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The potential of tumor three-dimensional (3D) in vitro models for the validation of existing or novel anti-cancer therapies has been largely recognized. During the last decade, diverse in vitro 3D cell systems have been proposed as a bridging link between two-dimensional (2D) cell cultures and in vivo animal models, both considered gold standards in pre-clinical settings. The latest awareness about the power of tailored therapies and cell-based therapies in eradicating tumor cells raises the need for versatile 3D cell culture systems through which we might rapidly understand the specificity of promising anti-cancer approaches. Yet, a faithful reproduction of the complex tumor microenvironment is demanding as it implies a suitable organization of several cell types and extracellular matrix components. The proposed 3D tumor models discussed here are expected to offer the required structural complexity while also assuring cost-effectiveness during pre-selection of the most promising therapies. As neuroblastoma is an extremely heterogenous extracranial solid tumor, translation from 2D cultures into innovative 3D in vitro systems is particularly challenging. In recent years, the number of 3D in vitro models mimicking native neuroblastoma tumors has been rapidly increasing. However, in vitro platforms that efficiently sustain patient-derived tumor cell growth, thus allowing comprehensive drug discovery studies on tailored therapies, are still lacking. In this review, the latest neuroblastoma 3D in vitro models are presented and their applicability for a more accurate prediction of therapy outcomes is discussed.
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Introduction

The turn of the 20th century was crucial for the development of the basic principles for in vitro cell growth enabled substantial biological discoveries. Over time, the complexity of in vitro systems has increased according to the needs of various branches of life science. The enhancement of in vitro techniques applicable in these two-dimensional (2D) systems greatly changed the perception of cell-related processes and allowed more accurate deciphering of the fundamental biomolecular and biophysical mechanisms active in both, physiological conditions and disease (1). The 21st Century brought great progress in the development of the existing in vitro models for the study of more complex three-dimensional (3D) multicellular entities, while approaching as much as possible in vivo situations (2). A major tendency toward replacing, reducing, and refining (3R) animal use took place, supporting the application of the 3R principle for in vivo experimentation and energizing the development of diverse 3D cell culture technologies (3). This development represents the achievements of a breakthrough in the field of tissue engineering and regenerative biomedicine. Other disciplines of life science adopted the advances of available 3D models for addressing specific challenges and pitfalls encountered in the use of 2D systems, while also outlining novel considerations of cell and tissue-related questions.

In oncology, the introduction of 3D models for investigating tumor biology and cancer cells behavior is rapidly increasing. However, the standard procedures in this research still mainly follow a conventional route of initial testing in a Petri dish (2D) followed by in vivo validations in zebrafish, mice, or other small laboratory animals (4). The highly standardized protocols, well-established experimental approaches, and low costs of 2D tumor models explain the high rate of their application regardless of limited accuracy in representing native neoplastic tissues and predicting physiological values. The major obstacle to a straightforward translation of in vitro biological process analyzed in 2D conditions into an in vivo response is the lack of multicellular systems that are in direct contact with the cell-extracellular matrix (ECM) components (5). The tumor microenvironment (TME) is formed of several different cell types and non-cellular components (ECM). TME allows malignant cells to grow in 3D conditions, making the system extremely dynamic and complex. Yet, the proper architecture, tumor stiffness and relaxation behavior are not adequately considered in 2D in vitro studies, leading to limited information about the realistic changes in signaling pathways, metabolic activities, and genetic/epigenetic backgrounds of tumor and stromal cells (6, 7). The transition from 2D to in vivo pharmacological testing during the early stages of drug examination is therefore often critical but without the desired level of success (8). Many efforts are currently attempting to bridge the gap between 2D and in vivo systems by proposing different 3D in vitro models in which cell line and primary cells can be grown in either static or dynamic conditions.

Even though 3D cell culture techniques can minimize these limitations, their widespread use is still limited due to the relatively high costs, complexity of preparation, and lack of standardized protocols that can guarantee high reproducibility and unequivocal data interpretation (9). Unsurprisingly, 2D cell cultures and in vivo animal models are still considered the gold standards in pre-clinical settings in oncology. However, the traditional means of drug efficacy evaluation faces serious limitations, since many compounds that show good anti-cancer effects in murine models fail to provide meaningful clinical benefits for humans (10). Therefore, this scenario is changing in the direction of 3D models more often being built of primary cells as the protagonist of anti-neoplastic drug screening. This trend is also supported by important innovations in live cell in vitro imaging techniques that accelerate drug discovery (11). Still, most of these proposals come from cancers developing in adults, whereas there is a clear deficit of a pre-clinical 3D model providing analysis of drug response in pediatric tumors. This is particularly evident for neuroblastoma, for which a vast majority of scientific questions are still answered by using either 2D studies or the transgenic and xenograft zebrafish and murine models (12–14).

Neuroblastoma is an embryonal malignancy of the sympathetic nervous system with very heterogeneous biologic, morphologic, genetic, and clinical characteristics. It is classified as a neuroblastic tumor but in contrast to ganglioneuroblastoma and ganglioneuroma, neuroblastoma is more aggressive (15).

Based on several clinical and molecular risk factors each patient is stratified in one of the following risk groups: very-low, low, intermediate or high-risk (16). Such a pre-treatment risk group assignment facilitates treatment modalities as well (17). In high-risk patients, the aggressive course of the malignancy manifests as a disseminated disease (stage 4) with metastatic processes in the liver, bone marrow and bone, skin and several other organs (18). The treatment of these patients represents one of the most urgent challenges for oncologists. Despite intensive multimodal therapy, in more than 50% of high-risk patients, the disease progresses during the course of therapy leading to a fatal outcome (19).

Recent studies have shed light on the biology of neuroblastoma allowing a more accurate stratification of patients into risk groups, resulting in a reduction of treatment cytotoxicity without affecting the outcome of low and intermediate-risk patients (20, 21). However, the mortality rate of children in high-risk group is still high, and the development of more valuable therapeutic strategies remains urgent. During the last few years, different approaches such as transcriptomics analyses and genome-wide association studies have listed the genes associated with neuroblastoma susceptibility, aggressiveness, and progression (22, 23). The identification of such genes has raised the possibility of developing novel targeted therapies or reconsidering already existing drugs by the repositioning of FDA-approved drugs.

In this review, the latest in vitro 3D models suitable for assessing drug-specific responses in neuroblastoma will be addressed. We will discuss their implications in pre-clinical testing and applicability for a more accurate prediction of therapy outcomes. Finally, the possibilities of introducing already available bioengineered platforms and devices for the generation of predictive neuroblastoma models will be explored. We will assess current possibilities for a more accurate in vitro investigation of the pharmacotherapeutic cues in this tumor to justify clinical trials.



Neuroblastoma In Vitro 3D Models

The lack of reliable in vitro tumor platforms for rapid and highly reproducible studies in cancer biology has driven the development of new tumor models by applying various bioengineering methodologies. Although these models share a common 3D conformation, each displays its own intrinsic property. In addition, the 3D models indicate unambiguously that the proliferation of tumor cells is significantly less when compared with 2D growth conditions (12, 24). In the following paragraphs, we will address the current applications of 3D in vitro culture systems in the neuroblastoma research field.


Multicellular Tumor Spheroids (MCTSs)

MCTS is the most well-characterized 3D model for cancer research obtained by growing cancer cell lines under low adherent conditions (25). MCTSs can have different configurations depending on the specific aim of the study: they can be composed of a single or multiple cell types, generated either through the aggregation and compaction of multiple cells in suspension, or by establishing cell masses from a single cell via consecutive cell doublings. In either of these cases biomimetic ECM support, playing the role of a scaffold, may or may not be applied (12, 26).

MCTSs obtained by the aggregation of neuroblastoma cell lines represent an attractive tool to reproduce in vitro the in vivo characteristics of tumor cells with respect to the production of ECM, cell–cell interactions, growth kinetics, cellular heterogeneity, signal pathway activity, and gene expression (13, 25). Given the importance of the cell-ECM interaction in a 3D extent, among the most studied behaviors in the neuroblastoma field are the migratory and invasive potentials of cancer cells. For example, the analysis of different neuroblastoma cell lines embedded in 3D collagen gels revealed the relationship between cellular morphology (elongated/mesenchymal versus amoeboid/rounded cells) and their invasive capability through a surrounding environment (27). The main difference between the cells grown in 2D and 3D collagen structures is recognized in the Rac signaling pathway, which is differently expressed in these structures. It is a crucial regulator of cell invasion from the spheroid body through the surrounding matrix (27). These results highlight that biochemical signals in the neuroblastoma cells may change dramatically in response to changes in their spatio-temporal distribution. Moreover, they strengthen the case for using 3D systems to select the compounds able to counteract invasion of neuroblastoma cells. In addition to single chemical testing, neuroblastoma spheroids are also suitable for investigating the role of specific proteins on neuroblastoma outgrowth. For example, high levels of Stathmin (a Tubulin binding protein) are associated with tumor aggression and the appearance of metastatic disease. This protein has been selected by analyzing cell line-derived MCTSs where it contributes to a higher invasive motility of the cells (28). Besides Stathmin, SNAI2 is also a crucial molecular determinant of invasive tumor strands. This protein defines the border regularity of the MCTSs and promotes local 3D invasion and dissemination of neuroblastoma cells (29).

However, some critical issues related to cell line-derived MCTSs need to be considered. The variability in spheroid size and their inhomogeneous density profoundly affect the response to drug treatments. As a consequence, this feature negatively impacts the reproducibility and reliability of the obtained results (26). In addition, long-term in vitro culture of cell line-derived MCTSs is very challenging since these structures lack a stem cell population able to self-renew the spheroid necrotic core. Moreover, this model is not able to faithfully approximate/simulate the complexity of neuroblastoma genetics and the tumor microenvironment found in humans.



Tissue-Derived Tumor Spheres (TDTSs)

TDTSs are obtained by tumor tissue mechanical dissociation (26). Due to the origin of primary cells, this in vitro model system more closely reflects the genetic and clonal heterogeneity of the native tumor, thus providing a more accurate pre-clinical platform (30). Despite the fact that these tailored models can lead to an improved level of prediction, their development and application are still a challenge as sample collection and size, protocol standardization and data reproducibility are critical issues for neuroblastoma. More easily established are neuroblastoma-derived spheroids generated from the bone marrow aspirates of patients diagnosed with stage 4 metastatic disease (30). In some cases, surgically removed tumor resections also allow in vitro reproduction of neuroblastoma. However, at the moment it is hard to predict which clinico-biological criterion is a determining factor in enabling the successful in vitro growth of a single specimen (31). In fact, a success rate of 55% has been reported for neurosphere maintenance in vitro. Also, the expansion of neurospheres cannot be linearly predicted from patient clinic data such as age, stage, MYCN amplification and the presence of segmental chromosomal aberrations (31). While the characterization of the resulting neurospheres is currently limited to the expression of CD56 and GD2 neuroblastoma markers, their importance relies on the presentation of reproducible protocols for the in vitro expansion of often limited amounts of tumor tissue specimens. Screening for additional antigens specific for neuroblastoma is, however, necessary for more accurate selection of tumor cells with stem features that are often responsible for drug resistance development and disease recurrence. Another TDTS model resembling neuroblastoma intratumoral heterogeneity has been reported by Thole and colleagues (30). The primary neuroblastoma TDTSs culture derived from a bone marrow aspirate with 80% tumor cell infiltration can be cultured in Matrigel. Neuroblastoma cells grown as 3D spheroids maintain the tumorigenic capability in a xenotransplantation mouse model through five passages. Importantly, these TDTSs model systems partly reflect the genetic and clonal heterogeneity of the initial biopsy (30). Altogether, the reported neuroblastoma TDTSs represent essential initial steps toward more sophisticated 3D neuroblastoma modeling suitable for pre-clinical testing.



Patient-Derived Tumor Organoids (PDTOs)

Organoids are in vitro derived 3D cell aggregates that are capable of self-renewal and self-organization, while exhibiting expected organ functionality. Organoids are usually generated from either embryonic stem cells (ECS) or induced pluripotent stem cells (iPSC) (32). To date, several organoids have been established for many cancer types (reviewed in ref. (33)).

PDTOs cultures show strong phenotypical and genetic similarities to the original tumor, enabling their use across a wide spectrum of applications. PDTOs allow long-term culture and cryopreservation for the generation of patient-derived tumor organoid biobanks (34). However, most of the patient-derived cancer organoids have an epithelial origin. The generation of organoid cultures from primary neuroblastoma samples, as well from other non-epithelial cancers, remains today a major challenge in organoid technology.




Moving from 2D Toward 3D Pre-Clinical Settings

In general, we are currently faced with an extremely low efficacy of pre-clinical studies. In oncology, less than 10% of drugs successfully conclude clinical trials (35), resulting in significant time and economic loss. The introduction of high-throughput drug screening (HTS) speeds up target identification and lead compound selection, increasing the number of anti-neoplastic compounds that potentially reach clinical trial (36). As stated above, the majority of HTS studies are based on the use of tumor cell lines grown in 2D conditions. This approach is slowly being reconsidered and comprises the introduction of different 3D cultures in order to increase the likelihood of pre-clinical success (Figure 1). In neuroblastoma, the number of studies that have examined 3D spheroids for HTS is relatively low and their introduction is a challenge. This is particularly true for 3D structures containing patient-derived primary cells due to a lack of study material and difficulties to culture and maintain them in vitro.




Figure 1 | Scheme of the HTS (high throughput drug screening) method. HTS is used to evaluate multiple morphological and cellular parameters in a high number of MCTSs (multicellular tumor spheroids) grown and treated inside microplates. The drug treatment is combined with an optical (upper image) and fluorescence (lower image) microscopy systems for automated image acquisition and coupled analyses through specific software pipelines. These platforms make suitable automatic quantitative analyses of the 3D culture systems in response to drug administration.



Each tumor can be considered as a heterogeneous structure deriving from the interaction between cancer cells and the surrounding microenvironment, which provides important physical and biochemical signals for its growth. The information coming from the native 3D human cancer structure can affect, for example, the expression of specific genes as well as the diffusion of nutrients and oxygen within the tumor mass. Moreover, this complex network of interactions determines the ability of tumor cells to resist and escape from pharmacological treatments. This diversity could be at the root of treatment failures, which remain a peril in the neuroblastoma field today.


Pioneering 3D Neuroblastoma Models for Drug Screening Studies

In order to address these needs, 3D culture technology has been applied in the testing of the sensitivity of several MCTSs to doxorubicin exposure, confirming the modification in tolerance to this drug when moving from 2D to 3D culture systems (37). Moreover, MCTSs obtained with the SH-SY5Y neuroblastoma cell line shows higher sensitivity to rapamycin and triciribine when compared to the correspondent 2D culture, emphasizing the importance of in vitro 3D models as a valid system for initial testing of new anti-cancer agents (38). In a recent work aimed at identifying candidate drugs for repositioning in high-risk patients, HTS of a library of anticancer compounds was tested in neuroblastoma MCTSs (39). This study proposes MCTSs viability validation using a high-content imaging approach as a powerful and reliable 3D platform to predict pre-clinical efficacies and to reproduce drug responses of neuroblastoma tumors.




Biomimetic Extracellular Matrix (ECM) Supports for Neuroblastoma Tumor Model Fabrication

The ECM represents a dynamic and versatile network of secreted proteins and polysaccharides assembled together in an organized network and having distinct roles in cell biology and tissue homeostasis (40). The ECM provides structural support to all organs and provides a substrate upon which cells can migrate. Moreover, the interaction between cells and the ECM macromolecules plays an essential role in tuning the behavior of many cell types in a physiological context. Indeed, during embryonic development the ECM provides essential extrinsic signals for the correct migration of neural crest cells, the pluripotent stem cell population from which neuroblastoma may arise (41).


Role of ECM in Neuroblastoma

The ECM has a complex and tissue-specific molecular composition. The dynamic remodeling of the ECM is of outmost importance in order to determine the specificity of its biological functions during organogenesis and to guarantee a proper tissue homeostasis. As a consequence, the disruption of such mechanisms disorganizes the extracellular niche, leading to abnormal behaviors of resident cells and the failure of tissue homeostasis. Indeed, dysregulation of ECM composition, architecture and stiffness leads toward development or worsening of several diseases, including fibrosis and cancer (42). A large body of experimental evidence emphasizes how ECM proteins promote tumor metastasis and modulate the maintenance and expansion of several cancer cell types and metastatic niches (reviewed in ref. (43–45)).

In neuroblastoma, the presence of a stromal component positively correlates with tumor maturation and favorable prognosis (46). In addition, the deposition of specific ECM components defines an ultra-high risk group of patients affected by neuroblastoma, suggesting that the quantification of tumor stroma components by morphometric techniques could be a valuable tool in improving patients’ risk stratification (47). From the molecular perspective, several studies have demonstrated how the cross-talk between neuroblastoma cells and the ECM influences cancer cell differentiation (48). More recently, besides the molecular signaling activated through the cell-ECM interaction, the biomechanical properties of the ECM, such as stiffness and deformability, have also been recognized as mechanical modulators of cancer cell behavior (49). Indeed, dissecting the role of the ECM within the neuroblastoma niche may provide insight into new mechanobiological cues influencing tumor growth and differentiation. This knowledge would provide the basis for future work aimed at the design and exploitation of novel therapeutic strategies against neuroblastoma.



Cast In Vitro 3D Models for Studying Neuroblastoma

As mentioned, after important tumor-related knowledge was obtained from 2D cell systems, the importance of introducing ECM component as important determinant of tumor cells behavior pushed the boundaries beyond the second dimension (50). This led to the incorporation of the achievements obtained in the bioengineering field, where different biomimetic matrices have been developed. The full range of available materials, natural, synthetic and semisynthetic (hybrid), have been exploited in the form of hydrogels for their characteristics as a suitable ECM support for tumor cell growth and their autonomous self-assembly in tissue-like structures (Figure 2).




Figure 2 | Overview of different types of scaffolds explored for neuroblastoma studies. Left panel: Thermal sintering-based approach used for the fabrication of cell-free (rigid) scaffolds with defined geometry. These scaffolds provide mechanical support for cell growth. Cell morphology and cell distribution inside the interconnecting microchannels is directly influenced by the structure of the scaffold. Middle panel: Cast cell-laden hydrogels are used as the biomimetic ECM support for the embedded cells. As an option, cells can be seeded on top of the pre-made hydrogel structure. Right panel: Printing (e.g. microextrusion, drop-on-demand, laser-based printing) of various bioinks can be adopted for the scaffolding process. Both cellular and acellular approaches can be adopted for the generation of porous scaffolds with defined spatial distribution of the bioink.



The detailed classification of the hydrogels, their applicability and suitable processing approaches have been summarized by Ullah and colleagues (51, 52). The main demands these materials must satisfy are: i) provide proper cell alignment and attachment, ii) sustain cellular metabolic activities, and iii) mimic cell response to mechanical and chemical stimuli as in tissue (53). The cells can be either seeded on the porous scaffold that provides them with 3D support or encapsulated directly within the biomaterials (cell-laden hydrogels) with well-defined stiffness and viscosity. The most commonly used biomaterials for the production of the scaffolds or cell-laden constructs are: collagen, hyaluronic acid (HA), alginate, agarose, gelatin, fibrinogen (natural); poly(lactic-co-glycolide) (PLGA), polyethylene glycol (PEG), poloxamer 407 (Pluronic F127), and polycaprolactone (PCL) (synthetic); and methacrylated gelatin (GelMA) (semisynthetic) (54, 55). The choice is determined by the tumor type and also by specific physical parameters such as elasticity and stiffness (56). In this context, the ways in which biomimetic matrices with different mechanical and biochemical cues can determine the neuroblastoma cell phenotype have been investigated, along with their contribution to the spatio-temporal tumor cell organization or response to drugs. The excellent reproducibility of the in vivo data has been demonstrated for the neuroblastoma cell lines Kelly and their cisplatin resilient counterpart (Cis83) when grown on different chemical modifications of collagen, one with glycosaminoglycan (Collagen-GAG) and the other with nanohydroxyapatite (Collagen-nHA) (57). When treated with cisplatin, the cells grown in 3D conditions show similarities with the PDX (patient derived xenograft) treatment, while differing substantially from their 2D control. This finding strengthens the use of 3D models for initial drug evaluations since they more closely approximate the expected response in vivo. Bacterial nanocellulose scaffolds coated with collagen is another approach that potentiates SH-SY5Y adhesion in 3D geometric conditions (58). Physical support for neuroblastoma cell growth is also provided by electrospun fibers used as 3D matrices (59). Micro- and nano-fibers created by electrospinning guarantee high porosity of the structures and favor neuroblastoma cell proliferation and adhesion, while promoting neurite out-growth (60). The usefulness of the highly aligned graphene-augmented inorganic nanofiber (GAIN) scaffolds for biomedical cancer research has also been proven for several tumor cell types including neuroblastoma (61). Although they do not allow tumor-like 3D cell organization entirely, these scaffolds open an opportunity for a fast and highly reproducible validation of anti-cancer drugs oriented toward the modulation of cell migration. Another application of graphene is in the fabrication of nanocomposite hydrogel scaffolds in which the magnetic nanoparticle-decorated reduced-graphene oxide (m-rGO) nanosheets lead to a unidirectional orientation of the cells (62). This approach is particularly interesting in the models where both cell orientation and the conductivity of the biomaterials are required (63). On the other hand, the possibility of growing neuroblastoma cells in collagen-based hydrogels opens another prospect for achieving the 3D structures of neuroblastoma for pre-clinical examinations. Collagen-based structures also allow the reproduction of a 3D microenvironment suitable for better comprehension of pro-migratory pathways activated in neuroblastoma cells (27). Moreover, collagen-based scaffolds offer possibilities for examination of the efficacy of a new class of drugs known as migrastatics (64).

Neuroblastoma cells with different molecular backgrounds show distinct patterns of growth inside biomimetic 3D structures. Moreover, neuroblastoma cells can also be cultured in a mixture of collagen and agarose that is often proposed in order to modify the mechanical properties of pure collagen (65). The encapsulation of neuroblastoma cells is as well supported by alginate and gelatin (66). Either of the cast 3D platforms mentioned can be downscaled thus opening the possibility of HTS applications. In fact, collagen microencapsulation is a highly controllable approach for obtaining miniaturized neuroblastoma tumors (67). In this nanofibrous collagen meshwork, a reconstruction of the neuroblastoma microenvironment is achieved thanks to the stromal cells’ support. This study opens the possibility for using neuroblastoma cell-laden bioinks for the reproduction of miniaturized tumors applying different printing methodologies.



(Bio)Printing Neuroblastoma 3D Models

Various 3D printing techniques have been employed to develop more accurate constructs for cell-growth supports (68). Printing technology is challenging the faithful reproduction of the tissue compartments at the microscale while maintaining their unique spatio-temporal organization (69). A parallel expansion of the array of printable biomaterials compatible for research activities or medical requirements has broadened the possibilities for 3D printing (70). The inclusion of (bio)printing methodologies in the neuroblastoma field has been considered in a few studies thus far (Figure 3).




Figure 3 | Bioprinting process during in vitro 3D model generation. The steps include bioink preparation (cells embedded in biocompatible inks), 3D bioprinting (three most commonly used printing techniques are presented), and drug screening. All the steps can be performed in automated manner.



A mix of GelMA and methacrylated alginate (AlgMA) have allowed the optimal mechanical properties and porosity for the growth of neuroblastoma cells (71). Similar to the collagen-based hydrogels, this printable bioink also permits tumor cells to organize and create 3D architectures that very closely mimic human neuroblastoma. An optimal level of stability upon printing is also possible with chitosan-gelatin ink, which shows good biocompatibility and allows the proper adhesion of neuroblastoma cells. It is also easily manageable without the need for additional processing post-printing, which makes it a good candidate for high rate production of cell-laden hydrogels (72).

Different neuroblastoma cell lines have been explored using the freeform reversible embedding of suspended hydrogel (FRESH) bioprinting method for conductive scaffolds (73). Although the study was designed for neurodegenerative diseases, the approach and experimental design are incredibly attractive for analyzing tumor cells within 3D conductive bioinks. The FRESH method proves that high resolution of neuroblastoma 3D structures can be obtained using low-viscosity liquids in a supporting bath of gelatin. Neuroblastoma cells can be successfully grown in cellulose and alginate-based hydrogels, demonstrating the applicability of FRESH bioprinting for the generation of microsized 3D neuroblastoma tumors (74). The same type of hydrogel has been explored in the immunology field as well showing the changes in immunophenotype profiles in neuroblastoma cells surrounded by biomimetic ECM (75). Beta tricalcium phosphate (β-TCP) scaffolds used as bone mimetic, have been obtained by combining high resolution 3D printing with manually cast slurry (76). They have been proposed as a suitable approach for sustaining neuroblastoma cell growth inside the metastatic niche (24). In this manner, a local microenvironment is guaranteed allowing the quiescence of tumor stem cells. In this model, the stromal support has been confirmed as a substantial factor in tumor cell organization along with the geometry of the scaffolds. Although the model has not yet been exploited for pre-clinical studies, it can be easily adapted for low/medium scale of drug screening. The metabolic activities and cell death ratio can be easily measured, while microscopy would require special adaptation in the case of live-imaging acquisition.




Engineered Platforms for Studying Tumor Biology, Immunology and Drug Efficacy

The aim of engineered disease models is to reproduce in vitro the complexity of the pathological environment in order to gain a better understanding of disease etiology and progression (77). The model composition depends on the research objectives: the more complex the phenomenon under investigation, the more elaborate the model must be (78). In vitro cell modeling using miniaturized bioreactors shows great advantages since they allow the use of small volumes of reagents and low cell number, the portability, design versatility and integration with existing devices or platforms for HTS (79). To study the effects of a static magnetic field on SH-SY5Y neuroblastoma cells, a miniaturized optically accessible bioreactor (MOAB) has been developed based on a prototype of Raimondi et al. (80). This bioreactor is composed of three independent and magnetically lockable culture chambers, each containing a polystyrene scaffold assembled on the top surface of a main body structure. The MOAB is provided with two magnets, located in the chambers and in the main body, whose magnetic coupling ensures a hydraulic seal during the perfusion of 3D constructs. This magnetic seal generates a static magnetic field, which influences cell functions including viability, metabolic activity and gene expression. The MOAB device, specifically conceived to study the influence of a static magnetic field on neuroblastoma cell lines, might potentially be used as an in vitro model of neurodegeneration to test perfused 3D cell constructs in terms of response to different stimuli.

To reproduce neuroblastoma vasculogenic mimicry, a complex in vitro model has been fabricated by culturing pre-vascularized neuroblastoma cell sheets separated by fibrin layers in a perfusion bioreactor. The cell sheets are prepared by co-culturing the neuroblastoma cell line SK-N-BE(2) with human umbilical vein endothelial cells (HUVEC) on temperature-responsive poly(N-isopropylacrylamide) (PIPAAm)-grafted culture plates. A collagen-gel base with microchannels is used as a support for the vascular bed (81). This platform may represent an interesting option for drug testing, especially for drugs exhibiting antiangiogenic features. The fabrication of an intrinsic system of vasculature allows a better mimicking of the native tumor while augmenting predictive power for translation into pre-clinical applications. However, the difficulty of cell-sheet fabrication and stacking, together with the assembly of the collagen-gel base with microchannels for the perfusion, represent a critical obstacle to a large-scale application of this model.

Another step toward a model resembling native neuroblastomas is represented by the 3D tetra-culture brain microphysiological system (BMPS) used to test neurotoxic chemical agents. This system is developed starting from the OrganoPlate (MIMETAS, Netherlands) in which neuroblastoma cells (N2a), astrocytes (C8-D1A) and microglia (BV-2) are cultured in a collagen type I solution to recreate the brain parenchyma. The neurovascular environment is assured by also including endothelial cells (bEnd.3). The entire system requires culturing in perfusion conditions to permit appropriate 3D cell organization. This plate-based microfluidic platform may be applied for automated, high-throughput and high-content imaging with relatively fast readouts (82). Nevertheless, more consistent validations of their use for a routine drug screening are mandatory.


Clinical Needs and Future Perspectives for In Vitro Immunotherapy Evaluations

Immunotherapies have recently attracted great interest as a novel approach for cancer treatment, but the lack of adequate in vitro models for testing the efficacy of these therapies at a personalized level is still an issue (75, 83). Immunotherapy strategies rely both, on the ability of the immune system to kill malignant cells by recognizing specific tumor antigens and the ability of tumor cells to evade this physiological defense system. Two major strategies can be identified: re-activation of the tumor infiltrating lymphocytes (TILs) through the immune checkpoint inhibitors and chimeric antigen receptor-T (CAR-T) or T cell receptor (TCR) cell therapy.

Checkpoint inhibitors work by blocking the inhibitory binding between T cells’ checkpoint proteins (e.g. PD1) and their ligand on tumor cells (e.g. PDL1), allowing the immune system to become able once again to kill cancer (84). The CAR-T/TCR consists of the patient’s T-cells genetically modified to express unique tumor antigens that give them the ability to specifically target cancer cells, such as GD2 for neuroblastoma (84, 85).

Currently, several types of immunotherapy are being studied for use against neuroblastoma (86, 87) and complex in vitro 3D models that will allow a close relationship between target and effectors as occurs in vivo are needed for pre-clinical efficacy evaluation of immunotherapeutics. As shown in Figure 4, immunotherapy strategies can be developed and tested directly using patient derived cells as part of a personalized medicine approach.




Figure 4 | In vitro 3D models to test the efficacy of immunotherapeutics in a personalized approach strategy. On the left, the functional assay for cancer responsiveness to checkpoint inhibitors using VITVO bioreactor described by Candini et al. (88); on the right, TCR T-cell activity against tumor using 3D microfluidic device described by Pavesi and colleagues (83).



To test the migratory and lethality of TCR engineered patient-derived T cells toward hepatic tumors, an interesting 3D in vitro model has been developed by Pavesi and colleagues (83). This model consists of a 3D microdevice made of a poly(dimethylsiloxane) structure comprising a gel region with media channels separated from the gel channel by trapezoidal posts. Tumor cells are cultured embedded in a type I collagen gel solution that is injected into the predefined gel region of the device. The culture medium channels allow the cell culture perfusion and the free movement of TCR-T cells from the medium channel into the 3D solid collagen region containing target cells. This 3D assay could lead to a better understanding of what is encountered physiologically during adoptive T cell therapy of solid tumors, where the chemotactic characteristics and intrinsic killing of the engineered T cells are key factors in the successful outcome of the therapy. Although this 3D microdevice has been tested with human liver carcinoma cell line as its target, it could be useful to study other solid tumors including neuroblastoma.

For functional in vitro prediction of the efficacy of checkpoint inhibitors, a rapid functional test based on the use of the VITVO device (Rigenerand srl, Italy) has been recently proposed. VITVO is a small, portable bioreactor integrating a synthetic and biocompatible fiber-based matrix, and can host several types of cells, also in combination. Using this platform, primary cells harvested from human lung cancer specimens have been evaluated to predict the patient specific anti-tumor immunity of TILs triggered by checkpoint inhibitor Nivolumab (88). The same approach could also be considered to evaluate neuroblastoma responsiveness to immunomodulatory agents. Although these in vitro 3D platforms potentially offer innovative tools for the development of fast and reliable personalized assays, further studies are needed to confirm their relevance for clinical use.




Conclusions

The more effective targeting of malignant cells remains a highly challenging task since the existing therapeutics approaches do not adequately achieve the same efficacy of in vitro determined efficacy when translated to clinical trial. The purpose of including 3D tumor models is therefore to establish a new approach that overcomes the limitations of currently used in vitro protocols (Figure 5). The 3D in vitro models provide a closer reflection of the complexity of malignant tissues by nurturing complex cell-cell and cell-ECM organization. Under these growth modalities, tumor cells more closely approach their native interactions, generating tumor-like structures that strongly define the types of response to toxic drug insults. The number of possibilities for using neuroblastoma 3D models in HTS is increasing thanks to advances in bioengineering field. However, the automation of multiparametric data extrapolation in terms of volumetric parameters and cell viability within analyzed 3D structures remains a challenge. The introduction of bioprinting processes in pre-clinical studies is expected to bring to a greater reproducibility of the cell models, as well as higher predictability and controllability of the structures in comparison with the cast approach. The precision and resolution of the cell-laden structure bioprinting are determined by the characteristics of the nozzles, which do not allow the printability of all currently available bioinks. Although very useful, a limitation of using preformed porous scaffolds for sequential cell plating and culturing is the poor reproducibility of the spatio-temporally location of more than one cell type. The combination of (bio)printing and fabrication of microfluidic platforms in the field of neuroblastoma can therefore amplify the possibilities for HTS in 3D conditions. It is particularly intriguing if the described, versatile 3D cell culture systems could advance the pre-clinical evaluation of newly proposed tailored therapies and cell-based therapies that are currently under investigation for defeating neuroblastoma tumor cells.




Figure 5 | Current in vitro models. Advantages and limitations overview of current 3D in vitro models versus 2D systems are summarized.





Author Contributions

DC, SA, OC, and SF wrote the manuscript. DC, SF, SA, and OC reviewed the literature and collected available data. CD, SA, OC, EG, and SF designed the figures. HF and MD revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Fondazione Italiana per la Lotta al Neuroblastoma (project number 19_20FNBL).



Acknowledgments

The authors would like to thank Fondazione Italiana per la Lotta al Neuroblastoma, Fondazione Città della Speranza and Fondazione CARIPARO for their support.



References

1. Kapałczyńska, M, Kolenda, T, Przybyła, W, Zajączkowska, M, Teresiak, A, Filas, V, et al. 2D and 3D cell cultures – a comparison of different types of cancer cell cultures. Arch Med Sci (2016) 14(4):910–9. doi: 10.5114/aoms.2016.63743

2. Mogilner, A, and Odde, D. Modeling cellular processes in 3D. Trends Cell Biol (2011) 21:692–700. doi: 10.1016/j.tcb.2011.09.007

3. Graham, ML, and Prescott, MJ. The multifactorial role of the 3Rs in shifting the harm-benefit analysis in animal models of disease. Eur J Pharmacol (2015) 759:19–29. doi: 10.1016/j.ejphar.2015.03.040

4. Bart van der Worp, H, Howells, DW, Sena, ES, Porritt, MJ, Rewell, S, O’Collins, V, et al. Can animal models of disease reliably inform human studies? PLoS Med (2010) 7:1–8. doi: 10.1371/journal.pmed.1000245

5. Hutchinson, L, and Kirk, R. High drug attrition rates - Where are we going wrong? Nat Rev Clin Oncol (2011) 18:189–90. doi: 10.1038/nrclinonc.2011.34

6. Asghar, W, El Assal, R, Shafiee, H, Pitteri, S, Paulmurugan, R, and Demirci, U. Engineering cancer microenvironments for in vitro 3-D tumor models. Mater Today (2015) 18:539–53. doi: 10.1016/j.mattod.2015.05.002

7. Darnell, M, Schreiter, T, Zeilinger, K, Urbaniak, T, Söderdahl, T, Rossberg, I, et al. Cytochrome P450-Dependent Metabolism in HepaRG Cells Cultured in a Dynamic Three-Dimensional Bioreactor. Drug Metab Dispos (2011) 39:1131–8. doi: 10.1124/dmd.110.037721

8. Howes, AL, Richardson, RD, Finlay, D, and Vuori, K. 3-Dimensional Culture Systems for Anti-Cancer Compound Profiling and High-Throughput Screening Reveal Increases in EGFR Inhibitor-Mediated Cytotoxicity Compared to Monolayer Culture Systems. PLoS One (2014) 9:e108283. doi: 10.1371/journal.pone.0108283

9. Graf, BW, and Boppart, SA. (2010) Imaging and Analysis of Three-Dimensional Cell Culture Models. In:  Papkovsky D, editor. Live Cell Imaging. Methods in Molecular Biology (Methods and Protocols), vol 591. Humana Press. p. 211–27. doi: 10.1007/978-1-60761-404-3_13

10. Klinghoffer, RA, Bahrami, SB, Hatton, BA, Frazier, JP, Moreno-Gonzalez, A, Strand, AD, et al. A technology platform to assess multiple cancer agents simultaneously within a patient’s tumor. Sci Transl Med (2015) 7:284ra58–284ra58. doi: 10.1126/scitranslmed.aaa7489

11. Isherwood, B, Timpson, P, McGhee, EJ, Anderson, KI, Canel, M, Serrels, A, et al. Live Cell in Vitro and in Vivo Imaging Applications: Accelerating Drug Discovery. Pharmaceutics (2011) 3:141–70. doi: 10.3390/pharmaceutics3020141

12. Nolan, JC, Frawley, T, Tighe, J, Soh, H, Curtin, C, and Piskareva, O. Preclinical models for neuroblastoma: Advances and challenges. Cancer Lett (2020) 474:53–62. doi: 10.1016/j.canlet.2020.01.015

13. Ornell, KJ, and Coburn, JM. Developing preclinical models of neuroblastoma: driving therapeutic testing. BMC BioMed Eng (2019) 1:33. doi: 10.1186/s42490-019-0034-8

14. Corallo, D, Candiani, S, Ori, M, Aveic, S, and Tonini, GP. The zebrafish as a model for studying neuroblastoma. Cancer Cell Int (2016) 16:82. doi: 10.1186/s12935-016-0360-z

15. Johnsen, JI, Dyberg, C, and Wickström, M. Neuroblastoma—A Neural Crest Derived Embryonal Malignancy. Front Mol Neurosci (2019) 12:9. doi: 10.3389/fnmol.2019.00009

16. Matthay, KK, Maris, JM, Schleiermacher, G, Nakagawara, A, Mackall, CL, Diller, L, et al. Neuroblastoma. Nat Rev Dis Prim (2016) 2:16078. doi: 10.1038/nrdp.2016.78

17. Cohn, SL, Pearson, ADJ, London, WB, Monclair, T, Ambros, PF, Brodeur, GM, et al. The International Neuroblastoma Risk Group (INRG) Classification System: An INRG Task Force Report. J Clin Oncol (2009) 27:289–97. doi: 10.1200/JCO.2008.16.6785

18. Brodeur, GM, and Bagatell, R. Mechanisms of neuroblastoma regression. Nat Rev Clin Oncol (2014) 11:704–13. doi: 10.1038/nrclinonc.2014.168

19. Ladenstein, R, Pötschger, U, Pearson, ADJ, Brock, P, Luksch, R, Castel, V, et al. Busulfan and melphalan versus carboplatin, etoposide, and melphalan as high-dose chemotherapy for high-risk neuroblastoma (HR-NBL1/SIOPEN): an international, randomised, multi-arm, open-label, phase 3 trial. Lancet Oncol (2017) 18:500–14. doi: 10.1016/S1470-2045(17)30070-0

20. Tolbert, VP, and Matthay, KK. Neuroblastoma: clinical and biological approach to risk stratification and treatment. Cell Tissue Res (2018) 372:195–209. doi: 10.1007/s00441-018-2821-2

21. Van Arendonk, K, and Chung, D. Neuroblastoma: Tumor Biology and Its Implications for Staging and Treatment. Children (2019) 6:12. doi: 10.3390/children6010012

22. Sridhar, S, Al-Moallem, B, Kamal, H, Terrile, M, and Stallings, RL. New Insights into the Genetics of Neuroblastoma. Mol Diagn Ther (2013) 17:63–9. doi: 10.1007/s40291-013-0019-6

23. Bosse, KR, and Maris, JM. Advances in the translational genomics of neuroblastoma: From improving risk stratification and revealing novel biology to identifying actionable genomic alterations. Cancer (2016) 122:20–33. doi: 10.1002/cncr.29706

24. Aveic, S, Davtalab, R, Vogt, M, Weber, M, Buttler, P, Tonini, GP, et al. Calcium phosphate scaffolds with defined interconnecting channel structure provide a mimetic 3D niche for bone marrow metastasized tumor cell growth. Acta Biomater (2019) 88:527–39. doi: 10.1016/j.actbio.2019.02.030

25. Sutherland, RM, Mccredie, JA, and Inch, R. Growth of Multicell Spheroids in Tissue Culture as a Model of Nodular Carcinomas. J Natl Cancer Inst (1971) 46(1):113–20. doi: 10.1093/jnci/46.1.113

26. Nath, S, and Devi, GR. Three-dimensional culture systems in cancer research: Focus on tumor spheroid model. Pharmacol Ther (2016) 163:94–108. doi: 10.1016/j.pharmthera.2016.03.013

27. Mitchell, CB, and O’Neill, GM. Rac GTPase regulation of 3D invasion in neuroblastomas lacking MYCN amplification. Cell Adh Migr (2017) 11:68–79. doi: 10.1080/19336918.2016.1183868

28. Fife, CM, Sagnella, SM, Teo, WS, Po’uha, ST, Byrne, FL, Yeap, YYC, et al. Stathmin mediates neuroblastoma metastasis in a tubulin-independent manner via RhoA/ROCK signaling and enhanced transendothelial migration. Oncogene (2017) 36:501–11. doi: 10.1038/onc.2016.220

29. Vrenken, KS, Vervoort, BMT, van Ingen Schenau, DS, Derks, YHW, van Emst, L, Grytsenko, PG, et al. The transcriptional repressor SNAI2 impairs neuroblastoma differentiation and inhibits response to retinoic acid therapy. Biochim Biophys Acta Mol Basis Dis (2020) 1866:165644. doi: 10.1016/j.bbadis.2019.165644

30. Thole, TM, Toedling, J, Sprüssel, A, Pfeil, S, Savelyeva, L, Capper, D, et al. Reflection of neuroblastoma intratumor heterogeneity in the new OHC-NB1 disease model. Int J Cancer (2020) 146:1031–41. doi: 10.1002/ijc.32572

31. Barton, J, Pacey, K, Jain, N, Kasia, T, Edwards, D, Thevanesan, C, et al. Establishment and phenotyping of neurosphere cultures from primary neuroblastoma samples. F1000Research (2019) 8:823. doi: 10.12688/f1000research.18209.1

32. Clevers, H. Modeling Development and Disease with Organoids. Cell (2016) 165:1586–97. doi: 10.1016/j.cell.2016.05.082

33. Bleijs, M, Wetering, M, Clevers, H, and Drost, J. Xenograft and organoid model systems in cancer research. EMBO J (2019) 38:e101654. doi: 10.15252/embj.2019101654

34. Sachs, N, de Ligt, J, Kopper, O, Gogola, E, Bounova, G, Weeber, F, et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell (2018) 172:373–86. doi: 10.1016/j.cell.2017.11.010

35. Wong, CH, Siah, KW, and Lo, AW. Estimation of clinical trial success rates and related parameters. Biostatistics (2019) 20:273–86. doi: 10.1093/biostatistics/kxx069

36. Langhans, SA. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front Pharmacol (2018) 9(6):1. doi: 10.3389/fphar.2018.00006

37. Baek, N, Seo, OW, Kim, M, Hulme, J, and An, SSA. Monitoring the effects of doxorubicin on 3D-spheroid tumor cells in real-time. Onco Targets Ther (2016) 9:7207–18. doi: 10.2147/OTT.S112566

38. Bahmad, HF, Mouhieddine, TH, Chalhoub, RM, Assi, S, Araji, T, Chamaa, F, et al. The Akt/mTOR pathway in cancer stem/progenitor cells is a potential therapeutic target for glioblastoma and neuroblastoma. Oncotarget (2018) 9:33549–61. doi: 10.18632/oncotarget.26088

39. Sidarovich, V, De Mariano, M, Aveic, S, Pancher, M, Adami, V, Gatto, P, et al. A High-Content Screening of Anticancer Compounds Suggests the Multiple Tyrosine Kinase Inhibitor Ponatinib for Repurposing in Neuroblastoma Therapy. Mol Cancer Ther (2018) 17:1405–15. doi: 10.1158/1535-7163.MCT-17-0841

40. Hay, ED. Extracellular matrix. J Cell Biol (1981) 91:205s–23s. doi: 10.1083/jcb.91.3.205s

41. Perris, R, and Perissinotto, D. Role of the extracellular matrix during neural crest cell migration. Mech Dev (2000) 95:3–21. doi: 10.1016/S0925-4773(00)00365-8

42. Frantz, C, Stewart, KM, and Weaver, VM. The extracellular matrix at a glance. J Cell Sci (2010) 123:4195–200. doi: 10.1242/jcs.023820

43. Hynes, RO. The Extracellular Matrix: Not Just Pretty Fibrils. Sci (80 ) (2009) 326:1216–9. doi: 10.1126/science.1176009

44. Lu, P, Takai, K, Weaver, VM, and Werb, Z. Extracellular Matrix Degradation and Remodeling in Development and Disease. Cold Spring Harb Perspect Biol (2011) 3:a005058–a005058. doi: 10.1101/cshperspect.a005058

45. Lu, P, Weaver, VM, and Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J Cell Biol (2012) 196:395–406. doi: 10.1083/jcb.201102147

46. Shimada, H, Chatten, J, Newton, WA, Sachs, N, Hamoudi, AB, Chiba, T, et al. Histopathologic Prognostic Factors in Neuroblastic Tumors: Definition of Subtypes of Ganglioneuroblastoma and an Age-Linked Classification of Neuroblastomas. JNCI J Natl Cancer Inst (1984) 73:405–16. doi: 10.1093/jnci/73.2.405

47. Tadeo, I, Berbegall, AP, Castel, V, García-Miguel, P, Callaghan, R, Påhlman, S, et al. Extracellular matrix composition defines an ultra-high-risk group of neuroblastoma within the high-risk patient cohort. Br J Cancer (2016) 115:480–9. doi: 10.1038/bjc.2016.210

48. Yoon, Y-K, Kim, H-P, Han, S-W, Hur, H-S, Oh, DY, Im, S-A, et al. Combination of EGFR and MEK1/2 inhibitor shows synergistic effects by suppressing EGFR/HER3-dependent AKT activation in human gastric cancer cells. Mol Cancer Ther (2009) 8:2526–36. doi: 10.1158/1535-7163.MCT-09-0300

49. Lam, WA, Cao, L, Umesh, V, Keung, AJ, Sen, S, and Kumar, S. Extracellular matrix rigidity modulates neuroblastoma cell differentiation and N-myc expression. Mol Cancer (2010) 9:35. doi: 10.1186/1476-4598-9-35

50. Tibbitt, MW, and Anseth, KS. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol Bioeng (2009) 103:655–63. doi: 10.1002/bit.22361

51. Ullah, F, Othman, MBH, Javed, F, Ahmad, Z, and Akil, HM. Classification, processing and application of hydrogels: A review. Mater Sci Eng C (2015) 57:414–33. doi: 10.1016/j.msec.2015.07.053

52. Drury, JL, and Mooney, DJ. Hydrogels for tissue engineering: Scaffold design variables and applications. Biomaterials (2003) 24:4337–51. doi: 10.1016/S0142-9612(03)00340-5

53. Haycock, JW. 3D Cell Culture: A Review of Current Approaches and Techniques. In:  Haycock J, editor. 3D Cell Culture. Methods in Molecular Biology (Methods and Protocols), vol 695. Humana Press (2010). p. 1–15. doi: 10.1007/978-1-60761-984-0_1

54. Malda, J, Visser, J, Melchels, FP, Jüngst, T, Hennink, WE, Dhert, WJA, et al. 25th Anniversary Article: Engineering Hydrogels for Biofabrication. Adv Mater (2013) 25:5011–28. doi: 10.1002/adma.201302042

55. Hutmacher, DW. Biomaterials offer cancer research the third dimension. Nat Mater (2010) 9:90–3. doi: 10.1038/nmat2619

56. Tilghman, RW, Cowan, CR, Mih, JD, Koryakina, Y, Gioeli, D, Slack-Davis, JK, et al. Matrix Rigidity Regulates Cancer Cell Growth and Cellular Phenotype. PLoS One (2010) 5:e12905. doi: 10.1371/journal.pone.0012905

57. Curtin, C, Nolan, JC, Conlon, R, Deneweth, L, Gallagher, C, Tan, YJ, et al. A physiologically relevant 3D collagen-based scaffold–neuroblastoma cell system exhibits chemosensitivity similar to orthotopic xenograft models. Acta Biomater (2018) 70:84–97. doi: 10.1016/j.actbio.2018.02.004

58. Innala, M, Riebe, I, Kuzmenko, V, Sundberg, J, Gatenholm, P, Hanse, E, et al. 3D Culturing and differentiation of SH-SY5Y neuroblastoma cells on bacterial nanocellulose scaffolds. Artif Cells Nanomed Biotechnol (2014) 42:302–8. doi: 10.3109/21691401.2013.821410

59. Fasolino, I, Bonadies, I, Ambrosio, L, Raucci, MG, Carfagna, C, Caso, FM, et al. Eumelanin Coated PLA Electrospun Micro Fibers as Bioinspired Cradle for SH-SY5Y Neuroblastoma Cells Growth and Maturation. ACS Appl Mater Interf (2017) 9:40070–6. doi: 10.1021/acsami.7b13257

60. Doshi, J, and Reneker, DH. Electrospinning process and applications of electrospun fibers. J Electrostat (1995) 35:151–60. doi: 10.1016/0304-3886(95)00041-8

61. Kazantseva, J, Ivanov, R, Gasik, M, Neuman, T, and Hussainova, I. Graphene-Augmented Nanofiber Scaffolds Trigger Gene Expression Switching of Four Cancer Cell Types. ACS Biomater Sci Eng (2018) 4:1622–9. doi: 10.1021/acsbiomaterials.8b00228

62. Santhosh, M, Choi, J-WJ-H, and Choi, J-WJ-H. Magnetic-Assisted Cell Alignment within a Magnetic Nanoparticle-Decorated Reduced Graphene Oxide/Collagen 3D Nanocomposite Hydrogel. Nanomaterials (2019) 9:1293. doi: 10.3390/nano9091293

63. Solìs Moré, Y, Panella, G, Fioravanti, G, Perrozzi, F, Passacantando, M, Giansanti, F, et al. Biocompatibility of composites based on chitosan, apatite, and graphene oxide for tissue applications. J BioMed Mater Res Part A (2018) 106:1585–94. doi: 10.1002/jbm.a.36361

64. Gandalovičová, A, Rosel, D, Fernandes, M, Veselý, P, Heneberg, P, Čermák, V, et al. Migrastatics—Anti-metastatic and Anti-invasion Drugs: Promises and Challenges. Trends Cancer (2017) 3:391–406. doi: 10.1016/j.trecan.2017.04.008

65. Duarte Campos, DF, Bonnin Marquez, A, O’Seanain, C, Fischer, H, Blaeser, A, Vogt, M, et al. Exploring Cancer Cell Behavior In Vitro in Three-Dimensional Multicellular Bioprintable Collagen-Based Hydrogels. Cancers (Basel) (2019) 11:180. doi: 10.3390/cancers11020180

66. Fantini, V, Bordoni, M, Scocozza, F, Conti, M, Scarian, E, Carelli, S, et al. Bioink Composition and Printing Parameters for 3D Modeling Neural Tissue. Cells (2019) 8:830. doi: 10.3390/cells8080830

67. Yeung, P, Sin, HS, Chan, S, Chan, GCF, and Chan, BP. Microencapsulation of Neuroblastoma Cells and Mesenchymal Stromal Cells in Collagen Microspheres: A 3D Model for Cancer Cell Niche Study. PLoS One (2015) 10:e0144139. doi: 10.1371/journal.pone.0144139

68. Park, JH, Jang, J, Lee, J-S, and Cho, D-W. Three-Dimensional Printing of Tissue/Organ Analogues Containing Living Cells. Ann BioMed Eng (2017) 45:180–94. doi: 10.1007/s10439-016-1611-9

69. Hinton, TJ, Jallerat, Q, Palchesko, RN, Park, JH, Grodzicki, MS, Shue, H-J, et al. Three-dimensional printing of complex biological structures by freeform reversible embedding of suspended hydrogels. Sci Adv (2015) 1:e1500758. doi: 10.1126/sciadv.1500758

70. Rana Khalid, I, Darakhshanda, I, and Rafi, A R. 3D Bioprinting: An attractive alternative to traditional organ transplantation. Arch BioMed Sci Eng (2019) 5:007–18. doi: 10.17352/abse.000012

71. Monferrer, E, Martín-Vañó, S, Carretero, A, García-Lizarribar, A, Burgos-Panadero, R, Navarro, S, et al. A three-dimensional bioprinted model to evaluate the effect of stiffness on neuroblastoma cell cluster dynamics and behavior. Sci Rep (2020) 10:6370. doi: 10.1038/s41598-020-62986-w

72. Roehm, KD, and Madihally, SV. Bioprinted chitosan-gelatin thermosensitive hydrogels using an inexpensive 3D printer. Biofabrication (2017) 10:015002. doi: 10.1088/1758-5090/aa96dd

73. Bordoni, M, Karabulut, E, Kuzmenko, V, Fantini, V, Pansarasa, O, Cereda, C, et al. 3D Printed Conductive Nanocellulose Scaffolds for the Differentiation of Human Neuroblastoma Cells. Cells (2020) 9:682. doi: 10.3390/cells9030682

74. Lewicki, J, Bergman, J, Kerins, C, and Hermanson, O. Optimization of 3D bioprinting of human neuroblastoma cells using sodium alginate hydrogel. Bioprinting (2019) 16:e00053. doi: 10.1016/j.bprint.2019.e00053

75. Marrella, A, Dondero, A, Aiello, M, Casu, B, Olive, D, Regis, S, et al. Cell-Laden Hydrogel as a Clinical-Relevant 3D Model for Analyzing Neuroblastoma Growth, Immunophenotype, and Susceptibility to Therapies. Front Immunol (2019) 10:1876. doi: 10.3389/fimmu.2019.01876

76. Lindner, M, Bergmann, C, Telle, R, and Fischer, H. Calcium phosphate scaffolds mimicking the gradient architecture of native long bones. J BioMed Mater Res  Part A (2014) 102:3677–84. doi: 10.1002/jbm.a.35038

77. Benam, KH, Dauth, S, Hassell, B, Herland, A, Jain, A, Jang, K-J, et al. Engineered In Vitro Disease Models. Annu Rev Pathol Mech Dis (2015) 10:195–262. doi: 10.1146/annurev-pathol-012414-040418

78. Katt, ME, Placone, AL, Wong, AD, Xu, ZS, and Searson, PC. In Vitro Tumor Models: Advantages, Disadvantages, Variables, and Selecting the Right Platform. Front Bioeng Biotechnol (2016) 4:12. doi: 10.3389/fbioe.2016.00012

79. Izzo, L, Tunesi, M, Boeri, L, Laganà, M, Giordano, C, and Raimondi, MT. Influence of the static magnetic field on cell response in a miniaturized optically accessible bioreactor for 3D cell culture. BioMed Microdev (2019) 21:29. doi: 10.1007/s10544-019-0387-8

80. Raimondi, MT, Eaton, SM, Laganà, M, Aprile, V, Nava, MM, Cerullo, G, et al. Three-dimensional structural niches engineered via two-photon laser polymerization promote stem cell homing. Acta Biomater (2013) 9:4579–84. doi: 10.1016/j.actbio.2012.08.022

81. Villasante, A, Sakaguchi, K, Kim, J, Cheung, NK, Nakayama, M, Parsa, H, et al. Vascularized Tissue-Engineered Model for Studying Drug Resistance in Neuroblastoma. Theranostics (2017) 7:4099–117. doi: 10.7150/thno.20730

82. Liu, L, Koo, Y, Akwitti, C, Russell, T, Gay, E, Laskowitz, DT, et al. Three-dimensional (3D) brain microphysiological system for organophosphates and neurochemical agent toxicity screening. PLoS One (2019) 14:e0224657. doi: 10.1371/journal.pone.0224657

83. Pavesi, A, Tan, AT, Chen, MB, Adriani, G, Bertoletti, A, and Kamm, RD. Using microfluidics to investigate tumor cell extravasation and T-cell immunotherapies. 2015 37th Annu Int Conf IEEE Eng Med Biol Soc (EMBC) (IEEE) (2015) 1853–6. doi: 10.1109/EMBC.2015.7318742

84. Sanghera, C, and Sanghera, R. Immunotherapy – Strategies for Expanding Its Role in the Treatment of All Major Tumor Sites. Cureus (2019) 11(10):e5938. doi: 10.7759/cureus.5938

85. Prapa, M, Caldrer, S, Spano, C, Bestagno, M, Golinelli, G, Grisendi, G, et al. A novel anti-GD2/4-1BB chimeric antigen receptor triggers neuroblastoma cell killing. Oncotarget (2015) 6:24884–94. doi: 10.18632/oncotarget.4670

86. Croce, M, Corrias, MV, Rigo, V, and Ferrini, S. New immunotherapeutic strategies for the treatment of neuroblastoma. Immunotherapy (2015) 7:285–300. doi: 10.2217/imt.14.117

87. Sait, S, and Modak, S. Anti-GD2 immunotherapy for neuroblastoma. Expert Rev Anticancer Ther (2017) 17:889–904. doi: 10.1080/14737140.2017.1364995

88. Candini, O, Grisendi, G, Foppiani, EM, Brogli, M, Aramini, B, Masciale, V, et al. A Novel 3D In Vitro Platform for Pre-Clinical Investigations in Drug Testing, Gene Therapy, and Immuno-oncology. Sci Rep (2019) 9:7154. doi: 10.1038/s41598-019-43613-9



Conflict of Interest: MD is founder and member of the Board of Directors of Rigenerand srl, a University start-up company. MD interests are managed by the University of Modena and Reggio Emilia in accordance with their conflict of interest policies. SF, OC, and EG are currently employed by Rigenerand srl.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Corallo, Frabetti, Candini, Gregianin, Dominici, Fischer and Aveic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-584214-g001.jpg
30 MCTS models
for high-troughput screening





OEBPS/Images/fimmu-11-584214-g003.jpg
Bloink preparation

= - &

Neuroblastoma cell lines or Natural,
ex-vivo derived primary cells synthetic or hybrid bioinks
3D Bioprinting

aser-ass!
bioprinting

Pre-clinical testing

o 4

3D tumor-ike structures for
drug screening





OEBPS/Images/fimmu-11-584214-g004.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Emerging Neuroblastoma 3D In Vitro Models for Pre-Clinical Assessments

      

        		

          Introduction

        



        		

          Neuroblastoma In Vitro 3D Models

        

          		

            Multicellular Tumor Spheroids (MCTSs)

          



          		

            Tissue-Derived Tumor Spheres (TDTSs)

          



          		

            Patient-Derived Tumor Organoids (PDTOs)

          



        



        



        		

          Moving from 2D Toward 3D Pre-Clinical Settings

        

          		

            Pioneering 3D Neuroblastoma Models for Drug Screening Studies

          



        



        



        		

          Biomimetic Extracellular Matrix (ECM) Supports for Neuroblastoma Tumor Model Fabrication

        

          		

            Role of ECM in Neuroblastoma

          



          		

            Cast In Vitro 3D Models for Studying Neuroblastoma

          



          		

            (Bio)Printing Neuroblastoma 3D Models

          



        



        



        		

          Engineered Platforms for Studying Tumor Biology, Immunology and Drug Efficacy

        

          		

            Clinical Needs and Future Perspectives for In Vitro Immunotherapy Evaluations

          



        



        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2020.584214_cover.jpg
, frontiers
in Immunology

Emerging Neuroblastoma 3D In Vitro
Models for Pre-Clinical Assessments





OEBPS/Images/fimmu-11-584214-g005.jpg
Lom ooty Rdidsarin
L=~

s | Sases
[~

Lomconpney

o b i

Syt qspmert o e s
e e
Do, o





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-584214-g002.jpg





