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Renal cell carcinoma (RCC) is a common urological tumor, with a poor prognosis, as the result of insensitivity to chemotherapy and radiotherapy. About 20%–30% of patients with RCC have metastasis at the first diagnosis, so only systemic treatment is possible. Due to the heterogeneity of renal tumors, responses to drugs differ from person to person. Consequently, patient-derived organoid, highly recapitulating tumor heterogeneity, becomes a promising model for high-throughput ex vivo drug screening and thus guides the drug choice of patients with RCC. Systemic treatment of RCC mainly targets the tumor microenvironment, including neovasculature and immune cells. We reviewed several methods with which patient-derived organoid models mimic the heterogeneity of not only tumor epithelium but also the tumor microenvironment. We further discuss some new aspects of the development of patient-derived organoids, preserving in vivo conditions in patients with RCC.
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Introduction

In recent years, with the advanced knowledge of tumor biological behaviors, especially in the aspect of tumor heterogeneity, tumor treatment became personalized under the guidance of molecular classification (1–3). To further investigate the mechanisms of oncogenesis, tumor invasion, and metastasis and its translation to novel therapies, in vitro models such as cell lines are fundamental. However, a significant gap exists between the modeling system and in vivo conditions of patients, resulting in the inaccuracy of the predictive ability of several preclinical models. To shorten the gap, patient-derived models, including patient-derived primary tumor cells (PDTCs), patient-derived organoids (PDOs), and patient-derived xenograft (PDX) have been developed as a preclinical model for nearly all kinds of solid tumors (4).

Renal cell carcinoma (RCC) ranks the 6th most commonly diagnosed cancer in men and 10th in women (5). RCC can be majorly divided into three subtypes, including chromophobe (chRCC), papillary (pRCC), and a most common type clear cell RCC (ccRCC), accounting for 75% of cases of RCC (6). In addition, a large number of patients present with metastatic RCC at the time of the first diagnosis, which makes radical surgery infeasible (7). Consequently, here we represent the current knowledge of PDO establishment in patients with RCC and its significance in personalized medicine.



Evolution of Patient-Derived Organoid Model in Renal Cell Carcinoma

Organoids are 3D cultured cell models that partially preserve the characteristic architecture of organs, for example, crypt structure in intestinal organoids (8) and tubule structure in kidney organoids (9). PDO models are organoids established from tumor tissues resected from patients, which recapitulate hallmarks of parental tumors both histologically and genetically. Immunohistochemistry, whole-exosome sequencing, and RNA sequencing are routinely used to validate that PDO models are highly consistent with parental tumors and retain inter-tumor heterogeneity (10–12). Moreover, single-cell RNA sequencing (scRNA-seq) technology is expected to provide us with a more comprehensive genetic landscape of PDOs to reveal intra-tumor heterogeneity. Kumar et al. applied scRNA-seq to show the transcriptome profiles of PDO models and validate the preservation of intra-tumor sublineage heterogeneity and transcriptional plasticity of parental gastric cancer tissue (13). In addition, the spatial transcriptome platform has the ability to preserve the spatial architecture of PDOs in the process of scRNA-seq, allowing the investigation of interactions between tumor and microenvironment (14). In the future, more detailed validation of PDO models via the latest technologies should be emphasized. As a result, biobanks of PDOs with comprehensive multi-omics information will be established, and researchers will benefit from such a database unprecedentedly.

In comparison to PDX, PDO models take less time to cultivate and have a higher success rate, which is feasible for high-throughput drug screening (15). When compared with PDTC, PDO models show the ability to preserve tumor heterogeneity. Consequently, PDO is a precisely predictive model for drug screening, which mirrors the heterogeneity of drug efficacy. In several cancer types, including lung cancer (16), colorectal cancer (CRC) (17), prostate cancer (12), and glioblastoma (18), PDO models have become a drug screening platform. PDO models also function as valuable models to study tumor evolution. Lee and colleagues have established a PDO bank for bladder cancer and revealed that generally constant truncal mutations with variation in subclonal mutations appear during passaging (19).

In RCC, PDO functions as a model for drug screening and thus guides the selection of effective therapeutic agents. Bolck and colleagues established a biobank of patient-derived 3D ccRCC model, showing a high correspondence to parental tumor and recapitulation of intra- and inter-tumoral heterogeneity, determined by extensive DNA sequencing (20). Furthermore, Fendler et al. characterized and isolated cancer stem cells (CSCs) in ccRCC, which determine the progressiveness of the tumor, and applied CSCs to cultivate ccRCC PDO models. They also validated the significance of the WNT and NOTCH signaling pathways mediating the growth of PDO (21). Na et al. established a concrete protocol of PDO culture directly from surgical resected ccRCC sample. Such PDO preserves the morphology and biomarker expression of parental tumors (22). Grassi et al. also reported an approach to establishing and passaging normal kidney organoids and RCC PDO from surgically resected tissues. They also achieved the transformation between PDO and PDX, which not only guaranteed the long-term establishment of PDO but also paved the way for investigating tumor evolution in RCC (23) (Table 1).


Table 1 | Published articles on establishment of patient-derived organoids of renal cell carcinoma.





Tumor Microenvironment in Renal Cell Carcinoma Treatment

In patients with advanced RCC, systemic therapy should be initiated. However, RCC does not show a favorable response to chemotherapies. Recent advances in the molecular mechanism of RCC, especially the inactivation of von Hippel–Lindau (VHL), paved the way for the identification of systemic treatment targeting the tumor microenvironment (TME) (27). Research revealed that the inactivation of VHL contributes to decreased ubiquitin-mediated degradation of a subunit of heterodimeric hypoxia-inducible factor (HIF) transcriptional factor (28). Constitutively accumulated HIF complex enhances the expression of downstream genes, especially vascular endothelial growth factors (VEGF), which leads to the angiogenesis of RCC. Consequently, a specific HIF-2a inhibitor MK-6482 had favorable performance in a recent phase I/II clinical trial (29). Multitargeted, small molecular tyrosine kinase inhibitor (TKI) targeted VEGF, and platelet-derived growth factor (PDGF) such as pazopanib and sunitinib has been proven effective as adjuvant therapy in several clinical trials (30–32). Also, bevacizumab, a monoclonal antibody for VEGF, showed clinical efficacy in metastatic RCC (32). Upon understanding the role of immune escape mechanisms in tumor proliferation and invasion since 2013, several immune checkpoints such as PD-1, PD-L1, and CTLA-4 have emerged as targets to reverse immune exhaustion in TME and counteract negative consequences (34). Such immune checkpoint blockades (ICBs) also benefit patients with advanced RCC. Nivolumab, like a monoclonal antibody for PD-1, has demonstrated a survival benefit in randomized controlled clinical trials (RCTs) (35). Another PD-1 antibody, pembrolizumab, also improves progression-free survival (PFS) of patients with advanced RCC in combination with axitinib compared with sunitinib as a single drug (36).

As illustrated above, unlike a range of solid tumors, systemic therapies of RCC mainly target TME, rather than the malignant epithelium. Consequently, it is necessary to review the mechanisms of TME mediating proliferation and invasion of RCC, which provides precision medicine with targets. Finally, we can work out the importance of integrating TME in PDO as prognostic models and tools for drug screening.


Hypoxia

HIF is composed of one α subunit with three isoforms (HIF-1α, HIF-2α, and HIF-3α) and one β subunit with two isoforms (HIF-1β and HIF-2β). The β subunit of HIF is constitutively expressed, while the α subunit is induced under hypoxia and dimerizes with the β subunit to form a complex, promoting the transcription of target genes (37). However, the isoforms of the α subunit play distinct but also overlapping roles during hypoxia response. HIF-1α preferentially induces apoptotic and glycolytic pathways, while HIF-2α promotes growth, cell proliferation, and angiogenesis. In many types of solid tumors, both HIF-1α and HIF-2α mediate tumorigenesis and are associated with poor prognosis (38). However, in ccRCC, HIF-2α has tumorigenic activity, whereas HIF-1α functions as a tumor suppressor (39). HIF-2α is also proven as a potential therapeutic target for ccRCC (40).



Angiogenesis

VHL gene was originally described as the gene responsible for VHL syndrome, a condition associated with an increased risk of retinal angiomas, hemangioblastomas, and ccRCC (41). Based on advanced knowledge of molecular pathways, genetic alterations in VHL were identified as an essential initiator of the tumorigenesis of ccRCC via promoting angiogenesis. Actually, it has been reviewed that up to 90% of sporadic ccRCC have the presence of abnormal VHL function (42). VHL proteins complex with Elongin B, Elongin C, and Cul2, which are components of an E3-ubiquitin ligase complex responsible for the proteasome degradation of two subunits of HIF: HIF-1α and HIF-1β. As the result of insufficient degradation, impaired function of VHL will lead to the accumulation of HIF and upregulated transcription of downstream effector genes, such as VEGF, PDGF, erythropoietin, and transforming growth factor (TGF), which play a crucial role in angiogenesis and tumorigenesis (43).



Immune Cell Infiltration

Historically, the systemic therapy of RCC is initiated by cytokine-based immunotherapy. Interleukin-2 (IL-2) and interferon-α (IFN-α) were considered standard therapy for advanced RCC for a long time (44); even a very small number of patients with advanced RCC have complete responses (CRs) under high-dose IL-2, which is attributed to the mobilization of immune effector cells and the relatively increased number of natural killer cells and CD8+ T cells (45). Among solid tumors, RCC ranks among the highest infiltration of immune cells, with predominantly T cells (50%), followed by tumor-associated macrophages (TAMs, 25%), natural killer (9%), B cells (4%), and other cells (46). However, tumor-infiltrating T cells, different from T cells in normal kidney tissue, are mainly composed of CD8+ T cells with high expression of co-inhibitory receptors such as PD-1 and low levels of proliferation marker Ki-67, which indicate an immune exhaustion state. Moreover, CD8+ T cells in RCC prove to be in a metabolic impaired state with reduced glucose uptake and mitochondrial function, worsening the immune exhaustion state of RCC (47). The immune checkpoint signaling pathway physiologically expressed in normal tissues functions as an inhibitory or stimulatory signaling transducer to protect tissue from autoimmune attack. However, cancer cells evade the immune system and enhance the immune exhaustion state of TME via overexpression ligands or receptors of the immune checkpoint. Consequently, ICBs targeting PD-1, PD-L1, and CTLA-4 have shown great effect in reversing immune exhaustion and modulating the metabolism state of immune cells in RCC.




Patient-Derived Organoids Recapitulate Tumor Microenvironment

RCC is a complex and highly heterogeneous cancer. As a result, treatment responses vary from patient to patient. Nowadays, systemic treatment choices are largely dependent on Memorial Sloan Kettering Cancer Center (MSKCC) scoring (48), suggested by guidelines while lacking biomarkers or prognostic models to tailor treatment plans to individual patients. However, the advances in PDO during the last two decades shed light on the precision medicine of RCC. PDO as a model preserving majority of the characteristic of patients’ tumors is promising in predicting the drug response of individuals. Kazama and colleagues found that RCC PDO models exhibited different responses to TKIs, including sunitinib, pazopanib, cabozantinib, axitinib, and sorafenib. However, responses to PDO require further validation of clinical data (24). A recent prospective clinical study demonstrated the predictive value of PDOs for irinotecan-based chemotherapy in metastatic CRC (49). Wang et al. verified that the drug screening test in PDO models was consistent with clinical efficacy in patients with intrahepatic cholangiocarcinoma (50).

Recent guidelines of RCC stress systemic treatment manipulating TME (51). As illustrated above, multiple targets TKIs inhibit angiogenesis by disturbing the signaling transduction of VEGFR or PDGFR, while ICBs target tumor-infiltrating CD8+ T cells and reverse the immune exhaustion state, both of which modulate TME of RCC instead of tumor epithelium. However, the first-generation PDOs contain exclusively malignant epithelium but impaired TME, thus exhibiting poor performance in predicting clinical outcomes, which hinders the identification of treatment-sensitive patients via drug screening based on PDO models and the discovery of predictive biomarkers of drug response (52). Consequently, it is necessary to establish novel PDO models that robustly recapitulate the TME, including immune cell infiltration and interaction with tumor cells, cancer-associated fibroblast (CAF) infiltration, angiogenesis, and extracellular matrix.


Co-Culture

To overcome the lack of immune cell infiltration in first-generation PDOs, thus establishing a drug screening model of ICB and investigating the interactions between immune cells and tumor epithelium, co-culture with immune cells was developed. A few studies have shown promising results. Dijkstra and colleagues obtained tumor-reactive T cells from the co-culture of PDOs from CRC and non-small cell lung cancer (NSCLC) with peripheral blood lymphocytes (PBLs) (53), indicating that the co-culture system can be used to establish individualized PDO models to study immune therapy and interactions between tumor-infiltrating lymphocytes (TILs) and tumor epithelium. In other cancer types, such as melanoma, breast cancer, pancreatic cancer, and lung cancer, PDO co-culture with PBLs or peripheral blood mononuclear cells (PBMCs) has been a feasible platform to study personalized immune therapy responses (54–57). However, the co-culture system has not been widely applied in the establishment of RCC PDOs. Since RCC presents high immune infiltration, and immune therapy is an essential component of systemic treatment of RCC, it is worthwhile to develop a co-culture system in RCC PDO as a model for drug screening or as a model for investigating the interaction between tumor epithelium and infiltrated immune cells. Recently, Rausch et al. developed a 3D spheroid co-culture system of RCC cell lines and immune cells isolated from PBMCs and recapitulated the responses of drug combinations (58). However, the RCC cell lines are homologous, without the representation of inter-tumor heterogeneity. Grassi et al. successfully established PDO in patients with RCC, which preserved the expression of PD-L1 and PD-L2, suggesting a promising application in a co-culture system (23). Consequently, generating PDO models of RCC co-culture with immune cells is substantial and possible in the near future.



Air–Liquid Interface

As illustrated above, RCCs have high immune infiltration and present substantial heterogeneity, which contributes to the difficulty in the prediction of drug responses and creates exigency for establishing PDO models recapitulating the patients’ situation as closely as possible for studying personalized medicine. However, co-culture with PBMCs or TILs, albeit preserving immune cells in TME, fails to preserve the diversity of immune cell types in TME, which proves essential in drug responses. Moreover, the physical architecture of TME is also disturbed in the process of co-culture. Consequently, a novel generation of organoids based on the air–liquid interface (ALI), which closely resembles the in vivo situation, has been developed and applied as a preclinical tool for the investigation of several diseases (25, 59, 60). ALI-PDO method successfully preserves the complex histological TME architectures via mechanically mincing, rather than dissociating tissue with collagenase, which is commonly applied in the first generation. The addition of IL-2 in the medium also plays a central role in preserving the viability of CD3+ TILs (25). The ALI methodology was initially introduced into the culture of murine intestinal organoids to maintain mesenchymal cells and supply paracrine signaling (61–63). Until 2018, Neal and colleagues optimized protocols for establishing the ALI-PDO model in a series of surgically resected tumors, including colon adenocarcinoma, bile duct ampulla adenocarcinoma, lung adenoma, and renal clear cell carcinoma. At the histological level, ALI-PDO accurately presents the heterogeneity and architecture of primary tumor with retention of stromal, CAFs, and diversity of immune cell population. At the gene level, scRNA-seq shows a high concordance in TCR between ALI-PDO and RCC tumors. Moreover, ALI-PDO has been proved to confidently recapitulate the effect of PD-1/PD-L1-dependent immune checkpoint (25). The team of Neal also developed a method for determining the responsiveness of ALI-PDO to immunotherapeutic agents by measuring mRNA or protein markers associated with immune activation, which paved the way for utilizing ALI-PDO as an immunotherapeutic drug screening model (25). Two years later, Esser and colleagues applied the protocols of Neal et al. to cultivate ALI-PDOs from renal tumors and test drug efficacy. ALI-PDOs from RCC showed heterogenic responses to target therapy (TKI) and ICB, which is in line with the clinical situation. By applying this model, researchers also recapitulated that responses of nivolumab are dependent on CD8+ T-cell infiltration, rather than the expression level of PD-L1 in tissue (26, 64). This study provides the perspective of ALI-PDO in functioning as a preclinical model for tailoring RCC treatment plans. Moreover, Vilgelm and colleagues reported a protocol of PDO cultivation based on fine-needle aspiration (FNA), which is adapted to drug screening. They applied Wnt3A and IL-2-containing medium to effectively preserve the viability of immune cells in RCC PDO (65). Vilgelm et al. demonstrated the ability of predicting clinical outcomes before initiating systemic treatment of RCC patients by cultivating PDOs from diagnostic FNA (65). All of these studies show that ALI-PDO is a promising preclinical model, reliably recapitulating both heterogeneity and architecture of TME, which has the ability to predict responses of first-line treatment of RCC, including TKIs and ICBs, and in turn guide personalized medicine.



Tissue Slice Culture

To retain the heterogeneity and architecture of TME in RCC individualized models, patient-derived tissue slice culture (PDTSC) has been promoted. The first PDTSC for RCC was prompted by Weissinger and colleagues in 2013, functioning as a model to study the oncogenic signaling pathway of RCC (66). Martin and colleagues refined ex vivo cultivation procedures of PDTSC for hepatic metastatic CRC (67), which was utilized by Stenzel et al. to examine the effect of nivolumab in RCC by monitoring TILs. Investigators revealed that nivolumab-mediated reduction in PD-1 expression and altered activation status of TILs, especially CD8+ T cells, are indicators for responses to ICBs (68). Roelants et al. also developed a PDTSC model for RCC to evaluate treatment responses (69). Slice culture from RCC showed perfect consistency with parental tumor both histologically and genetically, which had the ability to evaluate the cytotoxic effect of targeted therapies. By applying PDTSC models, CD8+ T cells were predicted as markers indicating immunotherapy responses, which is in line with contemporary research (70).

Here, we concluded the characteristics of PDO models and differences between novel generation PDO models in Table 2.


Table 2 | Comparisons between conventional and next-generation patient-derived models of renal cell carcinoma.






Discussion

PDO is a reliable and economical model for drug screening for various cancer types. The results of drug screening not only indicate clinical treatment choice but also can be used to explore predictive biomarkers of drug responses. In this review, we summarized recent advances in the establishment of PDO models in patients with RCC. Unfortunately, the majority of reported culture methods remain the first generation PDO, which lacks the infiltration of the TME. However, the main targets of systemic treatment in RCC are neo-vasculature and infiltrating immune cells. Consequently, it is urgent to develop PDO models with preserved TME in patients with RCC. In other cancer types, co-culture, ALI, and TSC have been extensively applied to recapitulate the microenvironment. In the future, more effort should be put into the integration of such methods in RCC PDO. Moreover, the peripheral immune system, such as circulating immune cells and peripheral lymph nodes, contributes to the responses of immune therapy (71). Chimeric antigen receptor redirected T (CAR-T) cells also show effects on solid tumors (72). Consequently, in the near future, the interaction between cancer epithelium and peripheral immune system cannot be ignored, especially in RCC, a tumor with highly infiltrated immune cells, which means more holistic models, and integrating systemic conditions in PDO will attract more interest. For example, organ-on-a-chip models highly mimic the physical condition by seeding multiple cell types of the human organ into engineered chambers with perfusion, which provides new perspectives for the investigation of a holistic response to the drug (73). Recently, organ-on-a-chip models are mainly based on microfluidic devices (74). With the development of organoids, “organoids-on-chip” will also appear to recapitulate in vivo environment more exactly.

In conclusion, PDO as an essential tool for personalized medicine goes through an evolution during the past few years, with a more accurate recapitulation of in vivo conditions. As a result of highly infiltrated immune cells in RCC, progress in mimicking the RCC TME is still needed in the development of PDO.



Author Contributions

BW and YX drafted the article, and WZ revised it critically for
intellectual content. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (Nos. 82173214 and 81972369).



References

1. Röcken, C. Molecular Classification of Gastric Cancer. Expert Rev Mol Diagn (2017) 17(3):293–301. doi: 10.1080/14737159.2017.1286985

2. Rodriguez-Canales, J, Parra-Cuentas, E, and Wistuba, II. Diagnosis and Molecular Classification of Lung Cancer. Cancer Treat Res (2016) 170:25–46. doi: 10.1007/978-3-319-40389-2_2

3. Tsang, JYS, and Tse, GM. Molecular Classification of Breast Cancer. Adv Anat Pathol (2020) 27(1):27–35. doi: 10.1097/PAP.0000000000000232

4. Bleijs, M, van de Wetering, M, Clevers, H, and Drost, J. Xenograft and Organoid Model Systems in Cancer Research. EMBO J (2019) 38(15):e101654. doi: 10.15252/embj.2019101654

5. Capitanio, U, Bensalah, K, Bex, A, Boorjian, SA, Bray, F, Coleman, J, et al. Epidemiology of Renal Cell Carcinoma. Eur Urol (2019) 75(1):74–84. doi: 10.1016/j.eururo.2018.08.036

6. Kajdasz, A, Majer, W, Kluzek, K, Sobkowiak, J, Milecki, T, Derebecka, N, et al. Identification of RCC Subtype-Specific microRNAs-Meta-Analysis of High-Throughput RCC Tumor microRNA Expression Data. Cancers (Basel). (2021) 13(3):548. doi: 10.3390/cancers13030548

7. Wood, L. Sunitinib Malate for the Treatment of Renal Cell Carcinoma. Expert Opin Pharmacother (2012) 13(9):1323–36. doi: 10.1517/14656566.2012.689130

8. Serra, D, Mayr, U, Boni, A, Lukonin, I, Rempfler, M, Challet Meylan, L, et al. Self-Organization and Symmetry Breaking in Intestinal Organoid Development. Nature (2019) 569(7754):66–72. doi: 10.1038/s41586-019-1146-y

9. Yousef Yengej, FA, Jansen, J, Rookmaaker, MB, Verhaar, MC, and Clevers, H. Kidney Organoids and Tubuloids. Cells (2020) 9(6):1236. doi: 10.3390/cells9061326

10. Shi, R, Radulovich, N, Ng, C, Liu, N, Notsuda, H, Cabanero, M, et al. Organoid Cultures as Preclinical Models of Non-Small Cell Lung Cancer. Clin Cancer Res (2020) 26(5):1162–74. doi: 10.1158/1078-0432.CCR-19-1376

11. Kawasaki, K, Toshimitsu, K, Matano, M, Fujita, M, Fujii, M, Togasaki, K, et al. An Organoid Biobank of Neuroendocrine Neoplasms Enables Genotype-Phenotype Mapping. Cell (2020) 183(5):1420–1435.e1421. doi: 10.1016/j.cell.2020.10.023

12. 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. doi: 10.1016/j.cell.2014.08.016

13. Kumar, V, Ramnarayanan, K, Sundar, R, Padmanabhan, N, Srivastava, S, Koiwa, M, et al. Single-Cell Atlas of Lineage States, Tumor Microenvironment, and Subtype-Specific Expression Programs in Gastric Cancer. Cancer Discov (2022) 12(3):670–91. doi: 10.1158/2159-8290.CD-21-0683

14. Bock, C, Boutros, M, Camp, JG, Clarke, L, Clevers, H, Knoblich, JA, et al. The Organoid Cell Atlas. Nat Biotechnol (2021) 39(1):13–7. doi: 10.1038/s41587-020-00762-x

15. Yoshida, GJ. Applications of Patient-Derived Tumor Xenograft Models and Tumor Organoids. J Hematol Oncol (2020) 13(1):4. doi: 10.1186/s13045-019-0829-z

16. Kim, M, Mun, H, Sung, CO, Cho, EJ, Jeon, HJ, Chun, SM, et al. Patient-Derived Lung Cancer Organoids as In Vitro Cancer Models for Therapeutic Screening. Nat Commun (2019) 10(1):3991. doi: 10.1038/s41467-019-11867-6

17. Pasch, CA, Favreau, PF, Yueh, AE, Babiarz, CP, Gillette, AA, Sharick, JT, et al. Patient-Derived Cancer Organoid Cultures to Predict Sensitivity to Chemotherapy and Radiation. Clin Cancer Res (2019) 25(17):5376–87. doi: 10.1158/1078-0432.CCR-18-3590

18. 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 e122. doi: 10.1016/j.cell.2019.11.036

19. 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):515–528.e517. doi: 10.1016/j.cell.2018.03.017

20. Bolck, HA, Corro, C, Kahraman, A, von Teichman, A, Toussaint, NC, Kuipers, J, et al. Tracing Clonal Dynamics Reveals That Two- and Three-Dimensional Patient-Derived Cell Models Capture Tumor Heterogeneity of Clear Cell Renal Cell Carcinoma. Eur Urol Focus (2021) 7(1):152–62. doi: 10.1016/j.euf.2019.06.009

21. Fendler, A, Bauer, D, Busch, J, Jung, K, Wulf-Goldenberg, A, Kunz, S, et al. Inhibiting WNT and NOTCH in Renal Cancer Stem Cells and the Implications for Human Patients. Nat Commun (2020) 11(1):929. doi: 10.1038/s41467-020-14700-7

22. Na, JC, Kim, JH, Kim, SY, Gu, YR, Jun, DY, Lee, HH, et al. Establishment of Patient-Derived Three-Dimensional Organoid Culture in Renal Cell Carcinoma. Investig Clin Urol (2020) 61(2):216–23. doi: 10.4111/icu.2020.61.2.216

23. 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. doi: 10.1038/s41419-019-1453-0

24. Kazama, A, Anraku, T, Kuroki, H, Shirono, Y, Murata, M, Bilim, V, et al. Development of Patient−Derived Tumor Organoids and a Drug Testing Model for Renal Cell Carcinoma. Oncol Rep (2021) 46(4):226. doi: 10.3892/or.2021.8177

25. 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.e1916. doi: 10.1016/j.cell.2018.11.021

26. Esser, LK, Branchi, V, Leonardelli, S, Pelusi, N, Simon, AG, Klumper, N, et al. Cultivation of Clear Cell Renal Cell Carcinoma Patient-Derived Organoids in an Air-Liquid Interface System as a Tool for Studying Individualized Therapy. Front Oncol (2020) 10:1775. doi: 10.3389/fonc.2020.01775

27. Kim, H, Shim, BY, Lee, SJ, Lee, JY, Lee, HJ, and Kim, IH. Loss of Von Hippel-Lindau (VHL) Tumor Suppressor Gene Function: VHL-HIF Pathway and Advances in Treatments for Metastatic Renal Cell Carcinoma (RCC). Int J Mol Sci (2021) 22(18):9795. doi: 10.3390/ijms22189795

28. Ivan, M, Kondo, K, Yang, H, Kim, W, Valiando, J, Ohh, M, et al. HIFalpha Targeted for VHL-Mediated Destruction by Proline Hydroxylation: Implications for O2 Sensing. Science (2001) 292(5516):464–8. doi: 10.1126/science.1059817

29. Choueiri, TK, Bauer, TM, Papadopoulos, KP, Plimack, ER, Merchan, JR, McDermott, DF, et al. Inhibition of Hypoxia-Inducible Factor-2α in Renal Cell Carcinoma With Belzutifan: A Phase 1 Trial and Biomarker Analysis. Nat Med (2021) 27(5):802–5. doi: 10.1038/s41591-021-01324-7

30. Motzer, RJ, Haas, NB, Donskov, F, Gross-Goupil, M, Varlamov, S, Kopyltsov, E, et al. Randomized Phase III Trial of Adjuvant Pazopanib Versus Placebo After Nephrectomy in Patients With Localized or Locally Advanced Renal Cell Carcinoma. J Clin Oncol (2017) 35(35):3916–23. doi: 10.1200/JCO.2017.73.5324

31. Motzer, RJ, Hutson, TE, Tomczak, P, Michaelson, MD, Bukowski, RM, Rixe, O, et al. Sunitinib Versus Interferon Alfa in Metastatic Renal-Cell Carcinoma. N Engl J Med (2007) 356(2):115–24. doi: 10.1056/NEJMoa065044

32. Sternberg, CN, Davis, ID, Mardiak, J, Szczylik, C, Lee, E, Wagstaff, J, et al. Pazopanib in Locally Advanced or Metastatic Renal Cell Carcinoma: Results of a Randomized Phase III Trial. J Clin Oncol (2010) 28(6):1061–8. doi: 10.1200/JCO.2009.23.9764

33. Yang, JC, Haworth, L, Sherry, RM, Hwu, P, Schwartzentruber, DJ, Topalian, SL, et al. A Randomized Trial of Bevacizumab, an Anti-Vascular Endothelial Growth Factor Antibody, for Metastatic Renal Cancer. N Engl J Med (2003) 349(5):427–34. doi: 10.1056/NEJMoa021491

34. Tykodi, SS. Progress and Potential of Immune Checkpoint Blockade for Treating Advanced Renal Cell Carcinoma. Immunotherapy (2013) 5(6):607–19. doi: 10.2217/imt.13.39

35. Motzer, RJ, Escudier, B, McDermott, DF, George, S, Hammers, HJ, Srinivas, S, et al. Nivolumab Versus Everolimus in Advanced Renal-Cell Carcinoma. N Engl J Med (2015) 373(19):1803–13. doi: 10.1056/NEJMoa1510665

36. Powles, T, Plimack, ER, Soulières, D, Waddell, T, Stus, V, Gafanov, R, et al. Pembrolizumab Plus Axitinib Versus Sunitinib Monotherapy as First-Line Treatment of Advanced Renal Cell Carcinoma (KEYNOTE-426): Extended Follow-Up From a Randomised, Open-Label, Phase 3 Trial. Lancet Oncol (2020) 21(12):1563–73. doi: 10.1016/S1470-2045(20)30436-8

37. Albadari, N, Deng, S, and Li, W. The Transcriptional Factors HIF-1 and HIF-2 and Their Novel Inhibitors in Cancer Therapy. Expert Opin Drug Discov (2019) 14(7):667–82. doi: 10.1080/17460441.2019.1613370

38. Martínez-Sáez, O, Gajate Borau, P, Alonso-Gordoa, T, Molina-Cerrillo, J, and Grande, E. Targeting HIF-2 α in Clear Cell Renal Cell Carcinoma: A Promising Therapeutic Strategy. Crit Rev Oncol Hematol (2017) 111:117–23. doi: 10.1016/j.critrevonc.2017.01.013

39. Schodel, J, Grampp, S, Maher, ER, Moch, H, Ratcliffe, PJ, Russo, P, et al. Hypoxia, Hypoxia-Inducible Transcription Factors, and Renal Cancer. Eur Urol (2016) 69(4):646–57. doi: 10.1016/j.eururo.2015.08.007

40. Isono, T, Chano, T, Yoshida, T, Kageyama, S, Kawauchi, A, Suzaki, M, et al. Hydroxyl-HIF2-Alpha Is Potential Therapeutic Target for Renal Cell Carcinomas. Am J Cancer Res (2016) 6(10):2263–76.

41. Chittiboina, P, and Lonser, RR. Von Hippel-Lindau Disease. Handb Clin Neurol (2015) 132:139–56. doi: 10.1016/B978-0-444-62702-5.00010-X

42. Pavlovich, CP, and Schmidt, LS. Searching for the Hereditary Causes of Renal-Cell Carcinoma. Nat Rev Cancer (2004) 4(5):381–93. doi: 10.1038/nrc1364

43. Pezzuto, A, and Carico, E. Role of HIF-1 in Cancer Progression: Novel Insights. A Review Curr Mol Med (2018) 18(6):343–51. doi: 10.2174/1566524018666181109121849

44. Barata, PC, and Rini, BI. Treatment of Renal Cell Carcinoma: Current Status and Future Directions. CA Cancer J Clin (2017) 67(6):507–24. doi: 10.3322/caac.21411

45. Janiszewska, AD, Poletajew, S, and Wasiutyński, A. Spontaneous Regression of Renal Cell Carcinoma. Contemp Oncol (Pozn) (2013) 17(2):123–7. doi: 10.5114/wo.2013.34613

46. Vuong, L, Kotecha, RR, Voss, MH, and Hakimi, AA. Tumor Microenvironment Dynamics in Clear-Cell Renal Cell Carcinoma. Cancer Discov (2019) 9(10):1349–57. doi: 10.1158/2159-8290.CD-19-0499

47. Siska, PJ, Beckermann, KE, Mason, FM, Andrejeva, G, Greenplate, AR, Sendor, AB, et al. Mitochondrial Dysregulation and Glycolytic Insufficiency Functionally Impair CD8 T Cells Infiltrating Human Renal Cell Carcinoma. JCI Insight (2017) 2(12):e93411. doi: 10.1172/jci.insight.93411

48. Motzer, RJ, Jonasch, E, Boyle, S, Carlo, MI, Manley, B, Agarwal, N, et al. NCCN Guidelines Insights: Kidney Cancer, Version 1.2021. J Natl Compr Canc Netw (2020) 18(9):1160–70. doi: 10.6004/jnccn.2020.0043

49. Ooft, SN, Weeber, F, Dijkstra, KK, McLean, CM, Kaing, S, van Werkhoven, E, et al. Patient-Derived Organoids can Predict Response to Chemotherapy in Metastatic Colorectal Cancer Patients. Sci Transl Med (2019) 11(513):eaay2574. doi: 10.1126/scitranslmed.aay2574

50. Wang, Z, Jin, Y, Guo, Y, Tan, Z, Zhang, X, Ye, D, et al. Conversion Therapy of Intrahepatic Cholangiocarcinoma Is Associated With Improved Prognosis and Verified by a Case of Patient-Derived Organoid. Cancers (Basel). (2021) 13(5):1179. doi: 10.3390/cancers13051179

51. Motzer, RJ, Jonasch, E, Agarwal, N, Alva, A, Baine, M, Beckermann, K, et al. Kidney Cancer, Version 3.2022, NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw (2022) 20(1):71–90. doi: 10.6004/jnccn.2022.0001

52. Liu, L, Yu, L, Li, Z, Li, W, and Huang, W. Patient-Derived Organoid (PDO) Platforms to Facilitate Clinical Decision Making. J Transl Med (2021) 19(1):40. doi: 10.1186/s12967-020-02677-2

53. Dijkstra, KK, Cattaneo, CM, Weeber, F, Chalabi, M, van de Haar, J, Fanchi, LF, et al. Generation of Tumor-Reactive T Cells by Co-Culture of Peripheral Blood Lymphocytes and Tumor Organoids. Cell (2018) 174(6):1586–1598 e1512. doi: 10.1016/j.cell.2018.07.009

54. Cattaneo, CM, Dijkstra, KK, Fanchi, LF, Kelderman, S, Kaing, S, van Rooij, N, et al. Tumor Organoid-T-Cell Coculture Systems. Nat Protoc (2020) 15(1):15–39. doi: 10.1038/s41596-019-0232-9

55. Meng, Q, Xie, S, Gray, GK, Dezfulian, MH, Li, W, Huang, L, et al. Empirical Identification and Validation of Tumor-Targeting T Cell Receptors From Circulation Using Autologous Pancreatic Tumor Organoids. J Immunother Cancer (2021) 9(11):e003213. doi: 10.1136/jitc-2021-003213

56. Votanopoulos, KI, Forsythe, S, Sivakumar, H, Mazzocchi, A, Aleman, J, Miller, L, et al. Model of Patient-Specific Immune-Enhanced Organoids for Immunotherapy Screening: Feasibility Study. Ann Surg Oncol (2020) 27(6):1956–67. doi: 10.1245/s10434-019-08143-8

57. Zhou, Z, van der Jeught, K, Fang, Y, Yu, T, Li, Y, Ao, Z, et al. An Organoid-Based Screen for Epigenetic Inhibitors That Stimulate Antigen Presentation and Potentiate T-Cell-Mediated Cytotoxicity. Nat BioMed Eng (2021) 5(11):1320–35. doi: 10.1038/s41551-021-00805-x

58. Rausch, M, Blanc, L, De Souza Silva, O, Dormond, O, Griffioen, AW, and Nowak-Sliwinska, P. Characterization of Renal Cell Carcinoma Heterotypic 3d Co-Cultures With Immune Cell Subsets. Cancers (Basel). (2021) 13(11):2551. doi: 10.3390/cancers13112551

59. Choi, KG, Wu, BC, Lee, AH, Baquir, B, and Hancock, REW. Utilizing Organoid and Air-Liquid Interface Models as a Screening Method in the Development of New Host Defense Peptides. Front Cell Infect Microbiol (2020) 10:228. doi: 10.3389/fcimb.2020.00228

60. Gupta, AK, Coburn, JM, Davis-Knowlton, J, Kimmerling, E, Kaplan, DL, and Oxburgh, L. Scaffolding Kidney Organoids on Silk. J Tissue Eng Regener Med (2019) 13(5):812–22. doi: 10.1002/term.2830

61. 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. doi: 10.1038/nm.3585

62. Li, X, Ootani, A, and Kuo, C. An Air-Liquid Interface Culture System for 3D Organoid Culture of Diverse Primary Gastrointestinal Tissues. Methods Mol Biol (2016) 1422:33–40. doi: 10.1007/978-1-4939-3603-8_4

63. Ootani, A, Li, X, Sangiorgi, E, Ho, QT, Ueno, H, Toda, S, et al. Sustained In Vitro Intestinal Epithelial Culture Within a Wnt-Dependent Stem Cell Niche. Nat Med (2009) 15(6):701–6. doi: 10.1038/nm.1951

64. Stenzel, PJ, Schindeldecker, M, Tagscherer, KE, Foersch, S, Herpel, E, Hohenfellner, M, et al. Prognostic and Predictive Value of Tumor-Infiltrating Leukocytes and of Immune Checkpoint Molecules PD1 and PDL1 in Clear Cell Renal Cell Carcinoma. Transl Oncol (2020) 13(2):336–45. doi: 10.1016/j.tranon.2019.11.002

65. Vilgelm, AE, Bergdorf, K, Wolf, M, Bharti, V, Shattuck-Brandt, R, Blevins, A, et al. Fine-Needle Aspiration-Based Patient-Derived Cancer Organoids. iScience (2020) 23(8):101408. doi: 10.1016/j.isci.2020.101408

66. Weissinger, D, Tagscherer, KE, Macher-Göppinger, S, Haferkamp, A, Wagener, N, and Roth, W. The Soluble Decoy Receptor 3 is Regulated by a PI3K-Dependent Mechanism and Promotes Migration and Invasion in Renal Cell Carcinoma. Mol Cancer (2013) 12(1):120. doi: 10.1186/1476-4598-12-120

67. Martin, SZ, Wagner, DC, Hörner, N, Horst, D, Lang, H, Tagscherer, KE, et al. Ex Vivo Tissue Slice Culture System to Measure Drug-Response Rates of Hepatic Metastatic Colorectal Cancer. BMC Cancer (2019) 19(1):1030. doi: 10.1186/s12885-019-6270-4

68. Stenzel, PJ, Horner, N, Foersch, S, Wagner, DC, Tsaur, I, Thomas, A, et al. Nivolumab Reduces PD1 Expression and Alters Density and Proliferation of Tumor Infiltrating Immune Cells in a Tissue Slice Culture Model of Renal Cell Carcinoma. Cancers (Basel). (2021) 13(18):4511. doi: 10.3390/cancers13184511

69. Roelants, C, Pillet, C, Franquet, Q, Sarrazin, C, Peilleron, N, Giacosa, S, et al. Ex-Vivo Treatment of Tumor Tissue Slices as a Predictive Preclinical Method to Evaluate Targeted Therapies for Patients With Renal Carcinoma. Cancers (Basel). (2020) 12(1):232. doi: 10.3390/cancers12010232

70. Choueiri, TK, Motzer, RJ, Rini, BI, Haanen, J, Campbell, MT, Venugopal, B, et al. Updated Efficacy Results From the JAVELIN Renal 101 Trial: First-Line Avelumab Plus Axitinib Versus Sunitinib in Patients With Advanced Renal Cell Carcinoma. Ann Oncol (2020) 31(8):1030–9. doi: 10.1016/j.annonc.2020.04.010

71. Huang, AC, Postow, MA, Orlowski, RJ, Mick, R, Bengsch, B, Manne, S, et al. T-Cell Invigoration to Tumour Burden Ratio Associated With Anti-PD-1 Response. Nature (2017) 545(7652):60–5. doi: 10.1038/nature22079

72. Ma, S, Li, X, Wang, X, Cheng, L, Li, Z, Zhang, C, et al. Current Progress in CAR-T Cell Therapy for Solid Tumors. Int J Biol Sci (2019) 15(12):2548–60. doi: 10.7150/ijbs.34213

73. Low, LA, Mummery, C, Berridge, BR, Austin, CP, and Tagle, DA. Organs-On-Chips: Into the Next Decade. Nat Rev Drug Discov (2021) 20(5):345–61. doi: 10.1038/s41573-020-0079-3

74. Sontheimer-Phelps, A, Hassell, BA, and Ingber, DE. Modelling Cancer in Microfluidic Human Organs-On-Chips. Nat Rev Cancer (2019) 19(2):65–81. doi: 10.1038/s41568-018-0104-6




Conflict of Interest: The 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Xue and Zhai. 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.2022.902060_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Integration of Tumor Microenvironment in
Patient-Derived Organoid Models Help
Define Precision Medicine of
Renal Cell Carcinoma





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integration of Tumor Microenvironment in Patient-Derived Organoid Models Help Define Precision Medicine of Renal Cell Carcinoma

      

        		

          Introduction

        



        		

          Evolution of Patient-Derived Organoid Model in Renal Cell Carcinoma

        



        		

          Tumor Microenvironment in Renal Cell Carcinoma Treatment

        

          		

            Hypoxia

          



          		

            Angiogenesis

          



          		

            Immune Cell Infiltration

          



        



        



        		

          Patient-Derived Organoids Recapitulate Tumor Microenvironment

        

          		

            Co-Culture

          



          		

            Air–Liquid Interface

          



          		

            Tissue Slice Culture

          



        



        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Histological type Tissue collection Establishment Success rate Maximum passage Drug screening panel Reference

ccRCC Surgical specimen 3D patient-derived cells 26/35 (74%) N/A N/A (20)
ccRCC Surgical specimen  Cancer stem cells 41/55 (74%) N/A N/A 21)
ccRCC Surgical specimen Matrigel submerged tumor cells N/A N/A N/A (22)
Normal tissue
ccRCC Surgical specimen  Matrigel submerged tumor cells 10/15 (67%) 15 Sunitinib (23)
Normal tissue 13/13 (100%) 15 Temsirolimus
ccRCC Surgical specimen  Matrigel submerged tumor cells 15/20 (75%) 15 Sunitinib (24)
Axitinib
Pazopanib
Sorafenib
Cabozantinib
ccRCC Surgical specimen  Minced tissue in type | collagen matrix ALl 15/26 (67%) 4 Nivolumab (25)
pRCC system 3/3 (100%)
chRCC 11 (100%)
Wilms' tumor 1/1 (100%)
ccRCC Surgical specimen  Minced tissue in type | collagen matrix ALI 20/26 (77%) 3 Nivolumab (26)
pRCC system 4/5 (80%) Cabozantinib
chRCC 0/1 (0%)
uc 7/8 (88%)
Oncocytoma 1/3 (33%)

ccRCC, clear cell renal cell carcinoma; pRCC, papillary renal cell carcinoma; chRCC, chromophobe renal cell carcinoma; UC, urothelial carcinoma; AL, air-liquid interface.
N/A, Not applicable.
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First-generation PDO

PDO plus

Co-culture ALI TSC

Histological characteristics Preserved Preserved Preserved Preserved
Genetic alteration Preserved Preserved Preserved Preserved
Component of TME ECM - - + =

Immune cells - + + +

CAFs N = + -
Architecture of TME = = + -
Availability of live cell analysis + + + -
Testable drug classes TKIs TKils; immunotherapy TKls; immunotherapy TKls; immunotherapy
Reliability as preclinical model + ++ it ++

PDO, patient-derived organoid; ALl, air-liquid interface; TSC, tissue slice culture; TME, tumor microenvironment; ECM, extracellular matrix; CAFs, cancer-associated fibroblasts; TKI,

tyrosine kinase inhibitors.

#-, does not have or not available; +, perform fine; ++: perform very well: +++: perform excellent.





