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                    Abstract
The tumor microenvironment contributes significantly to tumor initiation, progression, and resistance to chemotherapy. Much of our understanding of the tumor and its microenvironment is developed using various methods of cell culture. Throughout the last two decades, research has increasingly shown that 3D cell culture systems can remarkably recapitulate the complexity of tumor architecture and physiology compared to traditional 2D models. Unlike the flat culture system, these novel models enabled more cell–cell and cell–extracellular matrix interactions. By mimicking in vivo microenvironment, 3D culture systems promise to become accurate tools ready to be used in diagnosis, drug screening, and personalized medicine. In this review, we discussed the importance of 3D culture in simulating the tumor microenvironment and focused on the effects of cancer cell–microenvironment interactions on cancer behavior, resistance, proliferation, and metastasis. Finally, we assessed the role of 3D cell culture systems in the contexts of drug screening.
Graphical abstract
2D culture system is used to study cancer cell growth, progression, behavior, and drug response. It provides contact between cells and supports paracrine crosstalk between host cells and cancer cells. However, this system fails to simulate the architecture and the physiological aspects of in vivo tumor microenvironment due to the absence of cell-cell/ cell-ECM interactions as well as unlimited access to O2 and nutrients, and the absence of tumor heterogeneity. Recently advanced research has led researchers to generate 3D culture system that can better recapitulate the in vivo environment by providing hypoxic medium, facilitating cell-cell and cell-ECM, interactions, and recapitulating heterogeneity of the tumor. Several approaches are used to maintain and expand cancer cells in 3D culture systems such as tumor spheroids (cell aggregate that mimics the in vivo growth of tumor cells), scaffold-based approaches, bioreactors, microfluidic derives, and organoids. 3D systems are currently used for disease modeling and pre-clinical drug testing.

[image: ]





                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            
                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The New Frontier of Three-Dimensional Culture Models to Scale-Up Cancer Research
                                        
                                    

                                    
                                        Chapter
                                        
                                         © 2022
                                    

                                

                                
                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Three-dimensional in vitro culture models in oncology research
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 September 2022
                                    

                                

                                Camille Jubelin, Javier Muñoz-Garcia, … Dominique Heymann

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Scaffold-based 3D cell culture models in cancer research
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 January 2024
                                    

                                

                                Waad H. Abuwatfa, William G. Pitt & Ghaleb A. Husseini

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS. Control of stem cell fate by physical interactions with the extracellular matrix. Cell Stem Cell. 2009;5(1):17–26.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Knight E, Przyborski S. Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro. J Anat. 2015;227(6):746–56.
PubMed 
    
                    Google Scholar 
                

	Thomas CH, Collier JH, Sfeir CS, Healy KE. Engineering gene expression and protein synthesis by modulation of nuclear shape. Proc Natl Acad Sci USA. 2002;99(4):1972–7.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Vergani L, Grattarola M, Nicolini C. Modifications of chromatin structure and gene expression following induced alterations of cellular shape. Int J Biochem Cell Biol. 2004;36(8):1447–61.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Siolas D, Hannon GJ. Patient-derived tumor xenografts: transforming clinical samples into mouse models. Cancer Res. 2013;73(17):5315–9.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Goodbye, flat biology? Nature. 2003;424(6951):861–861.

	Dutta D, Heo I, Clevers H. Disease modeling in stem cell-derived 3D organoid systems. Trends Mol Med. 2017;23(5):393–410.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Sharma SV, Haber DA, Settleman J. Cell line-based platforms to evaluate the therapeutic efficacy of candidate anticancer agents. Nat Rev Cancer. 2010;10(4):241–53.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Hickman JA, Graeser R, de Hoogt R, Vidic S, Brito C, Gutekunst M, et al. Three-dimensional models of cancer for pharmacology and cancer cell biology: capturing tumor complexity in vitro/ex vivo. Biotechnol J. 2014;9(9):1115–28.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Weiswald L-B, Bellet D, Dangles-Marie V. Spherical cancer models in tumor biology. Neoplasia N Y N. 2015;17(1):1–15.

                    Google Scholar 
                

	Lovitt CJ, Shelper TB, Avery VM. Cancer drug discovery: recent innovative approaches to tumor modeling. Expert Opin Drug Discov. 2016;11(9):885–94.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Liao Z, Tan ZW, Zhu P, Tan NS. Cancer-associated fibroblasts in tumor microenvironment—accomplices in tumor malignancy. Cell Immunol. 2018;343:103729.
PubMed 
    
                    Google Scholar 
                

	Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat Rev Cancer. 2020;20(3):174–86.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Nishida N, Yano H, Nishida T, Kamura T, Kojiro M. Angiogenesis in cancer. Vasc Health Risk Manag. 2006;2(3):213–9.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hillen F, Griffioen AW. Tumour vascularization: sprouting angiogenesis and beyond. Cancer Metastasis Rev. 2007;26(3–4):489–502.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Llopiz D, Ruiz M, Infante S, Villanueva L, Silva L, Hervas-Stubbs S, et al. IL-10 expression defines an immunosuppressive dendritic cell population induced by antitumor therapeutic vaccination. Oncotarget. 2017;8(2):2659–71.
PubMed 
    
                    Google Scholar 
                

	Moore KW, de Waal MR, Coffman RL, O’Garra A. Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol. 2001;19:683–765.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Akhurst RJ, Hata A. Targeting the TGFβ signalling pathway in disease. Nat Rev Drug Discov. 2012;11(10):790–811.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, et al. Trans-endocytosis of CD80 and CD86: a molecular basis for the cell-extrinsic function of CTLA-4. Science. 2011;332(6029):600–3.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Liang B, Workman C, Lee J, Chew C, Dale BM, Colonna L, et al. Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3 engagement of MHC class II. J Immunol. 2008;180(9):5916–26.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Loke P, Allison JP. PD-L1 and PD-L2 are differentially regulated by Th1 and Th2 cells. Proc Natl Acad Sci USA. 2003;100(9):5336–41.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-L1 is a novel direct target of HIF-1α, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J Exp Med. 2014;211(5):781–90.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumor-associated macrophages as treatment targets in oncology. Nat Rev Clin Oncol. 2017;14(7):399–416.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	LeBleu VS, Macdonald B, Kalluri R. Structure and function of basement membranes. Exp Biol Med Maywood NJ. 2007;232(9):1121–9.
CAS 
    
                    Google Scholar 
                

	Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK. Extracellular matrix structure. Adv Drug Deliv Rev. 2016;1(97):4–27.

                    Google Scholar 
                

	Ananthanarayanan B, Kim Y, Kumar S. Elucidating the mechanobiology of malignant brain tumors using a brain matrix-mimetic hyaluronic acid hydrogel platform. Biomaterials. 2011;32(31):7913–23.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Alowami S, Troup S, Al-Haddad S, Kirkpatrick I, Watson PH. Mammographic density is related to stroma and stromal proteoglycan expression. Breast Cancer Res BCR. 2003;5(5):R129-135.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Peyton SR, Ghajar CM, Khatiwala CB, Putnam AJ. The emergence of ECM mechanics and cytoskeletal tension as important regulators of cell function. Cell Biochem Biophys. 2007;47(2):300–20.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Janmey PA, McCulloch CA. Cell mechanics: integrating cell responses to mechanical stimuli. Annu Rev Biomed Eng. 2007;9:1–34.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Wozniak MA, Chen CS. Mechanotransduction in development: a growing role for contractility. Nat Rev Mol Cell Biol. 2009;10(1):34–43.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Schwartz MA. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb Perspect Biol. 2010;2(12):a005066.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kamatar A, Gunay G, Acar H. Natural and synthetic biomaterials for engineering multicellular tumor spheroids. Polymers. 2020;12(11):2506.
CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Ferreira LP, Gaspar VM, Mano JF. Design of spherically structured 3D in vitro tumor models—advances and prospects. Acta Biomater. 2018;15(75):11–34.

                    Google Scholar 
                

	Tian H, Tang Z, Zhuang X, Chen X, Jing X. Biodegradable synthetic polymers: preparation, functionalization and biomedical application. Prog Polym Sci. 2012;37(2):237–80.
CAS 
    
                    Google Scholar 
                

	Fisher SA, Anandakumaran PN, Owen SC, Shoichet MS. Tuning the microenvironment: click-crosslinked hyaluronic acid-based hydrogels provide a platform for studying breast cancer cell invasion. Adv Funct Mater. 2015;25(46):7163–72.
CAS 
    
                    Google Scholar 
                

	Koo LY, Irvine DJ, Mayes AM, Lauffenburger DA, Griffith LG. Co-regulation of cell adhesion by nanoscale RGD organization and mechanical stimulus. J Cell Sci. 2002;115(7):1423–33.
CAS 
    PubMed 
    
                    Google Scholar 
                

	DeLong SA, Moon JJ, West JL. Covalently immobilized gradients of bFGF on hydrogel scaffolds for directed cell migration. Biomaterials. 2005;26(16):3227–34.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Dunne LW, Huang Z, Meng W, Fan X, Zhang N, Zhang Q, et al. Human decellularized adipose tissue scaffold as a model for breast cancer cell growth and drug treatments. Biomaterials. 2014;35(18):4940–9.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ragelle H, Naba A, Larson BL, Zhou F, Prijić M, Whittaker CA, et al. Comprehensive proteomic characterization of stem cell-derived extracellular matrices. Biomaterials. 2017;1(128):147–59.

                    Google Scholar 
                

	Kleinman HK, Martin GR. Matrigel: basement membrane matrix with biological activity. Semin Cancer Biol. 2005;15(5):378–86.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Nguyen-Ngoc K-V, Cheung KJ, Brenot A, Shamir ER, Gray RS, Hines WC, et al. ECM microenvironment regulates collective migration and local dissemination in normal and malignant mammary epithelium. Proc Natl Acad Sci. 2012;109(39):E2595–604.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Guzman A, Sánchez Alemany V, Nguyen Y, Zhang CR, Kaufman LJ. A novel 3D in vitro metastasis model elucidates differential invasive strategies during and after breaching basement membrane. Biomaterials. 2017;115:19–29.
CAS 
    PubMed 
    
                    Google Scholar 
                

	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(1):4608.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White JG, Keely PJ. Collagen reorganization at the tumor-stromal interface facilitates local invasion. BMC Med. 2006;4(1):38.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP, et al. Aligned collagen is a prognostic signature for survival in human breast carcinoma. Am J Pathol. 2011;178(3):1221–32.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Pedron S, Becka E, Harley BAC. Regulation of glioma cell phenotype in 3D matrices by hyaluronic acid. Biomaterials. 2013;34(30):7408–17.
CAS 
    PubMed 
    
                    Google Scholar 
                

	McKenzie AJ, Hicks SR, Svec KV, Naughton H, Edmunds ZL, Howe AK. The mechanical microenvironment regulates ovarian cancer cell morphology, migration, and spheroid disaggregation. Sci Rep. 2018;8(1):1–20.

                    Google Scholar 
                

	Wisdom KM, Adebowale K, Chang J, Lee JY, Nam S, Desai R, et al. Matrix mechanical plasticity regulates cancer cell migration through confining microenvironments. Nat Commun. 2018;9(1):1–13.
CAS 
    
                    Google Scholar 
                

	Zaman MH, Trapani LM, Sieminski AL, MacKellar D, Gong H, Kamm RD, et al. Migration of tumor cells in 3D matrices is governed by matrix stiffness along with cell-matrix adhesion and proteolysis. Proc Natl Acad Sci. 2006;103(29):10889–94.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Umemoto T, Ueno E, Matsumura T, Yamakawa M, Bando H, Mitake T, et al. Ex vivo and in vivo assessment of the non-linearity of elasticity properties of breast tissues for quantitative strain elastography. Ultrasound Med Biol. 2014;40(8):1755–68.
PubMed 
    
                    Google Scholar 
                

	Joyce MH, Lu C, James ER, Hegab R, Allen SC, Suggs LJ, et al. Phenotypic basis for matrix stiffness-dependent chemoresistance of breast cancer cells to doxorubicin. Front Oncol. 2018;8:337.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Plodinec M, Loparic M, Monnier CA, Obermann EC, Zanetti-Dallenbach R, Oertle P, et al. The nanomechanical signature of breast cancer. Nat Nanotechnol. 2012;7(11):757–65.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Jabbari E, Sarvestani SK, Daneshian L, Moeinzadeh S. Optimum 3D matrix stiffness for maintenance of cancer stem cells is dependent on tissue origin of cancer cells. PLoS ONE. 2015;10(7):e0132377.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ansardamavandi A, Tafazzoli-Shadpour M, Shokrgozar MA. Behavioral remodeling of normal and cancerous epithelial cell lines with differing invasion potential induced by substrate elastic modulus. Cell Adhes Migr. 2018;12(5):472–88.
CAS 
    
                    Google Scholar 
                

	Peng Y, Chen Z, Chen Y, Li S, Jiang Y, Yang H, et al. ROCK isoforms differentially modulate cancer cell motility by mechanosensing the substrate stiffness. Acta Biomater. 2019;1(88):86–101.

                    Google Scholar 
                

	Riching KM, Cox BL, Salick MR, Pehlke C, Riching AS, Ponik SM, et al. 3D collagen alignment limits protrusions to enhance breast cancer cell persistence. Biophys J. 2014;107(11):2546–58.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lang NR, Skodzek K, Hurst S, Mainka A, Steinwachs J, Schneider J, et al. Biphasic response of cell invasion to matrix stiffness in three-dimensional biopolymer networks. Acta Biomater. 2015;1(13):61–7.

                    Google Scholar 
                

	Kwon Y, Cukierman E, Godwin AK. Differential expressions of adhesive molecules and proteases define mechanisms of ovarian tumor cell matrix penetration/invasion. PLoS ONE. 2011;6(4):e18872.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cheung KJ, Gabrielson E, Werb Z, Ewald AJ. Collective invasion in breast cancer requires a conserved basal epithelial program. Cell. 2013;155(7):1639–51.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tölle RC, Gaggioli C, Dengjel J. Three-dimensional cell culture conditions affect the proteome of cancer-associated fibroblasts. J Proteome Res. 2018;17(8):2780–9.
PubMed 
    
                    Google Scholar 
                

	Plou J, Juste-Lanas Y, Olivares V, Del Amo C, Borau C, García-Aznar JM. From individual to collective 3D cancer dissemination: roles of collagen concentration and TGF-β. Sci Rep. 2018;8(1):12723.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Li F, Zhao S, Guo T, Li J, Gu C. The nutritional cytokine leptin promotes NSCLC by activating the PI3K/AKT and MAPK/ERK pathways in NSCLC cells in a paracrine manner. BioMed Res Int. 2019;2019:2585743.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wang Y, Takeishi K, Li Z, Cervantes-Alvarez E, Hortet AC, Guzman-Lepe J, et al. Microenvironment of a tumor-organoid system enhances hepatocellular carcinoma malignancy-related hallmarks. Organogenesis. 2017;13(3):83.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kuen J, Darowski D, Kluge T, Majety M. Pancreatic cancer cell/fibroblast co-culture induces M2 like macrophages that influence therapeutic response in a 3D model. PLoS ONE. 2017;12(7):182039.

                    Google Scholar 
                

	Song H-HG, Park KM, Gerecht S. Hydrogels to model 3D in vitro microenvironment of tumor vascularization. Adv Drug Deliv Rev. 2014;79–80:19–29.
PubMed 
    
                    Google Scholar 
                

	Jobe NP, Rösel D, Dvořánková B, Kodet O, Lacina L, Mateu R, et al. Simultaneous blocking of IL-6 and IL-8 is sufficient to fully inhibit CAF-induced human melanoma cell invasiveness. Histochem Cell Biol. 2016;146(2):205–17.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Hernandez-Fernaud JR, Ruengeler E, Casazza A, Neilson LJ, Pulleine E, Santi A, et al. Secreted CLIC3 drives cancer progression through its glutathione-dependent oxidoreductase activity. Nat Commun. 2017;15(8):14206.

                    Google Scholar 
                

	Lazzari G, Nicolas V, Matsusaki M, Akashi M, Couvreur P, Mura S. Multicellular spheroid based on a triple co-culture: a novel 3D model to mimic pancreatic tumor complexity. Acta Biomater. 2018;15(78):296–307.

                    Google Scholar 
                

	Estrada MF, Rebelo SP, Davies EJ, Pinto MT, Pereira H, Santo VE, et al. Modelling the tumour microenvironment in long-term microencapsulated 3D co-cultures recapitulates phenotypic features of disease progression. Biomaterials. 2016;78:50–61.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Knuchel S, Anderle P, Werfelli P, Diamantis E, Rüegg C. Fibroblast surface-associated FGF-2 promotes contact-dependent colorectal cancer cell migration and invasion through FGFR-SRC signaling and integrin αvβ5-mediated adhesion. Oncotarget. 2015;6(16):14300–17.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Labernadie A, Kato T, Brugués A, Serra-Picamal X, Derzsi S, Arwert E, et al. A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion. Nat Cell Biol. 2017;19(3):224–37.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Miyazaki K, Oyanagi J, Hoshino D, Togo S, Kumagai H, Miyagi Y. Cancer cell migration on elongate protrusions of fibroblasts in collagen matrix. Sci Rep. 2019;9(1):292.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wanless IR. Cirrhosis. In: Johnson LR, editor. Encyclopedia of gastroenterology [Internet]. New York: Elsevier; 2004 [cited 1 May 2021]. p. 356–62. https://www.sciencedirect.com/science/article/pii/B0123868602001362

	Drifka CR, Loeffler AG, Esquibel CR, Weber SM, Eliceiri KW, Kao WJ. Human pancreatic stellate cells modulate 3D collagen alignment to promote the migration of pancreatic ductal adenocarcinoma cells. Biomed Microdevices. 2016;18(6):105.
PubMed 
    
                    Google Scholar 
                

	Hwang HJ, Oh M-S, Lee DW, Kuh H-J. Multiplex quantitative analysis of stroma-mediated cancer cell invasion, matrix remodeling, and drug response in a 3D co-culture model of pancreatic tumor spheroids and stellate cells. J Exp Clin Cancer Res CR. 2019;38(1):258.
PubMed 
    
                    Google Scholar 
                

	Khawar IA, Park JK, Jung ES, Lee MA, Chang S, Kuh H-J. Three dimensional mixed-cell spheroids mimic stroma-mediated chemoresistance and invasive migration in hepatocellular carcinoma. Neoplasia N Y N. 2018;20(8):800.
CAS 
    
                    Google Scholar 
                

	Rebelo SP, Pinto C, Martins TR, Harrer N, Estrada MF, Loza-Alvarez P, et al. 3D-3-culture: a tool to unveil macrophage plasticity in the tumour microenvironment. Biomaterials. 2018;1(163):185–97.

                    Google Scholar 
                

	Miyake M, Hori S, Morizawa Y, Tatsumi Y, Nakai Y, Anai S, et al. CXCL1-mediated interaction of cancer cells with tumor-associated macrophages and cancer-associated fibroblasts promotes tumor progression in human bladder cancer. Neoplasia N Y N. 2016;18(10):636–46.
CAS 
    
                    Google Scholar 
                

	Amann A, Zwierzina M, Koeck S, Gamerith G, Pechriggl E, Huber JM, et al. Development of a 3D angiogenesis model to study tumour—endothelial cell interactions and the effects of anti-angiogenic drugs. Sci Rep. 2017;7(1):1–13.
CAS 
    
                    Google Scholar 
                

	Paek J, Park SE, Lu Q, Park K-T, Cho M, Oh JM, et al. Microphysiological engineering of self-assembled and perfusable microvascular beds for the production of vascularized three-dimensional human microtissues. ACS Nano. 2019;13(7):7627–43.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Iwai S, Kishimoto S, Amano Y, Nishiguchi A, Matsusaki M, Takeshita A, et al. Three-dimensional cultured tissue constructs that imitate human living tissue organization for analysis of tumor cell invasion. J Biomed Mater Res A. 2019;107(2):292.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Li M, Izpisua Belmonte JC. Organoids—preclinical models of human disease. N Engl J Med. 2019;380(20):1982.
PubMed 
    
                    Google Scholar 
                

	Reynolds DS, Tevis KM, Blessing WA, Colson YL, Zaman MH, Grinstaff MW. Breast cancer spheroids reveal a differential cancer stem cell response to chemotherapeutic treatment. Sci Rep. 2017;7(1):10382.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ganjibakhsh M, Mehraein F, Koruji M, Aflatoonian R, Farzaneh P. Three-dimensional decellularized amnion membrane scaffold as a novel tool for cancer research; cell behavior, drug resistance and cancer stem cell content. Mater Sci Eng C. 2019;1(100):330–40.

                    Google Scholar 
                

	Melissaridou S, Wiechec E, Magan M, Jain MV, Chung MK, Farnebo L, et al. The effect of 2D and 3D cell cultures on treatment response, EMT profile and stem cell features in head and neck cancer. Cancer Cell Int. 2019;19(1):16.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Xu X, Farach-Carson MC, Jia X. Three-dimensional in vitro tumor models for cancer research and drug evaluation. Biotechnol Adv. 2014;32(7):1256–68.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Fong ELS, Lamhamedi-Cherradi S-E, Burdett E, Ramamoorthy V, Lazar AJ, Kasper FK, et al. Modeling Ewing sarcoma tumors in vitro with 3D scaffolds. Proc Natl Acad Sci. 2013;110(16):6500–5.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Imamura Y, Mukohara T, Shimono Y, Funakoshi Y, Chayahara N, Toyoda M, et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in breast cancer. Oncol Rep. 2015;33(4):1837–43.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ki CS, Shih H, Lin C-C. Effect of 3D matrix compositions on the efficacy of EGFR inhibition in pancreatic ductal adenocarcinoma cells. Biomacromol. 2013;14(9):3017–26.
CAS 
    
                    Google Scholar 
                

	Lam CRI, Wong HK, Nai S, Chua CK, Tan NS, Tan LP. A 3D biomimetic model of tissue stiffness interface for cancer drug testing. Mol Pharm. 2014;11(7):2016–21.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Langhans SA. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Front Pharmacol. 2018;9:6.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tepper SR, Zuo Z, Khattri A, HEß J, SEIWERT TY. Growth Factor expression mediates resistance to EGFR inhibitors in head and neck squamous cell carcinomas. Oral Oncol. 2016;1(56):62–70.

                    Google Scholar 
                

	Hoffmann OI, Ilmberger C, Magosch S, Joka M, Jauch K-W, Mayer B. Impact of the spheroid model complexity on drug response. J Biotechnol. 2015;10(205):14–23.

                    Google Scholar 
                

	Wang S, Mao S, Li M, Li H-F, Lin J-M. Near-physiological microenvironment simulation on chip to evaluate drug resistance of different loci in tumour mass. Talanta. 2019;1(191):67–73.

                    Google Scholar 
                

	Song Y, Kim J-S, Kim S-H, Park YK, Yu E, Kim K-H, et al. Patient-derived multicellular tumor spheroids towards optimized treatment for patients with hepatocellular carcinoma. J Exp Clin Cancer Res CR [Internet]. 2018. Cited 6 Sept 2019;37. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5970513/

	Harrison RG, Greenman MJ, Mall FP, Jackson CM. Observations of the living developing nerve fiber. Anat Rec. 1907;1(5):116–28.

                    Google Scholar 
                

	Wilson HV. On some phenomena of coalescence and regeneration in sponges. J Exp Zool. 1907;5(2):245–58.

                    Google Scholar 
                

	Simian M, Bissell MJ. Organoids: a historical perspective of thinking in three dimensions. J Cell Biol. 2017;216(1):31–40.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Heydari Z, Moeinvaziri F, Agarwal T, Pooyan P, Shpichka A, Maiti TK, et al. Organoids: a novel modality in disease modeling. Bio Des Manuf. 2021. https://doi.org/10.1007/s42242-021-00150-7.
Article 
    
                    Google Scholar 
                

	Zahmatkesh E, Khoshdel-Rad N, Mirzaei H, Shpichka A, Timashev P, Mahmoudi T, et al. Evolution of organoid technology: lessons learnt in Co-Culture systems from developmental biology. Dev Biol. 2021;1(475):37–53.

                    Google Scholar 
                

	Aboulkheyr Es H, Montazeri L, Aref AR, Vosough M, Baharvand H. Personalized cancer medicine: an organoid approach. Trends Biotechnol. 2018;36(4):358–71.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Sato T, Stange DE, Ferrante M, Vries RGJ, van Es JH, van den Brink S, et al. Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and barrett’s epithelium. Gastroenterology. 2011;141(5):1762–72.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Broutier L, Mastrogiovanni G, Verstegen MMA, Francies HE, Gavarró LM, Bradshaw CR, et al. Human primary liver cancer -derived organoid cultures for disease modelling and drug screening. Nat Med. 2017;23(12):1424.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hubert CG, Rivera M, Spangler LC, Wu Q, Mack SC, Prager BC, et al. A three-dimensional organoid culture system derived from human glioblastomas recapitulates the hypoxic gradients and cancer stem cell heterogeneity of tumors found in vivo. Cancer Res. 2016;76(8):2465–77.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernández-Mateos J, Khan K, et al. Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. Science. 2018;359(6378):920.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Boj SF, Hwang C-I, Baker LA, Chio IIC, Engle DD, Corbo V, et al. Organoid models of human and mouse ductal pancreatic cancer. Cell. 2015;160(1–2):324–38.
CAS 
    PubMed 
    
                    Google Scholar 
                

	van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F, Pronk A, et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell. 2015;161(4):933–45.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gao D, Vela I, Sboner A, Iaquinta PJ, Karthaus WR, Gopalan A, et al. Organoid cultures derived from patients with advanced prostate cancer. Cell. 2014;159(1):176–87.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	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(12):373–38610.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Lee SH, Hu W, Matulay JT, Silva MV, Owczarek TB, Kim K, et al. Tumor evolution and drug response in patient-derived organoid models of bladder cancer. Cell. 2018;173(2):515–52817.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Grassi L, Alfonsi R, Francescangeli F, Signore M, De Angelis ML, Addario A, et al. Organoids as a new model for improving regenerative medicine and cancer personalized therapy in renal diseases. Cell Death Dis. 2019;10(3):201.
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Fujii M, Shimokawa M, Date S, Takano A, Matano M, Nanki K, et al. A colorectal tumor organoid library demonstrates progressive loss of niche factor requirements during tumorigenesis. Cell Stem Cell. 2016;18(6):827–38.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Brandenberg N, Hoehnel S, Kuttler F, Homicsko K, Ceroni C, Ringel T, et al. High-throughput automated organoid culture via stem-cell aggregation in microcavity arrays. Nat Biomed Eng. 2020;4(9):863–74.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Jahnke H-G, Poenick S, Maschke J, Kendler M, Simon JC, Robitzki AA. Direct chemosensitivity monitoring ex vivo on undissociated melanoma tumor tissue by impedance spectroscopy. Cancer Res. 2014;74(22):6408–18.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Li X, Nadauld L, Ootani A, Corney DC, Pai RK, Gevaert O, et al. Oncogenic transformation of diverse gastrointestinal tissues in primary organoid culture. Nat Med. 2014;20(7):769–77.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Neal JT, Li X, Zhu J, Giangarra V, Grzeskowiak CL, Ju J, et al. Organoid modeling of the tumor immune microenvironment. Cell. 2018;175(7):1972-1988.e16.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH, et al. A patient-derived glioblastoma organoid model and biobank recapitulates inter- and intra-tumoral heterogeneity. Cell. 2020;180(1):188-204.e22.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Horowitz LF, Rodriguez AD, Au-Yeung A, Bishop KW, Barner LA, Mishra G, et al. Microdissected “cuboids” for microfluidic drug testing of intact tissues. Lab Chip. 2021;21(1):122–42.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Leighton J. The growth patterns of some transplantable animal tumors in sponge matrix tissue culture. J Natl Cancer Inst. 1954;15(2):275–93.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Sherwin RP, Richters A, Yellin AE, Donovan AJ. Histoculture of human breast cancers. J Surg Oncol. 1980;13(1):9–20.
CAS 
    PubMed 
    
                    Google Scholar 
                

	Hoffman RM, Freeman AE. In vivo-like growth patterns of multiple types of tumors in Gelfoam® Histoculture. Methods Mol Biol Clifton NJ. 2018;1760:19–28.
CAS 
    
                    Google Scholar 
                

	Yano S, Miwa S, Mii S, Hiroshima Y, Uehara F, Kishimoto H, et al. Cancer cells mimic in vivo spatial-temporal cell-cycle phase distribution and chemosensitivity in 3-dimensional Gelfoam® histoculture but not 2-dimensional culture as visualized with real-time FUCCI imaging. Cell Cycle. 2015;14(6):808–19.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Vescio RA, Redfern CH, Nelson TJ, Ugoretz S, Stern PH, Hoffman RM. In vivo-like drug responses of human tumors growing in three-dimensional gel-supported primary culture. Proc Natl Acad Sci USA. 1987;84(14):5029–33.
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hoffman RM. Clinical correlation of the histoculture drug response assay in gastrointestinal cancer. Methods Mol Biol Clifton NJ. 2018;1760:61–72.
CAS 
    
                    Google Scholar 
                

	Hoffman RM, Jung P-S, Kim M-B, Nam J-H. Prospective clinical correlation of the histoculture drug response assay for ovarian cancer. Methods Mol Biol Clifton NJ. 2018;1760:73–81.
CAS 
    
                    Google Scholar 
                

	Hoffman RM. Clinical correlation of the histoculture drug response assay for head and neck cancer. Methods Mol Biol Clifton NJ. 2018;1760:83–92.
CAS 
    
                    Google Scholar 
                

	Yamamoto J, Sugisawa N, Hamada K, Nishino H, Miyake K, Matsuyama R, et al. A universal gelfoam 3-D histoculture method to establish patient-derived cancer cells (3D-PDCC) without fibroblasts from patient-derived xenografts. Anticancer Res. 2020;40(12):6765–8.
CAS 
    PubMed 
    
                    Google Scholar 
                


Download references




Funding
This paper was not funded.


Author information
Author notes	Oula El Atat, Zahra Farzaneh and Mahsa Pourhamzeh contributed equally to the work.


Authors and Affiliations
	Department of Natural Sciences, Lebanese American University, Beirut, Lebanon
Oula El Atat, Fatima Taki, Ralph Abi-Habib & Mirvat El-Sibai

	Department of Regenerative Medicine, Cell Science Research Center, Royan Institute for Stem Cell Biology and Technology, ACECR, Tehran, Iran
Zahra Farzaneh, Mahsa Pourhamzeh & Massoud Vosough

	Division of Neuroscience, Cellular and Molecular Research Center, Iran University of Medical Sciences, Tehran, Iran
Mahsa Pourhamzeh


Authors	Oula El AtatView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zahra FarzanehView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mahsa PourhamzehView author publications
You can also search for this author in
                        PubMed Google Scholar



	Fatima TakiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ralph Abi-HabibView author publications
You can also search for this author in
                        PubMed Google Scholar



	Massoud VosoughView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mirvat El-SibaiView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding authors
Correspondence to
                Massoud Vosough or Mirvat El-Sibai.


Ethics declarations

              
              
                Conflict of interest

                The authors have no declarations or other relevant affiliations with any organization or entity with a financial interest in or conflict with the subject matter or materials discussed in this manuscript.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Atat, O.E., Farzaneh, Z., Pourhamzeh, M. et al. 3D modeling in cancer studies.
                    Human Cell 35, 23–36 (2022). https://doi.org/10.1007/s13577-021-00642-9
Download citation
	Received: 20 July 2021

	Accepted: 31 October 2021

	Published: 10 November 2021

	Issue Date: January 2022

	DOI: https://doi.org/10.1007/s13577-021-00642-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	3D culture system
	Cancer cells
	Cell–cell interaction
	Cell–extracellular matrix interaction
	Modeling cancer organoids








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					3.239.243.235
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    