CrossRef]

	



Della Corte, C.M.; Barra, G.; Ciaramella, V.; Di Liello, R.; Vicidomini, G.; Zappavigna, S.; Luce, A.; Abate, M.; Fiorelli, A.; Caraglia, M.; et al. Antitumor activity of dual blockade of PD-L1 and MEK in NSCLC patients derived three-dimensional spheroid cultures. J. Exp. Clin. Cancer Res. 2019, 38, 253. [Google Scholar] [CrossRef]

	



Shuford, S.; Wilhelm, C.; Rayner, M.; Elrod, A.; Millard, M.; Mattingly, C.; Lotstein, A.; Smith, A.M.; Guo, Q.J.; O’Donnell, L.; et al. Prospective Validation of an Ex Vivo, Patient-Derived 3D Spheroid Model for Response Predictions in Newly Diagnosed Ovarian Cancer. Sci. Rep. 2019, 9, 11153. [Google Scholar] [CrossRef]

	



Mori, Y.; Yamawaki, K.; Ishiguro, T.; Yoshihara, K.; Ueda, H.; Sato, A.; Ohata, H.; Yoshida, Y.; Minamino, T.; Okamoto, K.; et al. ALDH-Dependent Glycolytic Activation Mediates Stemness and Paclitaxel Resistance in Patient-Derived Spheroid Models of Uterine Endometrial Cancer. Stem Cell Rep. 2019, 13, 730–746. [Google Scholar] [CrossRef] [PubMed]

	



Linxweiler, J.; Hammer, M.; Muhs, S.; Kohn, M.; Pryalukhin, A.; Veith, C.; Bohle, R.M.; Stöckle, M.; Junker, K.; Saar, M. Patient-derived, three-dimensional spheroid cultures provide a versatile translational model for the study of organ-confined prostate cancer. J. Cancer Res. Clin. Oncol. 2018, 145, 551–559. [Google Scholar] [CrossRef] [PubMed]

	



Kuninty, P.R.; Bansal, R.; De Geus, S.W.L.; Mardhian, D.F.; Schnittert, J.; van Baarlen, J.; Storm, G.; Bijlsma, M.F.; van Laarhoven, H.W.; Metselaar, J.M.; et al. ITGA5 inhibition in pancreatic stellate cells attenuates desmoplasia and potentiates efficacy of chemotherapy in pancreatic cancer. Sci. Adv. 2019, 5, eaax2770. [Google Scholar] [CrossRef] [PubMed]

	



Schnittert, J.; Heinrich, M.A.; Kuninty, P.R.; Storm, G.; Prakash, J. Reprogramming tumor stroma using an endogenous lipid lipoxin A4 to treat pancreatic cancer. Cancer Lett. 2018, 420, 247–258. [Google Scholar] [CrossRef] [PubMed]

	



Courau, T.; Bonnereau, J.; Chicoteau, J.; Bottois, H.; Remark, R.; Miranda, L.A.; Toubert, A.; Blery, M.; Aparicio, T.; Allez, M.; et al. Cocultures of human colorectal tumor spheroids with immune cells reveal the therapeutic potential of MICA/B and NKG2A targeting for cancer treatment. J. Immunother. Cancer 2019, 7, 74. [Google Scholar] [CrossRef]

	



Vitale, C.; Marzagalli, M.; Scaglione, S.; Dondero, A.; Bottino, C.; Castriconi, R. Tumor Microenvironment and Hydrogel-Based 3D Cancer Models for In Vitro Testing Immunotherapies. Cancers 2022, 14, 1013. [Google Scholar] [CrossRef]

	



Lamichhane, S.P.; Arya, N.; Kohler, E.; Xiang, S.; Christensen, J.; Shastri, V.P. Recapitulating epithelial tumor microenvironment in vitro using three dimensional tri-culture of human epithelial, endothelial, and mesenchymal cells. BMC Cancer 2016, 16, 581. [Google Scholar] [CrossRef]

	



Hoffmann, O.I.; Ilmberger, C.; Magosch, S.; Joka, M.; Jauch, K.-W.; Mayer, B. Impact of the spheroid model complexity on drug response. J. Biotechnol. 2015, 205, 14–23. [Google Scholar] [CrossRef]

	



Logsdon, D.K.; Beeghly, G.F.; Munson, J.M. Chemoprotection Across the Tumor Border: Cancer Cell Response to Doxorubicin Depends on Stromal Fibroblast Ratios and Interstitial Therapeutic Transport. Cell. Mol. Bioeng. 2017, 10, 463–481. [Google Scholar] [CrossRef]

	



Lee, J.-H.; Kim, S.-K.; Khawar, I.A.; Jeong, S.-Y.; Chung, S.; Kuh, H.-J. Microfluidic co-culture of pancreatic tumor spheroids with stellate cells as a novel 3D model for investigation of stroma-mediated cell motility and drug resistance. J. Exp. Clin. Cancer Res. 2018, 37, 4. [Google Scholar] [CrossRef] [PubMed]

	



Folkesson, E.; Niederdorfer, B.; Nakstad, V.T.; Thommesen, L.; Klinkenberg, G.; Lægreid, A.; Flobak, A. High-throughput screening reveals higher synergistic effect of MEK inhibitor combinations in colon cancer spheroids. Sci. Rep. 2020, 10, 11574. [Google Scholar] [CrossRef]

	



Kessel, S.; Cribbes, S.; Déry, O.; Kuksin, D.; Sincoff, E.; Qiu, J.; Chan, L.L.-Y. High-Throughput 3D Tumor Spheroid Screening Method for Cancer Drug Discovery Using Celigo Image Cytometry. SLAS Technol. Transl. Life Sci. Innov. 2016, 22, 454–465. [Google Scholar] [CrossRef] [PubMed]

	



Moraes, G.D.S.; Wink, M.R.; Klamt, F.; Silva, A.O.; Fernandes, M.D.C. Simplified low-cost methodology to establish, histologically process and analyze three-dimensional cancer cell spheroid arrays. Eur. J. Cell Biol. 2020, 99, 151095. [Google Scholar] [CrossRef]

	



Decarli, M.C.; Mizukami, A.; Azoubel, R.A.; Neto, P.I.; Mota, C.; Moraes, M.; Silva, J.V.L.; Moroni, L. Static systems to obtain 3D spheroid cell models: A cost analysis comparing the implementation of four types of microwell array inserts. Biochem. Eng. J. 2022, 182, 108414. [Google Scholar] [CrossRef]

	



Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586–1597. [Google Scholar] [CrossRef]

	



Sato, T.; Vries, R.G.; Snippert, H.J.; Van De Wetering, M.; Barker, N.; Stange, D.E.; Van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al. Single Lgr5 Stem Cells Build Crypt-Villus Structures in Vitro without a Mesenchymal Niche. Nature 2009, 459, 262–265. [Google Scholar] [CrossRef] [PubMed]

	



Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.J.; Van Es, J.H.; Van Den Brink, S.; Van Houdt, W.J.; Pronk, A.; Van Gorp, J.; Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids From Human Colon, Adenoma, Adenocarcinoma, and Barrett’s Epithelium. Gastroenterology 2011, 141, 1762–1772. [Google Scholar] [CrossRef]

	



Gao, D.; Vela, I.; Sboner, A.; Iaquinta, P.J.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, J.N.; Undvall, E.A.; Arora, V.K.; et al. Organoid Cultures Derived from Patients with Advanced Prostate Cancer. Cell 2014, 159, 176–187. [Google Scholar] [CrossRef] [PubMed]

	



Van De Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; Van Houdt, W.; Van Gorp, J.; Taylor-Weiner, A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933–945. [Google Scholar] [CrossRef]

	



Boj, S.F.; Hwang, C.-I.; Baker, L.A.; Chio, I.I.C.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al. Organoid Models of Human and Mouse Ductal Pancreatic Cancer. Cell 2015, 160, 324–338. [Google Scholar] [CrossRef] [PubMed]

	



Broutier, L.; Mastrogiovanni, G.; Verstegen, M.M.A.; Francies, H.E.; Gavarró, L.M.; Bradshaw, C.R.; Allen, G.E.; Arnes-Benito, R.; Sidorova, O.; Gaspersz, M.P.; et al. Human primary liver cancer–derived organoid cultures for disease modeling and drug screening. Nat. Med. 2017, 23, 1424–1435. [Google Scholar] [CrossRef]

	



Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018, 172, 373–386.e10. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.H.; Hu, W.; Matulay, J.T.; Silva, M.V.; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.M.J.; Kandoth, C.; Williams, A.B.; et al. Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder Cancer. Cell 2018, 173, 515–528.e17. [Google Scholar] [CrossRef] [PubMed]

	



Yan, H.H.N.; Siu, H.C.; Law, S.; Ho, S.L.; Yue, S.S.K.; Tsui, W.Y.; Chan, D.; Chan, A.S.; Ma, S.; Lam, K.O.; et al. A Comprehensive Human Gastric Cancer Organoid Biobank Captures Tumor Subtype Heterogeneity and Enables Therapeutic Screening. Cell Stem Cell 2018, 23, 882–897.e811. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Francies, H.E.; Secrier, M.; Perner, J.; Miremadi, A.; Galeano-Dalmau, N.; Barendt, W.J.; Letchford, L.; Leyden, G.M.; Goffin, E.K.; et al. Organoid cultures recapitulate esophageal adenocarcinoma heterogeneity providing a model for clonality studies and precision therapeutics. Nat. Commun. 2018, 9, 2983. [Google Scholar] [CrossRef]

	



Kim, M.; Mun, H.; Sung, C.O.; Cho, E.J.; Jeon, H.-J.; Chun, S.-M.; Jung, D.J.; Shin, T.H.; Jeong, G.S.; Kim, D.K.; et al. Patient-derived lung cancer organoids as in vitro cancer models for therapeutic screening. Nat. Commun. 2019, 10, 3991. [Google Scholar] [CrossRef] [PubMed]

	



Kopper, O.; de Witte, C.J.; Lõhmussaar, K.; Valle-Inclan, J.E.; Hami, N.; Kester, L.; Balgobind, A.V.; Korving, J.; Proost, N.; Begthel, H.; et al. An organoid platform for ovarian cancer captures intra- and interpatient heterogeneity. Nat. Med. 2019, 25, 838–849. [Google Scholar] [CrossRef]

	



Clevers, H.; Tuveson, D.A. Organoid Models for Cancer Research. Annu. Rev. Cancer Biol. 2019, 3, 223–234. [Google Scholar] [CrossRef]

	



LeSavage, B.L.; Suhar, R.A.; Broguiere, N.; Lutolf, M.P.; Heilshorn, S.C. Next-generation cancer organoids. Nat. Mater. 2021, 21, 143–159. [Google Scholar] [CrossRef]

	



Drost, J.; Karthaus, W.R.; Gao, D.; Driehuis, E.; Sawyers, C.L.; Chen, Y.; Clevers, H. Organoid culture systems for prostate epithelial and cancer tissue. Nat. Protoc. 2016, 11, 347–358. [Google Scholar] [CrossRef]

	



Kozlowski, M.T.; Crook, C.J.; Ku, H.T. Towards organoid culture without Matrigel. Commun. Biol. 2021, 4, 1387. [Google Scholar] [CrossRef] [PubMed]

	



Mosquera, M.J.; Kim, S.; Bareja, R.; Fang, Z.; Cai, S.; Pan, H.; Asad, M.; Martin, M.L.; Sigouros, M.; Rowdo, F.M.; et al. Extracellular Matrix in Synthetic Hydrogel-Based Prostate Cancer Organoids Regulate Therapeutic Response to EZH2 and DRD2 Inhibitors. Adv. Mater. 2021, 34, e2100096. [Google Scholar] [CrossRef]

	



Fujii, M.; Shimokawa, M.; Date, S.; Takano, A.; Matano, M.; Nanki, K.; Ohta, Y.; Toshimitsu, K.; Nakazato, Y.; Kawasaki, K.; et al. A Colorectal Tumor Organoid Library Demonstrates Progressive Loss of Niche Factor Requirements during Tumorigenesis. Cell Stem Cell 2016, 18, 827–838. [Google Scholar] [CrossRef] [PubMed]

	



Weeber, F.; van de Wetering, M.; Hoogstraat, M.; Dijkstra, K.K.; Krijgsman, O.; Kuilman, T.; Gadellaa-van Hooijdonk, C.G.M.; van der Velden, D.L.; Peeper, D.S.; Cuppen, E.P.J.G.; et al. Preserved genetic diversity in organoids cultured from biopsies of human colorectal cancer metastases. Proc. Natl. Acad. Sci. USA 2015, 112, 13308–13311. [Google Scholar] [CrossRef] [PubMed]

	



Driehuis, E.; van Hoeck, A.; Moore, K.; Kolders, S.; Francies, H.E.; Gulersonmez, M.C.; Stigter, E.C.A.; Burgering, B.; Geurts, V.; Gracanin, A.; et al. Pancreatic cancer organoids recapitulate disease and allow personalized drug screening. Proc. Natl. Acad. Sci. USA 2019, 116, 26580–26590. [Google Scholar] [CrossRef]

	



Watanabe, S.; Yogo, A.; Otsubo, T.; Umehara, H.; Oishi, J.; Kodo, T.; Masui, T.; Takaishi, S.; Seno, H.; Uemoto, S.; et al. Establishment of patient-derived organoids and a characterization-based drug discovery platform for treatment of pancreatic cancer. BMC Cancer 2022, 22, 489. [Google Scholar] [CrossRef]

	



Schutgens, F.; Clevers, H. Human Organoids: Tools for Understanding Biology and Treating Diseases. Annu. Rev. Pathol. Mech. Dis. 2020, 15, 211–234. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, S.; McOlash, L.; Palen, K.; Johnson, B.; Duris, C.; Yang, Q.; Dwinell, M.B.; Hunt, B.; Evans, D.B.; Gershan, J.; et al. Development of primary human pancreatic cancer organoids, matched stromal and immune cells and 3D tumor microenvironment models. BMC Cancer 2018, 18, 335. [Google Scholar] [CrossRef]

	



Wallaschek, N.; Niklas, C.; Pompaiah, M.; Wiegering, A.; Germer, C.-T.; Kircher, S.; Brändlein, S.; Maurus, K.; Rosenwald, A.; Yan, H.H.; et al. Establishing Pure Cancer Organoid Cultures: Identification, Selection and Verification of Cancer Phenotypes and Genotypes. J. Mol. Biol. 2019, 431, 2884–2893. [Google Scholar] [CrossRef]

	



Yuki, K.; Cheng, N.; Nakano, M.; Kuo, C.J. Organoid Models of Tumor Immunology. Trends Immunol. 2020, 41, 652–664. [Google Scholar] [CrossRef] [PubMed]

	



Biffi, G.; Oni, T.E.; Spielman, B.; Hao, Y.; Elyada, E.; Park, Y.; Preall, J.; Tuveson, D.A. IL1-Induced JAK/STAT Signaling Is Antagonized by TGFβ to Shape CAF Heterogeneity in Pancreatic Ductal Adenocarcinoma. Cancer Discov. 2019, 9, 282–301. [Google Scholar] [CrossRef]

	



Luo, X.; Fong, E.L.S.; Zhu, C.; Lin, Q.X.X.; Xiong, M.; Li, A.; Li, T.; Benoukraf, T.; Yu, H.; Liu, S. Hydrogel-based colorectal cancer organoid co-culture models. Acta Biomater. 2020, 132, 461–472. [Google Scholar] [CrossRef] [PubMed]

	



Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, I.H.; Chiou, S.-H.; Salahudeen, A.A.; Smith, A.R.; et al. Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972–1988.e16. [Google Scholar] [CrossRef]

	



Jenkins, R.W.; Aref, A.R.; Lizotte, P.H.; Ivanova, E.; Stinson, S.; Zhou, C.W.; Bowden, M.; Deng, J.; Liu, H.; Miao, D.; et al. Ex Vivo Profiling of PD-1 Blockade Using Organotypic Tumor Spheroids. Cancer Discov. 2018, 8, 196–215. [Google Scholar] [CrossRef] [PubMed]

	



de Witte, C.J.; Valle-Inclan, J.E.; Hami, N.; Lõhmussaar, K.; Kopper, O.; Vreuls, C.P.H.; Jonges, G.N.; van Diest, P.; Nguyen, L.; Clevers, H.; et al. Patient-Derived Ovarian Cancer Organoids Mimic Clinical Response and Exhibit Heterogeneous Inter- and Intrapatient Drug Responses. Cell Rep. 2020, 31, 107762. [Google Scholar] [CrossRef]

	



Calandrini, C.; Schutgens, F.; Oka, R.; Margaritis, T.; Candelli, T.; Mathijsen, L.; Ammerlaan, C.; van Ineveld, R.L.; Derakhshan, S.; de Haan, S.; et al. An organoid biobank for childhood kidney cancers that captures disease and tissue heterogeneity. Nat. Commun. 2020, 11, 1310. [Google Scholar] [CrossRef] [PubMed]

	



Sachs, N.; Papaspyropoulos, A.; Zomer-van Ommen, D.D.; Heo, I.; Böttinger, L.; Klay, D.; Weeber, F.; Huelsz-Prince, G.; Iakobachvili, N.; Amatngalim, G.D.; et al. Long-term expanding human airway organoids for disease modeling. EMBO J. 2019, 38, e100300. [Google Scholar] [CrossRef]

	



Herpers, B.; Eppink, B.; James, M.I.; Cortina, C.; Cañellas-Socias, A.; Boj, S.F.; Hernando-Momblona, X.; Glodzik, D.; Roovers, R.C.; van de Wetering, M.; et al. Functional patient-derived organoid screenings identify MCLA-158 as a therapeutic EGFR × LGR5 bispecific antibody with efficacy in epithelial tumors. Nat. Cancer 2022, 3, 418–436. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Shang, L.; Wang, P.; Zhou, J.; Ouyang, X.; Zheng, M.; Mao, B.; Zhang, L.; Chen, B.; Wang, J.; et al. Creating Matched In vivo/In vitro Patient-Derived Model Pairs of PDX and PDX-Derived Organoids for Cancer Pharmacology Research. J. Vis. Exp. 2021, 5, e61382. [Google Scholar] [CrossRef]

	



Guillen, K.P.; Fujita, M.; Butterfield, A.J.; Scherer, S.D.; Bailey, M.H.; Chu, Z.; DeRose, Y.S.; Zhao, L.; Cortes-Sanchez, E.; Yang, C.-H.; et al. A human breast cancer-derived xenograft and organoid platform for drug discovery and precision oncology. Nat. Cancer 2022, 3, 232–250. [Google Scholar] [CrossRef]

	



Xu, X.; Kumari, R.; Zhou, J.; Chen, J.; Mao, B.; Wang, J.; Zheng, M.; Tu, X.; An, X.; Chen, X.; et al. A living biobank of matched pairs of patient-derived xenografts and organoids for cancer pharmacology. PLoS ONE 2023, 18, e0279821. [Google Scholar] [CrossRef] [PubMed]

	



HUB Organoids: Patient in the Lab. Available online: https://www.huborganoids.nl/ (accessed on 3 March 2023).

	



Liu, C.; Qin, T.; Huang, Y.; Li, Y.; Chen, G.; Sun, C. Drug screening model meets cancer organoid technology. Transl. Oncol. 2020, 13, 100840. [Google Scholar] [CrossRef]

	



Zanoni, M.; Pignatta, S.; Arienti, C.; Bonafè, M.; Tesei, A. Anticancer drug discovery using multicellular tumor spheroid models. Expert Opin. Drug Discov. 2019, 14, 289–301. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, B.; Henriques, A.C.; Silva, P.M.A.; Bousbaa, H. Three-Dimensional Spheroids as In Vitro Preclinical Models for Cancer Research. Pharmaceutics 2020, 12, 1186. [Google Scholar] [CrossRef] [PubMed]

	



Skala, M.C.; Deming, D.A.; Kratz, J.D. Technologies to Assess Drug Response and Heterogeneity in Patient-Derived Cancer Organoids. Annu. Rev. Biomed. Eng. 2022, 24, 157–177. [Google Scholar] [CrossRef]

	



Aslantürk, Ö.S. In Vitro Cytotoxicity and Cell Viability Assays: Principles, Advantages, and Disadvantages. In Genotoxicity a Predictable Risk to Our Actual World; Larramendy, M.L., Soloneski, S., Eds.; InTech: Rijeka, Croatia, 2018. [Google Scholar] [CrossRef]

	



Strober, W. Trypan Blue Exclusion Test of Cell Viability. Curr. Protoc. Immunol. 2015, 111, A3.B.1–A3.B.3. [Google Scholar] [CrossRef]

	



Präbst, K.; Engelhardt, H.; Ringgeler, S.; Hübner, H. Basic Colorimetric Proliferation Assays: MTT, WST, and Resazurin. In Cell Viability Assays: Methods and Protocols; Gilbert, D.F., Friedrich, O., Eds.; Springer: New York, NY, USA, 2017; Volume 1601, pp. 1–17. [Google Scholar]

	



Page, B.; Page, M.; Noel, C. A new fluorometric assay for cytotoxicity measurements in-vitro. Int. J. Oncol. 1993, 3, 473–476. [Google Scholar] [CrossRef]

	



Dominijanni, A.J.; Devarasetty, M.; Forsythe, S.D.; Votanopoulos, K.I.; Soker, S. Cell Viability Assays in Three-Dimensional Hydrogels: A Comparative Study of Accuracy. Tissue Eng. Part C Methods 2021, 27, 401–410. [Google Scholar] [CrossRef]

	



Xu, X.-T.; Chen, J.; Ren, X.; Ma, Y.-R.; Wang, X.; Ma, Y.-Y.; Zhao, D.-G.; Zhou, R.-P.; Zhang, K.; Goodin, S.; et al. Effects of atorvastatin in combination with celecoxib and tipifarnib on proliferation and apoptosis in pancreatic cancer sphere-forming cells. Eur. J. Pharmacol. 2020, 893, 173840. [Google Scholar] [CrossRef]

	



Singha, B.; Laski, J.; Valdés, Y.R.; Liu, E.; DiMattia, G.E.; Shepherd, T.G. Inhibiting ULK1 kinase decreases autophagy and cell viability in high-grade serous ovarian cancer spheroids. Am. J. Cancer Res. 2020, 10, 1384–1399. [Google Scholar]

	



Fusco, P.; Parisatto, B.; Rampazzo, E.; Persano, L.; Frasson, C.; Di Meglio, A.; Leslz, A.; Santoro, L.; Cafferata, B.; Zin, A.; et al. Patient-derived organoids (PDOs) as a novel in vitro model for neuroblastoma tumours. BMC Cancer 2019, 19, 970. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Gao, D.; Liu, H.; Lin, S.; Jiang, Y. Drug cytotoxicity and signaling pathway analysis with three-dimensional tumor spheroids in a microwell-based microfluidic chip for drug screening. Anal. Chim. Acta 2015, 898, 85–92. [Google Scholar] [CrossRef] [PubMed]

	



Eilenberger, C.; Rothbauer, M.; Ehmoser, E.-K.; Ertl, P.; Küpcü, S. Effect of Spheroidal Age on Sorafenib Diffusivity and Toxicity in a 3D HepG2 Spheroid Model. Sci. Rep. 2019, 9, 4863. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Lin, C.; Cheng, J.; Su, J.; Zhao, H.; Liu, T.; Wen, X.; Zhao, P. Generation of Multicellular Tumor Spheroids with Microwell-Based Agarose Scaffolds for Drug Testing. PLoS ONE 2015, 10, e0130348. [Google Scholar] [CrossRef] [PubMed]

	



Sirenko, O.; Mitlo, T.; Hesley, J.; Luke, S.; Owens, W.; Cromwell, E.F. High-Content Assays for Characterizing the Viability and Morphology of 3D Cancer Spheroid Cultures. ASSAY Drug Dev. Technol. 2015, 13, 402–414. [Google Scholar] [CrossRef]

	



Dadgar, N.; Gonzalez-Suarez, A.M.; Fattahi, P.; Hou, X.; Weroha, J.S.; Gaspar-Maia, A.; Stybayeva, G.; Revzin, A. A microfluidic platform for cultivating ovarian cancer spheroids and testing their responses to chemotherapies. Microsyst. Nanoeng. 2020, 6, 93. [Google Scholar] [CrossRef]

	



Mazzocchi, A.R.; Rajan, S.A.P.; Votanopoulos, K.I.; Hall, A.R.; Skardal, A. In vitro patient-derived 3D mesothelioma tumor organoids facilitate patient-centric therapeutic screening. Sci. Rep. 2018, 8, 2886. [Google Scholar] [CrossRef]

	



Cavaco, M.; Fraga, P.; Valle, J.; Andreu, D.; Castanho, M.A.R.B.; Neves, V. Development of Breast Cancer Spheroids to Evaluate Cytotoxic Response to an Anticancer Peptide. Pharmaceutics 2021, 13, 1863. [Google Scholar] [CrossRef]

	



Kochanek, S.J.; Close, D.A.; Camarco, D.P.; Johnston, P.A. Maximizing the Value of Cancer Drug Screening in Multicellular Tumor Spheroid Cultures: A Case Study in Five Head and Neck Squamous Cell Carcinoma Cell Lines. SLAS Discov. Adv. Sci. Drug Discov. 2020, 25, 329–349. [Google Scholar] [CrossRef]

	



Roper, S.J.; Coyle, B. Establishing an In Vitro 3D Spheroid Model to Study Medulloblastoma Drug Response and Tumor Dissemination. Curr. Protoc. 2022, 2, e357. [Google Scholar] [CrossRef]

	



Bae, I.Y.; Choi, W.; Oh, S.J.; Kim, C.; Kim, S. TIMP -1-expressing breast tumor spheroids for the evaluation of drug penetration and efficacy. Bioeng. Transl. Med. 2021, 7, e10286. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Z.; Yu, P.; Tang, J. Characterization of Triple-Negative Breast Cancer MDA-MB-231 Cell Spheroid Model. OncoTargets Ther. 2020, 13, 5395–5405. [Google Scholar] [CrossRef] [PubMed]

	



Aughton, K.; Shahidipour, H.; Djirackor, L.; Coupland, S.E.; Kalirai, H. Characterization of Uveal Melanoma Cell Lines and Primary Tumor Samples in 3D Culture. Transl. Vis. Sci. Technol. 2020, 9, 39. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Xu, X.; Yang, L.; Zhu, J.; Wan, J.; Shen, L.; Xia, F.; Fu, G.; Deng, Y.; Pan, M.; et al. Patient-Derived Organoids Predict Chemoradiation Responses of Locally Advanced Rectal Cancer. Cell Stem Cell 2020, 26, 17–26.e16. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.-M.; Zhang, C.-Y.; Peng, K.-C.; Chen, Z.-X.; Su, J.-W.; Li, Y.-F.; Li, W.-F.; Gao, Q.-Y.; Zhang, S.-L.; Chen, Y.-Q.; et al. Using patient-derived organoids to predict locally advanced or metastatic lung cancer tumor response: A real-world study. Cell Rep. Med. 2023, 4, 100911. [Google Scholar] [CrossRef] [PubMed]

	



Ooft, S.N.; Weeber, F.; Dijkstra, K.K.; McLean, C.M.; Kaing, S.; Van Werkhoven, E.; Schipper, L.; Hoes, L.; Vis, D.J.; Van De Haar, J.; et al. Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer patients. Sci. Transl. Med. 2019, 11, eaay2574. [Google Scholar] [CrossRef]

	



Kim, S.-Y.; Kim, S.-M.; Lim, S.; Lee, J.Y.; Choi, S.-J.; Yang, S.-D.; Yun, M.R.; Kim, C.G.; Gu, S.R.; Park, C.-W.; et al. Modeling Clinical Responses to Targeted Therapies by Patient-Derived Organoids of Advanced Lung Adenocarcinoma. Clin. Cancer Res. 2021, 27, 4397–4409. [Google Scholar] [CrossRef]

	



Piccinini, F.; Tesei, A.; Arienti, C.; Bevilacqua, A. Cell Counting and Viability Assessment of 2D and 3D Cell Cultures: Expected Reliability of the Trypan Blue Assay. Biol. Proced. Online 2017, 19, 8. [Google Scholar] [CrossRef]

	



Eilenberger, C.; Kratz, S.R.A.; Rothbauer, M.; Ehmoser, E.-K.; Ertl, P.; Küpcü, S. Optimized alamarBlue assay protocol for drug dose-response determination of 3D tumor spheroids. Methodsx 2018, 5, 781–787. [Google Scholar] [CrossRef]

	



Sharick, J.T.; Walsh, C.M.; Sprackling, C.M.; Pasch, C.A.; Pham, D.L.; Esbona, K.; Choudhary, A.; Garcia-Valera, R.; Burkard, M.E.; McGregor, S.M.; et al. Metabolic Heterogeneity in Patient Tumor-Derived Organoids by Primary Site and Drug Treatment. Front. Oncol. 2020, 10, 553. [Google Scholar] [CrossRef]

	



Jang, I.S.; Neto, E.C.; Guinney, J.; Friend, S.H.; Margolin, A.A. Systematic assessment of analytical methods for drug sensitivity prediction from cancer cell line data. Biocomputing 2014, 2014, 63–74. [Google Scholar] [CrossRef]

	



Huang, S.; Pang, L. Comparing Statistical Methods for Quantifying Drug Sensitivity Based on In Vitro Dose–Response Assays. ASSAY Drug Dev. Technol. 2012, 10, 88–96. [Google Scholar] [CrossRef] [PubMed]

	



Hafner, M.; Niepel, M.; Chung, M.; Sorger, P.K. Growth rate inhibition metrics correct for confounders in measuring sensitivity to cancer drugs. Nat. Methods 2016, 13, 521–527. [Google Scholar] [CrossRef]

	



Boyd, J.; Fennell, M.; Carpenter, A. Harnessing the power of microscopy images to accelerate drug discovery: What are the possibilities? Expert Opin. Drug Discov. 2020, 15, 639–642. [Google Scholar] [CrossRef]

	



Sencha, L.M.; Dobrynina, O.E.; Pospelov, A.D.; Guryev, E.L.; Peskova, N.N.; Brilkina, A.A.; Cherkasova, E.I.; Balalaeva, I.V. Real-Time Fluorescence Visualization and Quantitation of Cell Growth and Death in Response to Treatment in 3D Collagen-Based Tumor Model. Int. J. Mol. Sci. 2022, 23, 8837. [Google Scholar] [CrossRef]

	



Fei, K.; Zhang, J.; Yuan, J.; Xiao, P. Present Application and Perspectives of Organoid Imaging Technology. Bioengineering 2022, 9, 121. [Google Scholar] [CrossRef]

	



Piccinini, F.; Tesei, A.; Arienti, C.; Bevilacqua, A. Cancer multicellular spheroids: Volume assessment from a single 2D projection. Comput. Methods Programs Biomed. 2015, 118, 95–106. [Google Scholar] [CrossRef]

	



Piccinini, F.; Tesei, A.; Zanoni, M.; Bevilacqua, A. ReViMS: Software tool for estimating the volumes of 3-D multicellular spheroids imaged using a light sheet fluorescence microscope. Biotechniques 2017, 63, 227–229. [Google Scholar] [CrossRef]

	



Gole, L.; Ong, K.H.; Boudier, T.; Yu, W.; Ahmed, S. OpenSegSPIM: A user-friendly segmentation tool for SPIM data. Bioinformatics 2016, 32, 2075–2077. [Google Scholar] [CrossRef]

	



Matthews, J.; Schuster, B.; Kashaf, S.S.; Liu, P.; Bilgic, M.; Rzhetsky, A.; Tay, S. OrganoID: A versatile deep learning platform for organoid image analysis. bioRxiv 2022. bioRxiv:13.476248. [Google Scholar]

	



Piccinini, F.; Tesei, A.; Bevilacqua, A. Single-image based methods used for non-invasive volume estimation of cancer spheroids: A practical assessing approach based on entry-level equipment. Comput. Methods Programs Biomed. 2016, 135, 51–60. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Liu, W.; Yan, B. Breast Cancer MCF-7 Cell Spheroid Culture for Drug Discovery and Development. J. Cancer Ther. 2022, 13, 117–130. [Google Scholar] [CrossRef] [PubMed]

	



Thakuri, P.S.; Gupta, M.; Plaster, M.; Tavana, H. Quantitative Size-Based Analysis of Tumor Spheroids and Responses to Therapeutics. ASSAY Drug Dev. Technol. 2019, 17, 140–149. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, B.M.; Kannan, M.; Langer, L.F.; Leibowitz, B.D.; Bentaieb, A.; Cancino, A.; Dolgalev, I.; Drummond, B.E.; Dry, J.R.; Ho, C.-S.; et al. A pan-cancer organoid platform for precision medicine. Cell Rep. 2021, 36, 109429. [Google Scholar] [CrossRef]

	



Gunay, G.; Kirit, H.A.; Kamatar, A.; Baghdasaryan, O.; Hamsici, S.; Acar, H. The effects of size and shape of the ovarian cancer spheroids on the drug resistance and migration. Gynecol. Oncol. 2020, 159, 563–572. [Google Scholar] [CrossRef]

	



Kim, S.; Choung, S.; Sun, R.X.; Ung, N.; Hashemi, N.; Fong, E.J.; Lau, R.; Spiller, E.; Gasho, J.; Foo, J.; et al. Comparison of Cell and Organoid-Level Analysis of Patient-Derived 3D Organoids to Evaluate Tumor Cell Growth Dynamics and Drug Response. SLAS Discov. Adv. Sci. Drug Discov. 2020, 25, 744–754. [Google Scholar] [CrossRef]

	



Alzeeb, G.; Arzur, D.; Trichet, V.; Talagas, M.; Corcos, L.; Le Jossic-Corcos, C. Gastric cancer cell death analyzed by live cell imaging of spheroids. Sci. Rep. 2022, 12, 1448. [Google Scholar] [CrossRef]

	



Walsh, A.J.; Castellanos, J.A.; Nagathihalli, N.S.; Merchant, N.B.; Skala, M.C. Optical Imaging of Drug-Induced Metabolism Changes in Murine and Human Pancreatic Cancer Organoids Reveals Heterogeneous Drug Response. Pancreas 2016, 45, 863–869. [Google Scholar] [CrossRef]

	



Walsh, A.J.; Cook, R.S.; Sanders, M.E.; Aurisicchio, L.; Ciliberto, G.; Arteaga, C.L.; Skala, M.C. Quantitative Optical Imaging of Primary Tumor Organoid Metabolism Predicts Drug Response in Breast Cancer. Cancer Res. 2014, 74, 5184–5194. [Google Scholar] [CrossRef]

	



De Santis, I.; Tasnadi, E.; Horvath, P.; Bevilacqua, A.; Piccinini, F. Open-Source Tools for Volume Estimation of 3D Multicellular Aggregates. Appl. Sci. 2019, 9, 1616. [Google Scholar] [CrossRef]

	



Rodallec, A.; Sicard, G.; Giacometti, S.; Carré, M.; Pourroy, B.; Bouquet, F.; Savina, A.; Lacarelle, B.; Ciccolini, J.; Fanciullino, R. From 3D spheroids to tumor bearing mice: Efficacy and distribution studies of trastuzumab-docetaxel immunoliposome in breast cancer. Int. J. Nanomed. 2018, 13, 6677–6688. [Google Scholar] [CrossRef]

	



Li, X.; Fu, G.; Zhang, L.; Guan, R.; Tang, P.; Zhang, J.; Rao, X.; Chen, S.; Xu, X.; Zhou, Y.; et al. Assay establishment and validation of a high-throughput organoid-based drug screening platform. Stem Cell Res. Ther. 2022, 13, 219. [Google Scholar] [CrossRef]

	



Pasch, C.A.; Favreau, P.F.; Yueh, A.E.; Babiarz, C.P.; Gillette, A.A.; Sharick, J.T.; Karim, M.R.; Nickel, K.P.; DeZeeuw, A.K.; Sprackling, C.M.; et al. Patient-Derived Cancer Organoid Cultures to Predict Sensitivity to Chemotherapy and Radiation. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 5376–5387. [Google Scholar] [CrossRef] [PubMed]

	



DeStefanis, R.A.; Kratz, J.D.; Olson, A.M.; Sunil, A.; DeZeeuw, A.K.; Gillette, A.A.; Sha, G.C.; Johnson, K.A.; Pasch, C.A.; Clipson, L.; et al. Impact of baseline culture conditions of cancer organoids when determining therapeutic response and tumor heterogeneity. Sci. Rep. 2022, 12, 5205. [Google Scholar] [CrossRef] [PubMed]

	



Glass, G.V.; McGaw, B.; Smith, M.L. Meta-Analysis in Social Research; SAGE Publications: New York, NY, USA, 1981. [Google Scholar]

	



Dubois, C.; Dufour, R.; Daumar, P.; Aubel, C.; Szczepaniak, C.; Blavignac, C.; Mounetou, E.; Penault-Llorca, F.; Bamdad, M. Development and cytotoxic response of two proliferative MDA-MB-231 and non-proliferative SUM1315 three-dimensional cell culture models of triple-negative basal-like breast cancer cell lines. Oncotarget 2017, 8, 95316–95331. [Google Scholar] [CrossRef] [PubMed]

	



Karlsson, H.; Fryknäs, M.; Larsson, R.; Nygren, P. Loss of cancer drug activity in colon cancer HCT-116 cells during spheroid formation in a new 3-D spheroid cell culture system. Exp. Cell Res. 2012, 318, 1577–1585. [Google Scholar] [CrossRef] [PubMed]

	



Imamura, Y.; Mukohara, T.; Shimono, Y.; Funakoshi, Y.; Chayahara, N.; Toyoda, M.; Kiyota, N.; Takao, S.; Kono, S.; Nakatsura, T.; et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in breast cancer. Oncol. Rep. 2015, 33, 1837–1843. [Google Scholar] [CrossRef] [PubMed]

	



Patra, B.; Lateef, M.A.; Brodeur, M.N.; Fleury, H.; Carmona, E.; Péant, B.; Provencher, D.; Mes-Masson, A.-M.; Gervais, T. Carboplatin sensitivity in epithelial ovarian cancer cell lines: The impact of model systems. PLoS ONE 2020, 15, e0244549. [Google Scholar] [CrossRef]

	



Hamilton, G.; Rath, B. Applicability of tumor spheroids for in vitro chemosensitivity assays. Expert Opin. Drug Metab. Toxicol. 2018, 15, 15–23. [Google Scholar] [CrossRef]

	



Erlichman, C.; Vidgen, D. Cytotoxicity of Adriamycin in MGH-U1 Cells Grown as Monolayer Cultures, Spheroids, and Xenografts in Immune-deprived Mice. Cancer Res. 1984, 44, 5369–5375. [Google Scholar]

	



Brodeur, M.N.; Simeone, K.; Leclerc-Deslauniers, K.; Fleury, H.; Carmona, E.; Provencher, D.M.; Mes-Masson, A.-M. Carboplatin response in preclinical models for ovarian cancer: Comparison of 2D monolayers, spheroids, ex vivo tumors and in vivo models. Sci. Rep. 2021, 11, 18183. [Google Scholar] [CrossRef] [PubMed]

	



Daunys, S.; Janonienė, A.; Januškevičienė, I.; Paškevičiūtė, M.; Petrikaitė, V. 3D Tumor Spheroid Models for In Vitro Therapeutic Screening of Nanoparticles. In Bio-Nanomedicine for Cancer Therapy; Fontana, F., Santos, H.A., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 243–270. [Google Scholar] [CrossRef]

	



Verduin, M.; Hoeben, A.; De Ruysscher, D.; Vooijs, M. Patient-Derived Cancer Organoids as Predictors of Treatment Response. Front. Oncol. 2021, 11, 641980. [Google Scholar] [CrossRef] [PubMed]

	



Wensink, G.E.; Elias, S.G.; Mullenders, J.; Koopman, M.; Boj, S.F.; Kranenburg, O.W.; Roodhart, J.M.L. Patient-derived organoids as a predictive biomarker for treatment response in cancer patients. Npj Precis. Oncol. 2021, 5, 30. [Google Scholar] [CrossRef]

	



Kastner, C.; Hendricks, A.; Deinlein, H.; Hankir, M.; Germer, C.-T.; Schmidt, S.; Wiegering, A. Organoid Models for Cancer Research—From Bed to Bench Side and Back. Cancers 2021, 13, 4812. [Google Scholar] [CrossRef] [PubMed]

	



Vlachogiannis, G.; Hedayat, S.; Vatsiou, A.; Jamin, Y.; Fernández-Mateos, J.; Khan, K.; Lampis, A.; Eason, K.; Huntingford, I.; Burke, R.; et al. Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. Science 2018, 359, 920–926. [Google Scholar] [CrossRef]

	



Beutel, A.; Schütte, L.; Scheible, J.; Roger, E.; Müller, M.; Perkhofer, L.; Kestler, A.; Kraus, J.; Kestler, H.; Barth, T.; et al. A Prospective Feasibility Trial to Challenge Patient–Derived Pancreatic Cancer Organoids in Predicting Treatment Response. Cancers 2021, 13, 2539. [Google Scholar] [CrossRef]

	



Narasimhan, V.; Wright, J.A.; Churchill, M.; Wang, T.; Rosati, R.; Lannagan, T.R.M.; Vrbanac, L.; Richardson, A.B.; Kobayashi, H.; Price, T.; et al. Medium-throughput Drug Screening of Patient-derived Organoids from Colorectal Peritoneal Metastases to Direct Personalized Therapy. Clin. Cancer Res. 2020, 26, 3662–3670. [Google Scholar] [CrossRef]

	



Grossman, J.E.; Muthuswamy, L.; Huang, L.; Akshinthala, D.; Perea, S.; Gonzalez, R.S.; Tsai, L.L.; Cohen, J.; Bockorny, B.; Bullock, A.J.; et al. Organoid Sensitivity Correlates with Therapeutic Response in Patients with Pancreatic Cancer. Clin. Cancer Res. 2021, 28, 708–718. [Google Scholar] [CrossRef]

	



Tiriac, H.; Belleau, P.; Engle, D.D.; Plenker, D.; Deschenes, A.; Somerville, T.D.D.; Froeling, F.E.M.; Burkhart, R.A.; Denroche, R.E.; Jang, G.H.; et al. Organoid Profiling Identifies Common Responders to Chemotherapy in Pancreatic Cancer. Cancer Discov. 2018, 8, 1112–1129. [Google Scholar] [CrossRef]

	



Ooft, S.; Weeber, F.; Schipper, L.; Dijkstra, K.; McLean, C.; Kaing, S.; van de Haar, J.; Prevoo, W.; van Werkhoven, E.; Snaebjornsson, P.; et al. Prospective experimental treatment of colorectal cancer patients based on organoid drug responses. ESMO Open 2021, 6, 100103. [Google Scholar] [CrossRef]

	



Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.; Rosati, R.; et al. Personalized in vitro and in vivo cancer models to guide precision medicine. Cancer Discov. 2017, 7, 462–477. [Google Scholar] [CrossRef] [PubMed]

	



Schütte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.; Borodina, T.; Amstislavskiy, V.; et al. Molecular dissection of colorectal cancer in pre-clinical models identifies biomarkers predicting sensitivity to EGFR inhibitors. Nat. Commun. 2017, 8, 14262. [Google Scholar] [CrossRef] [PubMed]

	



Hirschhaeuser, F.; Menne, H.; Dittfeld, C.; West, J.; Mueller-Klieser, W.; Kunz-Schughart, L.A. Multicellular tumor spheroids: An underestimated tool is catching up again. J. Biotechnol. 2010, 148, 3–15. [Google Scholar] [CrossRef]

	



Driehuis, E.; Gracanin, A.; Vries, R.G.J.; Clevers, H.; Boj, S.F. Establishment of Pancreatic Organoids from Normal Tissue and Tumors. STAR Protoc. 2020, 1, 100192. [Google Scholar] [CrossRef] [PubMed]

	



Schueler, J.; Borenstein, J.; Buti, L.; Dong, M.; Masmoudi, F.; Hribar, K.; Anderson, E.; Sommergruber, W. How to build a tumor: An industry perspective. Drug Discov. Today 2022, 27, 103329. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, M.A.; Mostafa, A.M.; Morton, J.P.; Hawinkels, L.J.; Prakash, J. Translating complexity and heterogeneity of pancreatic tumor: 3D in vitro to in vivo models. Adv. Drug Deliv. Rev. 2021, 174, 265–293. [Google Scholar] [CrossRef] [PubMed]

	



De Grandis, R.A.; Santos, P.W.D.S.D.; de Oliveira, K.M.; Machado, A.R.T.; Aissa, A.F.; Batista, A.A.; Antunes, L.M.G.; Pavan, F.R. Novel lawsone-containing ruthenium(II) complexes: Synthesis, characterization and anticancer activity on 2D and 3D spheroid models of prostate cancer cells. Bioorg. Chem. 2019, 85, 455–468. [Google Scholar] [CrossRef]

	



Santi, M.; Mapanao, A.K.; Biancalana, L.; Marchetti, F.; Voliani, V. Ruthenium arene complexes in the treatment of 3D models of head and neck squamous cell carcinomas. Eur. J. Med. Chem. 2020, 212, 113143. [Google Scholar] [CrossRef]

	



Pavlović, M.; Nikolić, S.; Gligorijević, N.; Dojčinović, B.; Aranđelović, S.; Grgurić-Šipka, S.; Radulović, S. New organoruthenium compounds with pyrido[2′,3′:5,6]pyrazino[2,3-f][1, 10]phenanthroline: Synthesis, characterization, cytotoxicity, and investigation of mechanism of action. JBIC J. Biol. Inorg. Chem. 2019, 24, 297–310. [Google Scholar] [CrossRef]

	



Fernandez-Vega, V.; Hou, S.; Plenker, D.; Tiriac, H.; Baillargeon, P.; Shumate, J.; Scampavia, L.; Seldin, J.; Souza, G.R.; Tuveson, D.A.; et al. Lead identification using 3D models of pancreatic cancer. SLAS Discov. Adv. Sci. Drug Discov. 2022, 27, 159–166. [Google Scholar] [CrossRef]

	



Dubois, C.; Martin, F.; Hassel, C.; Magnier, F.; Daumar, P.; Aubel, C.; Guerder, S.; Mounetou, E.; Penault-Lorca, F.; Bamdad, M. Low-Dose and Long-Term Olaparib Treatment Sensitizes MDA-MB-231 and SUM1315 Triple-Negative Breast Cancers Spheroids to Fractioned Radiotherapy. J. Clin. Med. 2019, 9, 64. [Google Scholar] [CrossRef] [PubMed]

	



Qayum, A.; Magotra, A.; Shah, S.M.; Nandi, U.; Sharma, P.; Shah, B.A.; Singh, S.K. Synergistic combination of PMBA and 5-fluorouracil (5-FU) in targeting mutant KRAS in 2D and 3D colorectal cancer cells. Heliyon 2022, 8, e09103. [Google Scholar] [CrossRef] [PubMed]

	



Huang, M.; Hou, W.; Zhang, J.; Li, M.; Zhang, Z.; Li, X.; Chen, Z.; Wang, C.; Yang, L. Evaluation of AMG510 Therapy on KRAS-Mutant Non–Small Cell Lung Cancer and Colorectal Cancer Cell Using a 3D Invasive Tumor Spheroid System under Normoxia and Hypoxia. Bioengineering 2022, 9, 792. [Google Scholar] [CrossRef] [PubMed]

	



Verissimo, C.S.; Overmeer, R.M.; Ponsioen, B.; Drost, J.; Mertens, S.; Verlaan-Klink, I.; van Gerwen, B.; van der Ven, M.; van de Wetering, M.; Egan, D.A.; et al. Targeting mutant RAS in patient-derived colorectal cancer organoids by combinatorial drug screening. eLife 2016, 5, e18489. [Google Scholar] [CrossRef]

	



Costales-Carrera, A.; Fernández-Barral, A.; Bustamante-Madrid, P.; Guerra, L.; Cantero, R.; Barbáchano, A.; Muñoz, A. Plocabulin Displays Strong Cytotoxic Activity in a Personalized Colon Cancer Patient-Derived 3D Organoid Assay. Mar. Drugs 2019, 17, 648. [Google Scholar] [CrossRef]

	



Martinez-Pacheco, S.; O’Driscoll, L. Pre-Clinical In Vitro Models Used in Cancer Research: Results of a Worldwide Survey. Cancers 2021, 13, 6033. [Google Scholar] [CrossRef]

	



Senator Rand Paul. S.5002—117th Congress (2021–2022): FDA Modernization Act 2.0. 29 September 2022. Available online: http://www.congress.gov/ (accessed on 1 February 2023).

	



Booij, T.H.; Cattaneo, C.M.; Hirt, C.K. Tumor Organoids as a Research Tool: How to Exploit Them. Cells 2022, 11, 3440. [Google Scholar] [CrossRef]

	



Marshall, S.; Burghaus, R.; Cosson, V.; Cheung, S.; Chenel, M.; Dellapasqua, O.; Frey, N.; Hamrén, B.; Harnisch, L.; Ivanow, F.; et al. Good Practices in Model-Informed Drug Discovery and Development: Practice, Application, and Documentation. CPT Pharmacomet. Syst. Pharmacol. 2016, 5, 93–122. [Google Scholar] [CrossRef]

	



Gupta, N.; Bottino, D.; Simonsson, U.S.; Musante, C.J.; Bueters, T.; Rieger, T.R.; Macha, S.; Chenel, M.; Fancourt, C.; Kanodia, J.; et al. Transforming Translation Through Quantitative Pharmacology for High-Impact Decision Making in Drug Discovery and Development. Clin. Pharmacol. Ther. 2019, 107, 1285–1289. [Google Scholar] [CrossRef]

	



Carrara, L.; Lavezzi, S.M.; Borella, E.; De Nicolao, G.; Magni, P.; Poggesi, I. Current mathematical models for cancer drug discovery. Expert Opin. Drug Discov. 2017, 12, 785–799. [Google Scholar] [CrossRef]

	



Murphy, R.J.; Browning, A.P.; Gunasingh, G.; Haass, N.K.; Simpson, M.J. Designing and interpreting 4D tumour spheroid experiments. Commun. Biol. 2022, 5, 91. [Google Scholar] [CrossRef] [PubMed]

	



Browning, A.P.; Sharp, J.A.; Murphy, R.J.; Gunasingh, G.; Lawson, B.; Burrage, K.; Haass, N.K.; Simpson, M. Quantitative analysis of tumour spheroid structure. eLife 2021, 10, e73020. [Google Scholar] [CrossRef] [PubMed]

	



Montes-Olivas, S.; Marucci, L.; Homer, M. Mathematical Models of Organoid Cultures. Front. Genet. 2019, 10, 873. [Google Scholar] [CrossRef] [PubMed]

	



Jin, W.; Spoerri, L.; Haass, N.K.; Simpson, M.J. Mathematical Model of Tumour Spheroid Experiments with Real-Time Cell Cycle Imaging. Bull. Math. Biol. 2021, 83, 44. [Google Scholar] [CrossRef]

	



Bull, J.A.; Mech, F.; Quaiser, T.; Waters, S.L.; Byrne, H.M. Mathematical modelling reveals cellular dynamics within tumour spheroids. PLOS Comput. Biol. 2020, 16, e1007961. [Google Scholar] [CrossRef]

	



Simeoni, M.; Magni, P.; Cammia, C.; De Nicolao, G.; Croci, V.; Pesenti, E.; Germani, M.; Poggesi, I.; Rocchetti, M. Predictive Pharmacokinetic-Pharmacodynamic Modeling of Tumor Growth Kinetics in Xenograft Models after Administration of Anticancer Agents. Cancer Res. 2004, 64, 1094–1101. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Pigatto, M.C.; Costa, T.D.; Magni, P. A Population Dynamic Energy Budget-Based Tumor Growth Inhibition Model for Etoposide Effects on Wistar Rats. Pharm. Res. 2019, 36, 38. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Rocchetti, M.; Pesenti, E.; Magni, P. A Tumor-in-Host DEB-Based Approach for Modeling Cachexia and Bevacizumab Resistance. Cancer Res. 2020, 80, 820–831. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Gauderat, G.; Fouliard, S.; Burbridge, M.; Chenel, M.; Magni, P. Modeling restoration of gefitinib efficacy by co-administration of MET inhibitors in an EGFR inhibitor-resistant NSCLC xenograft model: A tumor-in-host DEB-based approach. CPT Pharmacomet. Syst. Pharmacol. 2021, 10, 1396–1411. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Rocchetti, M.; Magni, P. A Dynamic Energy Budget (DEB) based modeling framework to describe tumor-in-host growth inhibition and cachexia onset during anticancer treatment in in vivo xenograft studies. Oncotarget 2021, 12, 1434–1441. [Google Scholar] [CrossRef]

	



Del Bene, F.; Germani, M.; De Nicolao, G.; Magni, P.; Re, C.E.; Ballinari, D.; Rocchetti, M. A model-based approach to the in vitro evaluation of anticancer activity. Cancer Chemother. Pharmacol. 2008, 63, 827–836. [Google Scholar] [CrossRef] [PubMed]

	



Poggesi, I.; de Nicolao, G.; Germani, M.; Rocchetti, M. Re: Antitumor Efficacy Testing in Rodents. Gynecol. Oncol. 2009, 101, 1592–1593. [Google Scholar] [CrossRef] [PubMed]

	



Magni, P.; Simeoni, M.; Poggesi, I.; Rocchetti, M.; De Nicolao, G. A mathematical model to study the effects of drugs administration on tumor growth dynamics. Math. Biosci. 2006, 200, 127–151. [Google Scholar] [CrossRef] [PubMed]

	



Rocchetti, M.; Simeoni, M.; Pesenti, E.; De Nicolao, G.; Poggesi, I. Predicting the active doses in humans from animal studies: A novel approach in oncology. Eur. J. Cancer 2007, 43, 1862–1868. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Terranova, N.; Stuyckens, K.; Dosne, A.G.; Perera, T.; Vialard, J.; King, P.; Verhulst, T.; Perez-Ruixo, J.J.; Magni, P.; et al. A translational model-based approach to inform the choice of the dose in phase 1 oncology trials: The case study of erdafitinib. Cancer Chemother. Pharmacol. 2021, 89, 117–128. [Google Scholar] [CrossRef]

	



Tosca, E.M.; Borella, E.; Piana, C.; Bouchene, S.; Merlino, G.; Fiascarelli, A.; Mazzei, P.; Magni, P. Model-based prediction of effective target exposure for MEN1611 in combination with trastuzumab in HER2 -positive advanced or metastatic breast cancer patients. CPT Pharmacomet. Syst. Pharmacol. 2023, 2, 1–14. [Google Scholar] [CrossRef]

	



Ekert, J.E.; Deakyne, J.; Pribul-Allen, P.; Terry, R.; Schofield, C.; Jeong, C.G.; Storey, J.; Mohamet, L.; Francis, J.; Naidoo, A.; et al. Recommended Guidelines for Developing, Qualifying, and Implementing Complex In Vitro Models (CIVMs) for Drug Discovery. SLAS Discov. Adv. Sci. Drug Discov. 2020, 25, 1174–1190. [Google Scholar] [CrossRef]

	



Jean-Quartier, C.; Jeanquartier, F.; Jurisica, I.; Holzinger, A. In silico cancer research towards 3R. BMC Cancer 2018, 18, 408. [Google Scholar] [CrossRef]








[image: Biomedicines 11 01058 g001 550] 





Figure 1. Scaffold-free and scaffold-based techniques for 3D in vitro cancer model generation. 
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Figure 2. Schematic representation of development of a living biobank containing cancer PDOs. 
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Figure 3. Efficacy metrics derived from cell viability-based assays. In the upper panels the IC50 and AUC metrics from the concentration–viability curve; in the lower panels the GR50, GRAUC and GRAOC metrics from the concentration-growth inhibition growth curve. 
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Figure 4. Assessment of predictive value of treatment response in 3D in vitro cancer models for the in vivo (animal and human) response. 
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Figure 5. Overview of a possible drug development pipeline that includes the drug efficacy evaluation in 3D in vitro cancer models before in vivo testing in animal models. 
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Figure 6. Model-informed preclinical development of anticancer agents. 
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Table 1. Scaffold-free techniques.
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	Techniques
	Description
	Applications





	Agitation-based
	Cells aggregate under continuous stirring to avoid adherence to surfaces

and to induce self-assembly.
	Spheroids [19,20]

Organoids [41]



	Liquid overlay
	Cells are seeded in low-adhesive surface plates or plates coated with materials that prevent cell attachment.
	Spheroids [42,43]

Organoids [44]



	Microfluidics
	Microfluidics are chips composed of microchannels and microchambers

where cells suspended in media can circulate and accumulate in the

chambers, so forming aggregations.
	Spheroids [45,46]



	Hanging drop
	Cell liquid drops are suspended on a lid that is then inverted; surface

tension and gravity induce aggregation.
	Spheroids [47,48]



	Magnetic levitation
	Cells are magnetized through a mixture of magnetic nanoparticles and subsequently incubated under magnetic forces to overcome gravitational force, allowing levitation and, consequently, cellular aggregations.
	Spheroids [49]
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Table 2. Scaffold-based techniques.
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	Scaffold Type
	Description
	Applications





	Hydrogels
	3D polymer networks with high water content, similar in bioactivity, viscoelasticity and mechanical properties to native ECM.
	Spheroids [31,50]

Organoids [51,52]



	Decellularized
	Scaffold consists of a decellularized ECM that is obtained from native (or regenerated) tissue by removing the cellular components through physical, chemical and enzymatic means.
	Spheroids [53,54]



	Fibrous
	Fibrous matrix creates an environment that supports the proliferation, growth and migration of cancer cells. The most common technique to obtain nano fibers is electrospinning.
	Spheroids [35,55]



	Microsphere
	Cancer cells are encapsulated in engineered microspheres composed of porous tissue which are geometrically similar in size and shape to tumor spheroids.
	Spheroids [37,56]



	3D bioprinted
	Complex and viable 3D geometric shapes, generated by computer-aided projects.
	Spheroids [57,58]
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Table 3. Success rates for PDO establishment.
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Cancer Type

	
Sample Size

	
Efficiency

	
Reference






	
Bladder

	
17

	
70%

	
[94]




	
Breast

	
>100

	
80%

	
[93]




	
Colorectal

	
20

	
90%

	
[90]




	
55

	
~100%

	
[104]




	
8

	
70%

	
[105]




	
Esophageal

	
32

	
31%

	
[96]




	
Gastric

	
NR

	
50%

	
[95]




	
Liver

	
7

	
100% *

	
[92]




	
Lung

	
23

	
87%

	
[97]




	
Ovarian

	
33

	
85%

	
[98]




	
Pancreatic

	
8

	
80%

	
[91]




	
83

	
62%

	
[106]




	
19

	
42%

	
[107]




	
Prostate

	
7

	
15–20%

	
[89]








NR = not reported; * tissue samples containing > 5% of proliferating cells.
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Table 4. Viability assays commonly applied in spheroid and organoid studies.
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Type of Viability Assay

	
Assay

	
Applications






	
Dye exclusion assay

	
Trypan Blue

	
Spheroids [133,134]

Organoids [135]




	
Colorimetric assay

	
MTT

	
Spheroids [136]




	
Fluorimetric assay

	
alamarBlue

	
Spheroids [137,138]




	
Calcein AM, Propidium iodide, Hoechst 33,342

	
Spheroids [83]




	
Calcein AM, EthD-1, Hoechst 33,342

	
Spheroids [139]




	
EthD-1, Calcein AM

	
Spheroids [140]

Organoids [141]




	
CellTiter-blue

	
Spheroids [142,143]




	
Luminometric assay

	
CellTiterGlo-3D

	
Spheroids [144,145,146,147]

Organoids [148,149,150,151]
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