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Cancer is one of the leading causes of death worldwide. It is therefore not surprising that numerous efforts are being made to combat cancer. Tumor models, used ex vivo to predict novel cancer markers, targeted therapies, or for drug development, are constantly evolving. Selecting the most appropriate model that best reflects the tumor system of interest is one of the major difficulties in cancer research.



Cells in the human body usually grow firmly embedded inside a structure-determining extracellular matrix and are surrounded by a biochemical microenvironment of extensive regulatory potential. This interaction not only determines the three-dimensional (3D) “natural” shape of organs and tumors but can also influence their functionality. Under standard cell culture conditions, adherent growing tumor cells form two-dimensional (2D) monolayers, a configuration that does not correspond to their actual situation in vivo. In solid tumors the concentrations of nutrients, oxygen, or metabolites decrease with increasing distances from blood vessels, affecting cell growth and metabolism. With the help of today’s technologies (3D cell cultures, bioprinting, vascular engineering, advanced bioreactors, smart biomaterials, stem cell differentiation, and microfluidics-based physiological platforms), it is now possible to control cells and their microenvironments more precisely, which in turn opens the door for the engineering of novel in vitro tumor models (Figure 1).



1. From 2D to 3D


More than 80% of ex vivo pilot studies for the development of new anticancer drugs are still conducted with 2D cell cultures [1]; however, these systems cannot adequately reflect the cellular responses in their microenvironments in vivo (such as tissues or tumors) and are of only limited prognostic value for the clinical efficacy of a novel drug. In fact, the absence of convincing preclinical models is one of the major reasons for the generally low success rate of drug development [2,3]. Far too often, promising drugs fail in the later stages of clinical development; therefore, it is advantageous to use the potential of more complex in vitro models to better mimic actual in vivo conditions [4]. Three-dimensional cell culture models represent a possible solution [5]. They can be classified into three categories: spheroid models, hydrogel-embedded cell cultures, and organ-on-a-chip systems.




2. From Spheroids to Organoids


Nowadays, tumor spheroids are used to study important processes, such as signal transduction, the differential gene expression of central and surface cells, metabolism, and differentiation in order to advance the knowledge on tumor growth [6]. In addition, they are used to investigate therapeutic issues that concern metabolic and proliferative gradients, such as the effects in chronically hypoxic tumor cells but also the role of cell–cell and cell–matrix interactions in radio- and chemotherapy [7,8]. Since tumor spheroids, such as tumors in vivo, exhibit permeability differences, active ingredients can be better investigated and possibly also more quickly excluded as therapeutic agents if the molecules do not reach all cells [9,10].



Heterocellular tumor spheroids (tumor organoids), generated by the co-cultivation of tumor cells with stromal cells, such as fibroblasts, or endothelial cells are an advanced and very complex 3D cell model [11]. Thus, an attempt is made to create a tumor-specific microenvironment in order to elucidate its involvement and key mechanisms in tumor development or tumor progression [12,13]. Tumor organoids show a more accurate replication of the tumor architecture and are ideally suited for drug development [14]. For this Special Issue, Rathje et al. [15] summarized the current knowledge on tumor organoids a with focus on colorectal cancer.




3. From Cell Lines to Patient-Derived Cells


Patient-derived tumor organoids (“microtumors”), grown from tumor tissue biopsies, stem cells, or organ-specific progenitor cells, enable personalized cancer therapy as they reflect the molecular and phenotypic properties of the underlying tumor tissue in a realistic manner [16]. Tumor organoids have already contributed to significant progress in personalized medicine. To illustrate this, Bae et al. [17] provided an update on the “promises and challenges” of patient-derived cancer organoids.



The biological heterogeneity observed in recurrent ovarian cancer might explain the strong differences in the clinical drug responses of these patients. Hoffmann et al. [18] modeled the interpatient tumor heterogeneity in druggable target expression and drug response on a patient-derived ovarian cancer spheroid model. The comparative testing of a variety of treatment options in the spheroid model resulted in more effective treatment than guideline-recommended therapies in 30% of patients.



Malignant mesothelioma is a rare malignancy that is also lacking in terms of an adequate number of in vitro models. Song et al. [19] have successfully established a syngeneic orthotopic model using malignant mesothelioma cells derived from an asbestos-induced Cdkn2a+/−; Nf2+/− mouse. The model described represents genomic instability, and specific molecular targets for therapeutic or preventive intervention provide preclinical proof of concept. It is now straightforward to create a study cohort without the need to inject adenoviruses or asbestos.




4. From In Vitro to Ex Vivo


Ex vivo models are based on tissue extracted from organisms and cultured in a controlled external environment that resembles natural conditions. They are considered a compromise between in vitro and in vivo models and are more similar to human conditions, but also more complex.



Koch et al. [20] used a human ex vivo peritoneum model to mimic peritoneal carcinomatosis from colorectal cancer. In particular, this model allowed for the study of interactions between cancer cells and the tumor microenvironment. The results showed that matrix metalloproteinases (MMPs) were overexpressed during peritoneal colonization by colorectal cancer cells and that this overexpression could be prevented through the pharmacological inhibition of MMP-2 and MMP-9. MMP inhibition also significantly reduced peritoneal seeding in the functional primary culture model.




5. Updates on Models Mimicking Physiological Processes


It has been discussed that the cell biological program of epithelial to mesenchymal transition (EMT) is involved in both the development and progression of cancer [21]; however, experimental models for assessing this process in terms of its biological complexity remain limited. Peindl et al. [22] used a novel lung tumor tissue model with a preserved basement membrane to investigate EMT functions with respect to invasion across this membrane and drug resistance. They found evidence of an association between EMT and drug resistance in primary and secondary resistant cells carrying KRASG12C or EGFR mutations. From their results, the authors conclude that EMT is a marker of drug resistance, rather than a trigger. Invasion may be favored by EMT but is more likely to depend on intrinsic factors. In addition, EMT was not detected in the center of invasive tumor nodules.



Melnik et al. [23] used a random-positioning-based metastasis model [24] to study the inhibitory effects of dexamethasone in more detail. The team of authors demonstrated that mechanical stress plays an important role in this in vitro model with follicular thyroid carcinoma (FTC) cells and that tumor cells not derived from metastases respond differently to this stress when compared to healthy or recurrent cells. Dexamethasone primarily restored a normal number of tight junctions in the FTC cells isolated from the metastasis, resulting in reduced detachment ability and thus the inhibition of “in vitro metastasis”.




6. Updates on Drug Delivery Techniques


Drug-loaded superparamagnetic iron oxide nanoparticles (SPIONs) appeared about 50 years ago [25]. Their inner iron core is magnetic, and the surrounding shell can be modified and adapted to obtain a nontoxic, biocompatible nanoparticle that can be loaded with chemotherapeutic agents. After intra-arterial application, SPIONs can be navigated to the tumor region by using an external magnet (magnetic drug targeting). Behr et al. [26] have now established an in vitro system with which to analyze the magnetic accumulation of drug-loaded SPIONs or SPION-loaded cells and their effects on tumor spheroids. For this purpose, spheroids were placed in a chamber system under the influence of a magnetic field and connected to a peristaltic pump to simulate blood flow. This allowed for the analysis of the magnetic accumulation and antitumor effects of magnetically targeted mitoxantrone as well as immune cells under dynamic conditions. The authors demonstrated that the accumulation mediated by the magnetic nanoparticles increased the antitumor effects and decreased the unspecific distribution of mitoxantrone as well as immune cells. According to the authors, it is the first non-handcrafted system that combines spheroids under dynamic flow with magnetic particles/cells and magnetic forces. Especially for nanomedical studies on magnetic transporters or cells, this application can bridge the gap between static experimental setups and in vivo experiments.




7. From Tumor-on-a-Chip to Human-on-a-Chip


The organ-on-a-chip (tissue chip) is a technological development that couples biology with microtechnology to mimic key aspects of human physiology, focusing on a tissue or organ of interest [27,28]. Human-on-a-chip approaches are more recent multiorgan systems that can be used to recapitulate the interactions between different tissues. Applied to cancer research, it may be possible to observe and understand the mechanisms of metastasis. In addition, these chips can be used to study the effects of cancer therapies directly on cancer and surrounding organs, offering new hope in personalized medicine [29].



In “From 2D Cultures to Organ-on-a-Chip Technology”, Foglizzo et al. [30] provided an up-to-date and comparative overview of existing advanced cellular models for preclinical drug testing up to the chip technology. The authors believe that animal testing on genetically modified mice and patient-derived xenografts will be partially replaced by in vitro studies in the future.



With this Special Issue, we would like to provide an overview of the current developments in the field of in vitro tumor models. As Bae et al. [17] correctly noted in their conclusion, all cancer models have “pros and cons” when used as platforms for studying cancer biology; however, as such models are constantly revised and supplemented on the basis of underlying medical research, they also tend to reorganize knowledge and make it possible to identify previously unknown relationships. We thank all of the authors who contributed to this Special Issue. Ongoing research offers a brighter future for cancer treatment.







Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lv, D.; Hu, Z.; Lu, L.; Lu, H.; Xu, X. Three-dimensional cell culture: A powerful tool in tumor research and drug discovery. Oncol. Lett. 2017, 14, 6999–7010. [Google Scholar] [CrossRef] [PubMed]

	



Bertotti, A.; Trusolino, L. From bench to bedside: Does preclinical practice in translational oncology need some rebuilding? J. Natl. Cancer Inst. 2013, 105, 1426–1427. [Google Scholar] [CrossRef]

	



Kamb, A. What’s wrong with our cancer models? Nat. Rev. Drug Discov. 2005, 4, 161–165. [Google Scholar] [CrossRef]

	



Hickman, J.A.; Graeser, R.; de Hoogt, R.; Vidic, S.; Brito, C.; Gutekunst, M.; van der Kuip, H. Three-dimensional models of cancer for pharmacology and cancer cell biology: Capturing tumor complexity in vitro/ex vivo. Biotechnol. J. 2014, 9, 1115–1128. [Google Scholar] [CrossRef]

	



Pampaloni, F.; Reynaud, E.G.; Stelzer, E.H. The third dimension bridges the gap between cell culture and live tissue. Nat. Rev. Mol. Cell Biol. 2007, 8, 839–845. [Google Scholar] [CrossRef] [PubMed]

	



Lin, R.Z.; Chang, H.Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol. J. 2008, 3, 1172–1184. [Google Scholar] [CrossRef] [PubMed]

	



Fennema, E.; Rivron, N.; Rouwkema, J.; van Blitterswijk, C.; de Boer, J. Spheroid culture as a tool for creating 3D complex tissues. Trends Biotechnol. 2013, 31, 108–115. [Google Scholar] [CrossRef] [PubMed]

	



Costa, E.C.; Moreira, A.F.; de Melo-Diogo, D.; Gaspar, V.M.; Carvalho, M.P.; Correia, I.J. 3D tumor spheroids: An overview on the tools and techniques used for their analysis. Biotechnol. Adv. 2016, 34, 1427–1441. [Google Scholar] [CrossRef]

	



LaBarbera, D.V.; Reid, B.G.; Yoo, B.H. The multicellular tumor spheroid model for high-throughput cancer drug discovery. Expert Opin. Drug Discov. 2012, 7, 819–830. [Google Scholar] [CrossRef]

	



Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249. [Google Scholar] [CrossRef] [PubMed]

	



Fiorini, E.; Veghini, L.; Corbo, V. Modeling Cell Communication in Cancer With Organoids: Making the Complex Simple. Front. Cell Dev. Biol. 2020, 8, 166. [Google Scholar] [CrossRef]

	



Xu, H.; Lyu, X.; Yi, M.; Zhao, W.; Song, Y.; Wu, K. Organoid technology and applications in cancer research. J. Hematol. Oncol. 2018, 11, 116. [Google Scholar] [CrossRef]

	



Bleijs, M.; van de Wetering, M.; Clevers, H.; Drost, J. Xenograft and organoid model systems in cancer research. EMBO J. 2019, 38, e101654. [Google Scholar] [CrossRef]

	



Tuveson, D.; Clevers, H. Cancer modeling meets human organoid technology. Science 2019, 364, 952. [Google Scholar] [CrossRef]

	



Rathje, F.; Klingler, S.; Aberger, F. Organoids for Modeling (Colorectal) Cancer in a Dish. Cancers 2022, 14, 5416. [Google Scholar] [CrossRef]

	



Xu, H.; Jiao, D.; Liu, A.; Wu, K. Tumor organoids: Applications in cancer modeling and potentials in precision medicine. J. Hematol. Oncol. 2022, 15, 58. [Google Scholar] [CrossRef]

	



Bae, J.; Choi, Y.S.; Cho, G.; Jang, S.J. The Patient-Derived Cancer Organoids: Promises and Challenges as Platforms for Cancer Discovery. Cancers 2022, 14, 2144. [Google Scholar] [CrossRef]

	



Hoffmann, O.I.; Regenauer, M.; Czogalla, B.; Brambs, C.; Burges, A.; Mayer, B. Interpatient Heterogeneity in Drug Response and Protein Biomarker Expression of Recurrent Ovarian Cancer. Cancers 2022, 14, 2279. [Google Scholar] [CrossRef]

	



Song, Y.; Baxter, S.S.; Dai, L.; Sanders, C.; Burkett, S.; Baugher, R.N.; Mellott, S.D.; Young, T.B.; Lawhorn, H.E.; Difilippantonio, S.; et al. Mesothelioma Mouse Models with Mixed Genomic States of Chromosome and Microsatellite Instability. Cancers 2022, 14, 3108. [Google Scholar] [CrossRef]

	



Koch, J.; Mönch, D.; Maaß, A.; Mangold, A.; Gužvić, M.; Mürdter, T.; Leibold, T.; Dahlke, M.H.; Renner, P. Pharmacologic Targeting of MMP2/9 Decreases Peritoneal Metastasis Formation of Colorectal Cancer in a Human Ex Vivo Peritoneum Culture Model. Cancers 2022, 14, 3760. [Google Scholar] [CrossRef]

	



Zhang, Y.; Weinberg, R.A. Epithelial-to-mesenchymal transition in cancer: Complexity and opportunities. Front. Med. 2018, 12, 361–373. [Google Scholar] [CrossRef] [PubMed]

	



Peindl, M.; Göttlich, C.; Crouch, S.; Hoff, N.; Lüttgens, T.; Schmitt, F.; Pereira, J.G.N.; May, C.; Schliermann, A.; Kronenthaler, C.; et al. EMT, Stemness, and Drug Resistance in Biological Context: A 3D Tumor Tissue/In Silico Platform for Analysis of Combinatorial Treatment in NSCLC with Aggressive KRAS-Biomarker Signatures. Cancers 2022, 14, 2176. [Google Scholar] [CrossRef] [PubMed]

	



Melnik, D.; Cortés-Sánchez, J.L.; Sandt, V.; Kahlert, S.; Kopp, S.; Grimm, D.; Krüger, M. Dexamethasone Selectively Inhibits Detachment of Metastatic Thyroid Cancer Cells during Random Positioning. Cancers 2023, 15, 1641. [Google Scholar] [CrossRef]

	



Grimm, D.; Schulz, H.; Krüger, M.; Cortés-Sánchez, J.L.; Egli, M.; Kraus, A.; Sahana, J.; Corydon, T.J.; Hemmersbach, R.; Wise, P.M.; et al. The Fight against Cancer by Microgravity: The Multicellular Spheroid as a Metastasis Model. Int. J. Mol. Sci. 2022, 23, 3073. [Google Scholar] [CrossRef]

	



Freeman, M.W.; Arrott, A.; Watson, J.H.L. Magnetism in Medicine. J. Appl. Phys. 1960, 31, S404–S405. [Google Scholar] [CrossRef]

	



Behr, J.; Carnell, L.R.; Stein, R.; Pfister, F.; Friedrich, B.; Huber, C.; Lyer, S.; Band, J.; Schreiber, E.; Alexiou, C.; et al. In Vitro Setup for Determination of Nanoparticle-Mediated Magnetic Cell and Drug Accumulation in Tumor Spheroids under Flow Conditions. Cancers 2022, 14, 5978. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Su, Q.; Zhang, X.; Yang, W.; Ning, J.; Jia, K.; Xin, J.; Li, H.; Yu, L.; Liao, Y.; et al. Recent Advances of Organ-on-a-Chip in Cancer Modeling Research. Biosensors 2022, 12, 1045. [Google Scholar] [CrossRef]

	



Zhang, X.; Karim, M.; Hasan, M.M.; Hooper, J.; Wahab, R.; Roy, S.; Al-Hilal, T.A. Cancer-on-a-Chip: Models for Studying Metastasis. Cancers 2022, 14, 648. [Google Scholar] [CrossRef]

	



Zuchowska, A.; Skorupska, S. Multi-organ-on-chip approach in cancer research. Organs-Chip 2022, 4, 100014. [Google Scholar] [CrossRef]

	



Foglizzo, V.; Cocco, E.; Marchiò, S. Advanced Cellular Models for Preclinical Drug Testing: From 2D Cultures to Organ-on-a-Chip Technology. Cancers 2022, 14, 3692. [Google Scholar] [CrossRef]








[image: Cancers 15 01768 g001 550] 





Figure 1. Illustrated overview of the evolution of in vitro tumor models. Increasing knowledge about the cell biology of tumors (yellow boxes) as well as technical progress with new methodological possibilities (blue box) are the driving forces for the further development of tumor models. The figure was created using elements from BioRender.com (accessed on 9 March 2023). 
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