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In recent years, with the breakthrough of CAR-T cells in the treatment of hematological tumors, they are increasingly being used to treat solid tumors, including urologic neoplasms. There are many relatively specific targets for urologic neoplasms, especially prostate cancer. Besides, urologic neoplasms tend to progress more slowly than tumors in other organs of the body, providing ample time for CAR-T cell application. Therefore, CAR-T cells technology has inherent advantages in urologic neoplasms. CAR-T cells in the treatment of urologic neoplasms have been extensively studied and preliminary achievements have been made. However, no breakthrough has been made due to the problems of targeting extra-tumor cytotoxicity and poor anti-tumor activity. we systematacially summarized the research actuality of CAR-T cells in urologic neoplasms, discussed the potential value and difficulties of the research. The application of CAR-T cells in the treatment of urologic neoplasms requires improvement of function through screening for better targets, modification of CAR structures, or in combination with other antitumor approaches.
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Introduction

Urologic neoplasms mainly include prostate cancer, bladder cancer, kidney cancer, adrenal tumor, penile tumor, testicular tumor and ureter tumor. According to GLOBOCAN in 2018, the incidence and mortality of urologic neoplasms were 12.3% and 7.7%, respectively (1). At present, prostate cancer, bladder cancer and kidney cancer are the most common urinary system tumors. The early stage of tumor occurrence can be successfully treated by surgery or radiotherapy and chemotherapy, but there is no radical treatment for advanced tumor (2–4). In the past decade, immunotherapy has emerged as a new direction in the treatment of advanced urologic neoplasms (5–7). Since urologic neoplasms are usually slow-growing compared to the other systemic tumors, there is a time window for treatment, which provides conditions for the selection of appropriate immunotherapy. In addition, tumor-associated antigens such as prostate stem cell antigen (PSCA), prostate specific membrane antigen (PSMA) and epidermal growth factor receptor (EGFR) are expressed in urologic neoplasms. Therefore, the choice of CAR-T cells for urologic neoplasms has an innate advantage.

CAR-T cells technology is a superior immunotherapy for cancer that delivers antitumor effects by providing genetically modified T cells that precisely target tumor-associated antigens (8). CAR-T cells represent a major advance in the field of tumor immunotherapy with their success in treating B-cell-derived lymphoma and leucocythemia (9). Since then, CAR-T cells have become increasingly popular in the treatment of solid tumors. Since then, the study of CAR-T cells in solid tumor therapy has gradually become a hotspot. However, there is considerable heterogeneity between solid and hematologic tumors. First, it is difficult to find tumor-specific targets in solid tumors such as CD19 of hematological tumor cells, and only tumor-associated antigens can be applied, which might led to the emergence of CAR-T cells targeting extratumoral cytotoxicity. Secondly, the drug has a good diffusion effect in the blood system, and it is easy for the drug to contact the tumor cells. Nevertheless, solid tumors have a dense stromal component and an immunosuppressive microenvironment. It is difficult for CAR-T cells to fully infiltrate tumor tissue and contact with tumor cells. Even if CAR-T cells are infiltrated into tumor tissue, and they have to overcome the problem of immunosuppression to exert tumor killing function (10). To overcome these challenges, structural optimization and target screening of CAR-T cells are under investigation.

Urologic neoplasms, like other solid tumors, have been widely used in immunotherapy in recent years, and some progress has been made. Although CAR-T cells offer an innovative approach for the treatment of patients with advanced urinary tumors, no product has been successfully introduced into the clinic. A large number of researchers have attempted to overcome this dilemma by optimizing target selection, modifying CAR-T structure, improving tumor immune microenvironment, and combining other molecular targeted therapies. This review will systematically introduce the research progress and potential value of CAR-T cells in urinary system tumors, and discuss the difficulties faced, in order to provide new ideas for the treatment of urinary system tumors.



CAR-T Cells Technology

CAR-T cells are regarded as the representative of adoptive immunotherapy. The greatest advantage is that they can bind directly to the surface of cancer cells without major histocompatibility complex (MHC) restriction and induce tumor cell death (11). In recent years, CAR-T cells have exhibited impressive therapeutic effect in the treatment of B cell malignancies (12). As a result, researchers have focused on CAR-T cells technology in the application of solid tumors, including urologic neoplasms. CAR-T cells consist of three major components: an extracellular domain (SCFV fragment) that recognizes an antigen of tumor, a transmembrane domain (CD8), and an intracellular domain (costimulatory molecules) that mediates activation of T lymphocytes (13) (Figure 1). When CAR-T cells enter tumor tissue during tumor therapy, SCFV fragments specifically bind to homologous antigens on the surface of tumor cells. The activation signal then passes through the transmembrane domain to the intracellular costimulatory domain, and then activates T cells by activating the costimulatory molecule to finally kill the tumor cells. Generation-to-generation CAR-T cells are optimized for T cell proliferation and tumor killing by increasing intracellular costimulatory molecules. The CD3ζ costimulation domain was the only intracellular domain of the first generation CAR-T cells. The second generation of CAR-T cells significantly enhanced activation of T cells by adding a costimulatory molecule (CD28 or 4-1BB) over the first generation (14). It was found that CD28 activated T cells had a strong instantaneous mortality, while 4-1BB activated T cells had better anti-tumor persistence (15).The intracellular portion of third-generation CAR-T cells contains two costimulatory molecules(CD28 and 4-1BB) in order to enhance activation of T cells. With the development of genetic engineering technology, the intracellular structure of CAR-T cells changed dramatically, and four generations of CAR-T cells were generated according to the structure (Figure 1).The fourth generation CAR-T cells have increased intracellular co-expressed cytokines (IL-7, IL-18, IL-21, CCL19, PH40, etc) base on the second generation CAR-T cells, aiming to positively regulate CAR-T cells (16). Generation 2 and 4 CAR-T cells have been widely studied in solid tumors. 2 generation CAR-T cells showed stable function and easy manipulation. 4 generation CAR-T cells not only regulate the immunosuppressive microenvironment of solid tumors, but also directly participate in positive regulation of T cell activation and proliferation (17–19). Therefore, 4-generation CAR-T cells are the key development direction of solid tumors in the future.




Figure 1 | Schematic diagram of the construction of 1st to 4th generation CAR-T cells. When CAR-T cells enter tumor tissue during tumor therapy, SCFV fragments specifically bind to homologous antigens on the surface of tumor cells. The activation signal then passes through the transmembrane domain to the intracellular costimulatory domain, and then activates T cells by activating the costimulatory molecule to finally kill the tumor cells. SCFV fragment (extracellular domain), CD8 (transmembrane domain) and CD3ζ (intracellular domain) are the basic structures of CAR T cells. Generation-to-generation CAR-T cells are optimized for T cell proliferation and tumor killing by increasing intracellular costimulatory molecules. The CD3ζ costimulation domain was the only intracellular domain of the first generation CAR-T cells. The second generation of CAR-T cells significantly enhanced their cytotoxicity by adding a costimulatory molecule (CD28 or 4-1BB) over the first generation. The intracellular domain of third-generation CAR-T cells contains two costimulatory molecules in order to enhance activation of T cells. The fourth generation CAR-T cells have increased intracellular co-expressed cytokines in addition to the second generation CAR-T cells, and co-expressed cytokines mainly positively regulate the proliferation and differentiation of CAR T cells and recruit peripheral immune cells to better kill tumor cells.



T cells used for CAR-T cell therapy are usually taken from the patient’s peripheral blood (20),and were first separated from the obtained peripheral blood and then infected with lentiviruses carrying CAR plasmids. Finally, CAR-T cells were expanded in vitro and reinjected into patients. The production process of CAR-T cells also raises many questions for clinical use. On the one hand, due to organ function exhaustion in patients with advanced tumor, peripheral blood immune cell activity will be inhibited, which will affect the activity of CAR-T cells produced. In addition, the economic cost of CAR-T cell customization is expensive, which is difficult to bear for the majority of patient population. In order to reduce the cost of producing CAR-T cells and increase their convenience, researches are also underway on universal CAR-T cells, which will make this technology available to a wider patient population (21).



CAR-T Cells for Urologic Neoplasms

Ten years ago, tumor immunotherapy has been widely used in preclinical research and treatment of urinary system tumors, including cytokines and tumor vaccines. Since then, immune checkpoint inhibitors have also shown some efficacy in the treatment of urologic neoplasms. However, a large number of clinical studies have found that these treatments do not significantly improve patient prognosis. In recent years, with the breakthrough of CAR-T cells in the treatment of hematological tumors (13, 22), CAR-T cells technology has been gradually applied in the research of solid tumors, including urologic neoplasms. CAR-T cells also provides a new approach for the treatment of urologic neoplasms such as kidney cancer, prostate cancer, bladder cancer and so on. Many preclinical and clinical trials have been conducted for CAR-T cells in urologic neoplasms (Tables 1, 2), and a portion of clinical trials are ongoingin in the hope of achieving satisfactory results.


Table 1 | Preclinical studies of CAR-T cells in urologic neoplasms.




Table 2 | Clinical trials of CAR-T cells in urologic neoplasms.



As shown in Table 1, targets selected of preclinical studies for CAR-T cells in the treatment of urologic neoplasms mainly include CAIX, PSMA, PSCA, and other generic targets of solid tumors. The structure of CAR is mainly the second generation, and the selected costimulatory molecules are mainly CD28 and 4-1BB. Relatively few third- generation and fourth-generation CAR-T cells have been used to treat urologic neoplasms.


Renal Cell Carcinoma

Worldwide, renal cell carcinoma (RCC) is the 9th most common malignancy in men and the 14th most common malignancy in women. After more than 20 years of increasing incidence, the incidence of RCC worldwide has shown signs of stabilizing or even declining in recent years. However, in the United States, the incidence of RCC continues to increase, mainly for early-stage tumors, and the overall mortality rate for RCC is stabilizing (34). For decades, the only effective treatment for RCC was surgery, as RCC was largely resistant to cytotoxic chemotherapy and insensitive to radiation, which makes the search for new antitumor therapies a priority. Based on the in-depth research on tumor immunity, immunotherapy has become a promising alternative method (35, 36).

Cytokines (IL-2 and IFN-α) as nonspecific immunotherapy have long been the standard treatment for metastatic renal cell carcinoma (mRCC). However, most studies of IL-2 and IFN-α as adjuvant immunotherapy in recent years have shown negative results (37–39). Furthermore, the immune checkpoint inhibitors (ICIs) has shown more favorable efficacy and safety in RCC than second-line chemotherapy (40). Over the past decade, the treatment of patients with mRCC has changed substantially, with pre-combination therapies based on immunotherapy replacing targeted therapies. However, the study also found the importance of ICIs in combination with other anti-tumor therapies. A network meta-analysis conducted by Fahad Quhal et al. (41) showed that the combination of ICIs and tyrosine kinase inhibitors (TKIs) provided better PFS, ORR and OS than the ICIs alone. More recently, data from the ICIs combined anti-tumor trial also confirmed the survival benefit of ICIs combined with pembrolizumab in the treatment of mRCC. These combination therapies are recommended as first-line treatment for advanced renal cancer by the Updated 2021 Guidelines of the European Association of Urology (42). Immunotherapy in combination with other therapies has been approved for the treatment of kidney cancer, and more studies are needed to evaluate their efficacy and safety to guide selection of the best first-line treatment.

The achievement of CAR-T cells in hematologic oncology has prompted the application of CAR-T cells in RCC (43). To date, numerous studies have been conducted on the association of CAR-T cells in the treatment of RCC. Eloah Rabello Suarez et al. (23) exploited a targeted carbonic anhydrase IX (CAIX) CAR-T cells. In a humanized mouse model of mRCC, tumor growth and mass were significantly reduced after treatment with CAX-CAR-T cells. Furthermore, Jun-Ich Mori et al. (25) constructed c-Met-targeted CAR-T cells and validated the antitumor efficacy of c-Met-CAR-T cells in situ mouse models derived from clinical renal papillary cell carcinoma tissues. The c-Met-CAR-T cells have been demonstrated to infiltrate tumor tissues and inhibit tumor growth. CD70 has also been found to be highly expressed in RCC and limited in normal tissue, making it an attractive target for CAR-T immunogenic solid tumors (44). Recently, Siler H Panowski et al. (45) constructed CAR-T cells targeting CD70 single-chain antibodies. CD70-CAR- T cells showed strong antitumor activity against RCC cell lines and patient-derived xenograft mouse models. These studies indicate the potential value of CD70-CAR-T cells in treating RCC, and a phase I clinical trial of CD70-CAR-T cells in treating metastatic renal cell carcinoma is ongoing.

CAR-T cells in combination with other anti-tumor methods are also a focus of research. To enhance CAR-T cells antitumor activity, Huizhong Li et al. (24) combined CAX-CAR-T cells and sunitinib showed significant synergistic effect in the mRCC mouse xenotransplantation model. The combination group exhibited greater proliferation and tumor killing than mice treated alone. This combination approach may provide meaningful insights into CAR-T cell therapy for urologic neoplasms. Jun-Ich Mori et al. (25) also evaluated the anti-RCC efficacy of c-MET-CAR-T cells in combination with axitinib, and found that axitinib synergically enhanced the anti-tumor efficacy of CAR-T cells. It suggests that CAR-T cells combined with targeted drugs may also be a way to treat solid tumors in the future. In addition, Chen Zhang et al. (46) studied the binding of a decorin-carrying oncolytic adenovirus(OAV-decorin) to CAIX-CAR-T to perform antitumor activity against renal cancer cells. Oav-decorin in combination with CAIX-CAR significantly reduced tumor load, altered extracellular matrix (ECM) composition by inhibiting collagen fiber distribution, reduced TGF-β expression, enhanced IFN-α secretion, and generated more CAR-T cells. The combined treatment model also prolonged the survival of the mice. These data also confirmed the role of oncolytic adenovirus and CAIX-CAR-T cells against solid tumors.

In 2016, the National Institutes of Health clinical Center in Maryland published a clinical study of VEGFR2-targeted CAR T cells in the treatment of metastatic kidney cancer(NCT01218867). A total of 24 patients were enrolled, of whom 5 (20.83%) had severe adverse reactions and 1 (4.17%) died. Five years of follow-up showed that 1 patient had partial response, 1 patient had stable disease, and the rest had tumor progression. In this study, researchers also divided the patients into groups according to different doses of combined IL-2. The 5 patients with severe complications were all in the high-dose IL-2 group, while no serious complications were found in the low-dose IL-2 group. The efficacy of VEGFR2-CAR-T cells in mRCC was not satisfactory. This study demonstrates that VEGFR2-CAR T cells are not satisfactory in the treatment of mRCC, but the side effects are acceptable.

Nevertheless, Lamers et al. (47) implemented a phase I/II trial of targeting CAIX CAR-T cells(first generation) to investigate the safety and efficacy of these cells in the treatment of mRCC. Unfortunately, due to the expression of the target antigen in intrahepatic bile duct epithelium, resulting in targeted out-of-tumor cytotoxicity, some patients have discontinued treatment due to detection of liver damage. This study suggests that the selection of tumor-associated antigens for CAR-T cells therapy in solid tumors is particularly important, and that normal tissue cytotoxicity to the selected target antigens must not cause major organ damage in patients. It also indicates that there is still a long way to go for CAR-T cells therapy in solid tumors, especially in the process of step-by-step target selection.

Fortunately, there are a number of clinical studies underway. There are currently two ongoing CAR-T cells studies (NCT03393936, NCT03638206) in China for the treatment of metastatic renal cancer (Table 2), with AXL,ROR2 and c-MET as the target, respectively. The objective was to assess the safety and efficacy of CAR-T cells in the treatment of mRCC.



Prostate Carcinoma

Worldwide, prostate cancer (PCa) is the second most common cancer in men and the fifth deadliest cancer in men (48). Over the past 20 years, great advances in surgery, radiotherapy and hormone therapy for PCa have significantly reduced mortality from the disease. However, metastatic castration resistant prostate cancer (mCRPC) is still very difficult to cure. Although docetaxel, abiraterone acetate, and radiotherapy have been shown to enhance patient outcomes in combination with standard hormone therapy, studies have shown that this subset of patients is rarely cured and has severe side effects (49, 50).

It is urgent to develop new therapeutic modalities for mCRPC patients. Given the success of immunotherapy in the treatment of many malignant tumors in recent years, immunotherapy of mCRPC is being widely explored. Over the past decade, researchers have made great efforts to explore this therapeutic area. Tumor vaccines have been widely used in preclinical and clinical studies of mCRPC, mainly including DC vaccines (51, 52), viral vector vaccines (53, 54) and DNA/mRNA vaccines (55, 56). Clinical studies have shown that some vaccines alone can prolong overall survival, while others require a combination of other therapies to slow tumor progression. In addition, ICIs are widely used in the treatment of mCRPC. In mCRPC patients, pembrolizumab was found to have antitumor activity and a reasonable safety profile as a standard monotherapy. However, Graff et al. (57) found that the effective rate of anti-PD-1 treatment for mCRPC was less than 30%. Therefore, the use of ICIs in mCRPC is still limited by their low clinical immune response rate (58–60). Since then, researchers have begun to investigate the efficacy of CAR-T cells for mCRPC and hope that CAR-T cell therapy will lead to a breakthrough in the treatment of mCRPC.

There are many tumor specific antigens in PCa tissues, such as prostate specific antigen (PSA), PSMA and PSCA. PSMA is a type II transmembrane glycoprotein expressed in the membrane of prostatic epithelium. PSMA was highly expressed in prostate tissue and solid tumor blood vessels, but hardly expressed in normal tissues such as intestine, liver and kidney (61). PSCA is a tumor-associated antigen found in PCa cells (62). PSCA is expressed on the membrane of the prostate gland and can only be detected there. The expression rate of PSCA in PCa tissue was much higher than that in normal prostate tissue (63). In addition, PSCA expression was not detected in other normal tissues (64). PSCA has also become an important target for targeted therapy of PCa. These studies suggest that PCa is a favorable tumor for CAR-T cells therapy (65).

Many studies have been conducted in recent years due to the inherent advantages of CAR-T cells technology in PCa. In 2008, researchers constructed targeting PSMA first generation CAR-T cells first time in a clinical trial (NCT00664196) of five patients. Only two patients achieved a clinical partial response, with PSA reductions of 50% and 70%, respectively. No toxicity against PSMA was observed. It was also found that low plasma doses of IL2 did not support antitumor activity under optimal CAR T cell implantation (66). The efficacy of the first generation CAR-T cells was found to be poor, mainly due to poor persistence of CAR-T cells.

To further optimize the efficacy of CAR-T cells, Qiangzhong Ma et al. constructed second generation PSMA-CAR-T cells containing CD28 stimulating molecule, it showed stronger anti-tumor response in mouse models (67). In a related clinical study (NCT01140373), 2 of 4 patients were stable and 2 patients were advanced. The results of this study showed that the second-generation CAR-T cells were well tolerated and significantly improved the efficacy. In addition, to select better costimulatory molecules, Saul J. Priceman et al. (27) constructed targeting PSCA CAR-T cells, using different costimulatory molecules (CD28 and 4-1BB), and compared the sensitivity of the two intracellular costimulatory molecules to tumor antigen expression. PSCA-CAR-T cells exhibit potent in vivo antitumor activity. Compared with CAR-T cells containing CD28, CAR-T cells containing 4-1BB showed better T cell persistence and disease control because they expressed higher tumor antigen intensity. These result show that CAR-T cells targeting PSMA and PSCA are well tolerated in the treatment of PCa and may have good efficacy. These studies suggest that CAR-T cells targeting PSMA and PSCA, accompanied by structural optimization, may have good efficacy in the treatment of PCa.

More recently, Vivek Narayan et al. (68) reported the results of a phase I clinical trial (NCT03089203) of PSMA CAR-T cells against castrated PCa. Five of the 13 patients developed grade 2 cytokine release syndrome, and three other patients achieved a 30% PSA reduction. Therefore, the study also showed that clinical use of targeted PSMA-CAR-T cells is feasible and generally safe. However, the antitumor activity of CAR-T cells in PCa still needs to be enhanced. Dawei Wang et al. (29) constructed IL23-PSMA-CAR-T cells. IL23-PSMA-CAR-T cells exhibited significantly more proliferation and cytokine secretion in vitro and also exhibited faster tumor clearance and weight gain in vivo than conventional CAR-T cells. CAR-T cells that co-express cytokines are a potential approach to enhance their antitumor activity in the treatment of PCa.

Furthermore, CAR-T cells were used in combination with chemotherapy to enhance tumor killing activity. Jamal Alzubi et al. (28) designed of CAR-T cells targeting PSMA. In vivo, local injection of PSMA-CAR-T cells eradicated xenograft PCa in mice. In addition, systemic intravenous CAR-T cells combined with low-dose docetaxel chemotherapy significantly inhibited tumor growth, whereas docetaxel alone or CAR-T cells did not. Studies have demonstrated that the combination of PSMA-CAR-T cells with chemotherapy is a promising immunotherapy pathway for the clinical treatment of mCRPC.

Radiation therapy is an vital treatment for PCa, and PCa stem cells (PCSCs) have the ability to resist radiation. Recently, Yida Zhang et al. (30) found that radiotherapy up-regulated the expression of PCSCs and immune checkpoint B7-H3 in each PCa cell line. They constructed CAR -T cells targeting B7-H3 and validated their antitumor activity in vivo and in vitro. The results exhibited that B7-H3-CAR-T cells were more cytotoxic to PCSCs than PCa cells. In immunodeficient mice, radiotherapy combined with B7-H3-CAR-T cells was more effective than radiotherapy or CAR-T cells alone. This study demonstrates the importance of using CAR-T technology to target antigens produced or increased during tumor therapy. This suggests that CAR-T cells technology has great potential in combination with other antitumor technologies.

There are a number of ongoing trials involving CAR-T cells for PCa (Table 2), both in China and the United States. The selection of targets focused on PSMA, PSCA, EpCAM and NKG2DL. The objective of the clinical study was to evaluate the safety and efficacy of different gene-editing CAR-T cell technologies in the treatment of mCRPC. Most clinical studies are in the process of being recruited and are expected to be effective.



Bladder Cancer

Bladder cancer (BC) is the 10th most common cancer worldwide. BC has about 430,000 new cases diagnosed each year (69). Smoking and sex are known risk factors for BC (70). According to the clinical TNM classification of malignant tumors, there are three types of BC: non-muscle-invasive BC (NMIBC), muscle-invasive BC (MIBC) and metastatic BC(MBC) (70). More than 70% of the new BC patients were diagnosed with NMIBC, with the remainder diagnosed with MIBC or MBC. Generally speaking, the 5-year survival rate for NMIBC is as high as nearly 90%, but the 5-year survival rate for MIBC drops sharply to no more than 50% or even less than 50%, and less than 15% for MBC (71, 72). Therefore, different types of urothelial carcinoma are treated differently. NMIBC can be treated by tranurethral bladder tumor resection, after which intravesical BCG or adjuvant chemotherapy can be selected (73). The preferred regimens for MIBC are radical resection and cisplatin based neoadjuvant chemotherapy (74). Intravenous chemotherapy is considered the best treatment option for MBC patients. Although surgery, radiation, chemotherapy, and targeted therapies have made some progress in the treatment of BC over the past 30 years, the prognosis for MBC patients remains poor (75).

Immunotherapy has been used to treat BC for the last 10 years. Such as BCG vaccine (76) and ICIs (77, 78). Intravesical BCG therapy is now standard practice for NMIBC, including carcinoma in situ and high-grade papillary neoplasms (79). ICIs were used in BC include Atezolizumab (80, 81), Avelumab (82), Durvalumab (83, 84) Nivolumab (85)and Pembrolizumab (86). At present, these drugs are mainly used for second-line treatment when chemotherapy is ineffective. However, only about 20 percent of patients show an immune response in clinical trials. In addition, it has also been reported that ICIs can cause serious adverse events, with at least 10% of patients experiencing serious adverse events (87). As a result, only a small number of people have benefited clinically from this approach. With the rapid development of tumor immunotherapy, adoptive immunotherapy and other immunotherapy methods have been developed in the treatment of BC.

CAR-T cells as an adoptive immunotherapy approach require tumor target antigens. Tumor associated antigens are expressed on the surface of tumor cells and represent potential therapeutic targets, BC cells are rich in tumor-associated target antigens. In addition, several studies have found that PSMA expression is observably higher in BC than in healthy urothelium (88, 89). Such as HER2, MUC1, EGFR as tumor targets of pan-cancer, are also highly expressed in BC tissues and can be used as a therapeutic target of BC (90, 91). In conclusion, CAR-T cells technology for BC treatment does not lack tumor-associated antigen.

CAR-T cell technology has undergone extensive preclinical and clinical studies in the treatment of urothelial carcinoma. Geoffrey Parriott et al. (31)developed targeting PD1 CAR-T cells that recognizes PD1 receptor ligand expressed in a variety of solid cancers. The results showed that PD1-CAR-T cells lysed tumor cells and resulted in long-term tumor-free survival in mice. Recently, Lei Yu et al. (32)constructed targeting MUC1 CAR-T cells, and verified the immunotherapeutic response in vitro by using BC. Specific cytotoxicity occurred only in MUC1 positive organs such as BC. The success of this study verified the feasibility of using MUC1-CAR-T cells in the clinical treatment of BC.

In order to enhance the antitumor activity of CAR-T cells, some researchers also combined decitabine with EGFR-targeting CAR-T cells to conduct anti-bladder tumor studies, and the study found that the combination can enhance the tumor-specific killing of BC (33). Therefore, CAR-T cells combined with DNA methylation specific inhibitors is also a method to enhance the anti-solid tumor function, and its efficacy needs to be confirmed by further clinical studies. Understanding the determinants of CAR-T cell recognition of tumors is important to improve CAR- T cell function. Greco, B et al. (92) found that a variety of cancers expressed extracellular N-glycan, and its abundance was negatively correlated with CAR-T cell killing activity. Further studies showed that N-glycan protects tumors from CAR-T cells by interfering with appropriate immune synapse formation, reducing transcriptional activation, cytokine production, and cytotoxicity. To overcome this obstacle, researchers took advantage of the high metabolic requirements of tumors to safely inhibit N-glycan synthesis. In xenograft mouse models of pancreatic and BC, such treatment disrupted n-glycan coverage on tumor cells, leading to enhanced CAR-T cell activity. These studies indicate that exploring the mechanism of tumor regulating the response intensity of CAR-T cells is also an important direction to achieve breakthroughs in the treatment of solid tumors.

Currently, clinical studies of CAR-T cells for BC are ongoing (Table 2). These clinical programs are being funded in China and the United States. The target selection includes HER2, PSMA, and ROR2. The objective of the clinical study is to evaluate the safety and efficacy of gene editing car-T cells with different targets in the treatment of MBC. However, due to the small number of clinical studies on bladder cancer, few studies have published results.




Potential Value and Dilemma of CAR-T Technology in Urologic Neoplasms

Tumor associated antigens play an vital role in the application of CAR-T cells technology in cancer therapy, and urologic neoplasms have a relatively high number of specific targets compared to other organ tumors in the body. AIX, PMSA, and PSCA-targeted CAR T cells have demonstrated tumor-killing activity in several preclinical studies, and clinical studies have demonstrated that PMSA-CAR-T cells can be tolerated in clinical use and have good antitumor activity (66).. Secondly, many studies have confirmed that tumor-associated target antigens commonly expressed in solid tumors are expressed in urologic neoplasms, including MUC1, EGFR, VEGFR2, EpCAM, C-Met, NKG2DL, MUC1, etc. Therefore, the use of CAR-T cells in urologic neoplasms has an advantage over other systemic tumors in the selection of target antigens.

The clinical application of CAR-T cell technology requires the collection of peripheral blood monocytes from patients, and the selected T cells need to be transfected with Lentiviruses carrying CAR plasmids, and finally applied to patients. This process takes a certain amount of time, and urologic neoplasms develop relatively slowly in systemic tumors, providing ample time for CAR-T cells to be used. Due to the pathogenesis characteristics of urologic neoplasms, multiple treatments can be performed with CAR-T with different targets. In addition, most preclinical studies of CAR-T cells have found that local administration is superior to intravenous administration, which may be due to limited tumor tissue infiltration and enrichment capacity of CAR-T cells. However, it is feasible to use local drugs in the treatment of urologic neoplasms.

It is well known that the progression of urologic neoplasmsis relatively slow and the prognosis is relatively good in all major systemic tumors. As a result, the development of complementary therapies for advanced tumors has been slow, and there have been relatively few studies of CAR-T in urologic neoplasms. As shown in Table 2, current studies mainly focus on PCa, while there are few studies on kidney cancer and bladder cancer. At present, the number of clinical studies on CAR-T in solid tumors such as digestive tumors and gliomas is larger than in urologic neoplasms. Published studies of CAR-T in the treatment of urologic neoplasms face the same problems as other solid tumors. For example, Lamers et al. (47) conducted the I/II clinical trial of CAIX-targeted CAR-T therapy for metastatic renal cancer, which was terminated due to abnormal liver function in most patients. In addition, Vivek Narayan et al. (68) reported a phase 1 trial of PMSA-CAR-T cell therapy for PCa (NCT03089203), in which 1 of 13 patients developed grade 4 CRS with sepsis and died, and only 3 patients achieved a 30% PSA reduction. Therefore, the current problems faced by CAR-T cells in the treatment of urologic neoplasms are mainly the poor anti-tumor activity and targeted extratumoral cytotoxicity. Therefore, in future studies, the selection of target antigens should be further optimized to alleviate the problem of targeting extratumoral cytotoxicity, and then the structure of CAR-T should be optimized to enhance the tumor killing activity of CAR-T on the basis of avoiding cytokine syndrome.



Discussion

CAR-T cell therapy has been extensively studied in the urinary tumor, most of which are preclinical studies. After all, a large number of clinical studies are needed to verify the efficacy and clinical complications of CAR T cells before they can be used in the clinic. Therefore, more clinical studies of CAR-T cells in urologic neoplasms are needed in the future. Furthermore, although there are many tumor-associated targets for urological CAR-T cells, published studies have demonstrated a lack of specificity. Targeting extratumoral cytotoxicity has been a major challenge in solid tumor therapy using tumor-associated antigens to construct CAR-T cells. Tumor- associated antigens should be optimized to select targets with high expression in tumor tissues and low expression in other non-important organs, so as to effectively kill tumor cells without causing serious complications to patients.

The immunosuppressive tumor microenvironment has been identified as one of the biggest obstacles to the successful treatment of urologic neoplasms with CAR-T cells. Gene-editing of CAR-T cells with positive immunomodulator and immunosuppressor antibodies is a strategy to overcome this obstacle. Keishi Adachi et al. (17) designed gene-editing IL-7 and CCL19 CAR-T cells (IL-7/CCL19-CAR-T cells). Because these immunomodulatory factors are critical for the maintenance of T cell regions in lymphatic organs, they may be involved in the regulation of tumor immunosuppression microenvironments. IL-7/CCL19-CAR-T cells exerted superior antitumor activity in vivo compared to conventional CAR-T cells. Recently, Xingcheng Xiong et al. (93) also designed gene-editing IL-7 and PH20 CAR-T cells(IL-7/PH20-CAR-T cells). Coexpressed PH20 can effectively degrades the extracellular matrix and enhances the tumor-infiltrating function of T cells. Studies have shown that IL-7/PH20-CAR-T cells significantly enhance their antitumor activity in multiple solid tumors. These techniques can be used to enhance the efficacy of CAR-T cell technology against urologic neoplasms.

In addition, CAR-T cells combined with molecularly targeted drugs are a promising way to treat urologic neoplasms in the future. For example, Huizhong Li et al. (24) Combined treatment with AIX-CAR-T and Sunitinib have demonstrated synergistic efficacy in mRCC mouse xenograft model. It was found that sunitinib not only up-regulated the expression of CAIX in tumor cells, but also reduced the myeloid suppressor cells in the tumor microenvironment. Jun-Ich Mori Et al. (25) also combined c-Met-CAR-T cells with axitinib, which once again demonstrated that molecular targeted drugs can synergically enhance the antitumor efficacy of CAR-T cells. Preclinical trials using CAR-T cells in combination with chemotherapy and radiation for PCa have shown significant mutually reinforcing effects (28, 30). These findings suggest that CAR-T cells technology in combination with other antitumor technologies has great potential in the treatment of urologic neoplasms.



Conclusions

In conclusion, numerous studies have demonstrated the potential value of CAR-T cells in urologic neoplasms. However, due to immunosuppressive microenvironment and physical barriers in tumor tissue, CAR-T cells still have poor invasion and persistence in urologic neoplasms. In addition, targeting extratumoral cytotoxicity is also an important issue in the application of CAR-T in urologic neoplasms. Therefore, relevant studies need to further optimize the selection of targets, and CAR-T cells may be more capable of killing urologic neoplasms through gene-editing cytokines, combined molecular targeting agents, and chemotherapy. It is believed that with the further study of tumor immune mechanism, CAR-T cells will achieve satisfactory results in the treatment of urinary system tumors.



Author Contributions

All authors conceptualized and wrote the manuscript. ZZ and DL additionally performed literature and data analysis. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Third Affiliated Hospital of Gansu University of Chinese Medicine (Project Approval Number: 2016YG-06) and Baiyin City 2019 Science and technology plan project (Project Approval Number: 2019-1-22Y)



Acknowledgments

Thanks to all the authors who participated in the design and data analysis of this paper, as well as the Third Affiliated Hospital of Gansu University of Traditional Chinese Medicine for providing convenience.



Abbreviations

CAR-T cells, chimeric antigen receptor T cells; PSCA, prostate stem cell antigen; PSMA, prostate specific membrane antigen; EGFR, epidermal growth factor receptor; MHC, major histocompatibility complex; RCC, renal cell carcinoma; mRCC, metastatic renal cell carcinoma; ICIs, immune checkpoint inhibitors; TKIs, tyrosine kinase inhibitors; CAIX, carbonic anhydrase IX; OAV-decorin, decorin-carrying oncolytic adenovirus; ECM, extracellular matrix; PCa, prostate cancer; mCRPC, metastatic castration resistant prostate cancer; PSA, prostate specific antigen; BC, bladder cancer; NMIBC, non-muscle-invasive bladder cancer; MIBC, muscle-invasive bladder cancer; MBC, metastatic bladder cancer



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68:394–424. doi: 10.3322/caac.21492

2. Moris, L, Cumberbatch, MG, Van den Broeck, T, Gandaglia, G, Fossati, N, Kelly, B, et al. Benefits and Risks of Primary Treatments for High-Risk Localized and Locally Advanced Prostate Cancer: An International Multidisciplinary Systematic Review. Eur Urol (2020) 77:614–27. doi: 10.1016/j.eururo.2020.01.033

3. Pfail, JL, Katims, AB, Alerasool, P, and Sfakianos, JP. Immunotherapy in non-Muscle-Invasive Bladder Cancer: Current Status and Future Directions. World J Urol (2021) 39:1319–29. doi: 10.1007/s00345-020-03474-8

4. Chakraborty, S, Balan, M, Sabarwal, A, Choueiri, TK, and Pal, S. Metabolic Reprogramming in Renal Cancer: Events of a Metabolic Disease. Biochim Biophys Acta Rev Cancer (2021) 1876:188559. doi: 10.1016/j.bbcan.2021.188559

5. Rhea, LP, Mendez-Marti, S, Kim, D, and Aragon-Ching, JB. Role of Immunotherapy in Bladder Cancer. Cancer Treat Res Commun (2021) 26:100296. doi: 10.1016/j.ctarc.2020.100296

6. Handa, S, Hans, B, Goel, S, Bashorun, HO, Dovey, Z, and Tewari, A. Immunotherapy in Prostate Cancer: Current State and Future Perspectives. Ther Adv Urol (2020) 12:1756287220951404. doi: 10.1177/1756287220951404

7. Bi, K, He, MX, Bakouny, Z, Kanodia, A, Napolitano, S, Wu, J, et al. Tumor and Immune Reprogramming During Immunotherapy in Advanced Renal Cell Carcinoma. Cancer Cell (2021) 39:649–661.e645. doi: 10.1016/j.ccell.2021.02.015

8. Chen, DS, and Mellman, I. Elements of Cancer Immunity and the Cancer-Immune Set Point. Nature (2017) 541:321–30. doi: 10.1038/nature21349

9. Jafarzadeh, L, Masoumi, E, Fallah-Mehrjardi, K, Mirzaei, HR, and Hadjati, J. Prolonged Persistence of Chimeric Antigen Receptor (CAR) T Cell in Adoptive Cancer Immunotherapy: Challenges and Ways Forward. Front Immunol (2020) 11:702. doi: 10.3389/fimmu.2020.00702

10. Wagner, J, Wickman, E, DeRenzo, C, and Gottschalk, S. CAR T Cell Therapy for Solid Tumors: Bright Future or Dark Reality? Mol Ther (2020) 28:2320–39. doi: 10.1016/j.ymthe.2020.09.015

11. Lim, WA, and June, CH. The Principles of Engineering Immune Cells to Treat Cancer. Cell (2017) 168:724–40. doi: 10.1016/j.cell.2017.01.016

12. Atrash, S, Bano, K, Harrison, B, and Abdallah, AO. CAR-T Treatment for Hematological Malignancies. J Investig Med (2020) 68:956–64. doi: 10.1136/jim-2020-001290

13. Gill, S, and June, CH. Going Viral: Chimeric Antigen Receptor T-Cell Therapy for Hematological Malignancies. Immunol Rev (2015) 263:68–89. doi: 10.1111/imr.12243

14. Yu, H, Pan, J, Guo, Z, Yang, C, and Mao, L. CART Cell Therapy for Prostate Cancer: Status and Promise. Onco Targets Ther (2019) 12:391–5. doi: 10.2147/OTT.S185556

15. Philipson, BI, O'Connor, RS, May, MJ, June, CH, Albelda, SM, and Milone, MC. 4-1BB Costimulation Promotes CAR T Cell Survival Through Noncanonical NF-κb Signaling. Sci Signal (2020) 13.

16. Bell, M, and Gottschalk, S. Engineered Cytokine Signaling to Improve CAR T Cell Effector Function. Front Immunol (2021) 12:684642. doi: 10.3389/fimmu.2021.684642

17. Adachi, K, Kano, Y, Nagai, T, Okuyama, N, Sakoda, Y, and Tamada, K. IL-7 and CCL19 Expression in CAR-T Cells Improves Immune Cell Infiltration and CAR-T Cell Survival in the Tumor. Nat Biotechnol (2018) 36:346–51. doi: 10.1038/nbt.4086

18. Hombach, AA, Geumann, U, Günther, C, Hermann, FG, and Abken, H. IL7-IL12 Engineered Mesenchymal Stem Cells (MSCs) Improve A CAR T Cell Attack Against Colorectal Cancer Cells. Cells (2020) 9. doi: 10.3390/cells9040873

19. Batra, SA, Rathi, P, Guo, L, Courtney, AN, Fleurence, J, Balzeau, J, et al. Glypican-3-Specific CAR T Cells Coexpressing IL15 and IL21 Have Superior Expansion and Antitumor Activity Against Hepatocellular Carcinoma. Cancer Immunol Res (2020) 8:309–20. doi: 10.1158/2326-6066.CIR-19-0293

20. Long, B, Qin, L, Zhang, B, Li, Q, Wang, L, Jiang, X, et al. CAR T−cell Therapy for Gastric Cancer: Potential and Perspective (Review). Int J Oncol (2020) 56:889–99.

21. Zhao, J, Lin, Q, Song, Y, and Liu, D. Universal CARs, Universal T Cells, and Universal CAR T Cells. J Hematol Oncol (2018) 11:132. doi: 10.1186/s13045-018-0677-2

22. Abate-Daga, D, Lagisetty, KH, Tran, E, Zheng, Z, Gattinoni, L, Yu, Z, et al. A Novel Chimeric Antigen Receptor Against Prostate Stem Cell Antigen Mediates Tumor Destruction in a Humanized Mouse Model of Pancreatic Cancer. Hum Gene Ther (2014) 25:1003–12. doi: 10.1089/hum.2013.209

23. Suarez, ER, Chang de, K, Sun, J, Sui, J, Freeman, GJ, Signoretti, S, et al. Chimeric Antigen Receptor T Cells Secreting Anti-PD-L1 Antibodies More Effectively Regress Renal Cell Carcinoma in a Humanized Mouse Model. Oncotarget (2016) 7:34341–55. doi: 10.18632/oncotarget.9114

24. Li, H, Ding, J, Lu, M, Liu, H, Miao, Y, Li, L, et al. CAIX-Specific CAR-T Cells and Sunitinib Show Synergistic Effects Against Metastatic Renal Cancer Models. J Immunother (2020) 43:16–28. doi: 10.1097/CJI.0000000000000301

25. Mori, JI, Adachi, K, Sakoda, Y, Sasaki, T, Goto, S, Matsumoto, H, et al. Anti-Tumor Efficacy of Human Anti-C-Met CAR-T Cells Against Papillary Renal Cell Carcinoma in an Orthotopic Model. Cancer Sci (2021) 112:1417–28. doi: 10.1111/cas.14835

26. Kloss, CC, Lee, J, Zhang, A, Chen, F, Melenhorst, JJ, Lacey, SF, et al. Dominant-Negative TGF-β Receptor Enhances PSMA-Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer Eradication. Mol Ther (2018) 26:1855–66. doi: 10.1016/j.ymthe.2018.05.003

27. Priceman, SJ, Gerdts, EA, Tilakawardane, D, Kennewick, KT, Murad, JP, Park, AK, et al. Et Al: Co-Stimulatory Signaling Determines Tumor Antigen Sensitivity and Persistence of CAR T Cells Targeting PSCA+ Metastatic Prostate Cancer. Oncoimmunology (2018) 7:e1380764.

28. Alzubi, J, Dettmer-Monaco, V, Kuehle, J, Thorausch, N, Seidl, M, Taromi, S, et al. PSMA-Directed CAR T Cells Combined With Low-Dose Docetaxel Treatment Induce Tumor Regression in a Prostate Cancer Xenograft Model. Mol Ther Oncolytics (2020) 18:226–35. doi: 10.1016/j.omto.2020.06.014

29. Wang, D, Shao, Y, Zhang, X, Lu, G, and Liu, B. IL-23 and PSMA-Targeted Duo-CAR T Cells in Prostate Cancer Eradication in a Preclinical Model. J Transl Med (2020) 18:23. doi: 10.1186/s12967-019-02206-w

30. Zhang, Y, He, L, Sadagopan, A, Ma, T, Dotti, G, Wang, Y, et al. Targeting Radiation-Resistant Prostate Cancer Stem Cells by B7-H3 CAR T Cells. Mol Cancer Ther (2021) 20:577–88. doi: 10.1158/1535-7163.MCT-20-0446

31. Parriott, G, Deal, K, Crean, S, Richardson, E, Nylen, E, and Barber, A. T-Cells Expressing a Chimeric-PD1-Dap10-CD3zeta Receptor Reduce Tumour Burden in Multiple Murine Syngeneic Models of Solid Cancer. Immunology (2020) 160:280–94. doi: 10.1111/imm.13187

32. Yu, L, Li, Z, Mei, H, Li, W, Chen, D, Liu, L, et al. Patient-Derived Organoids of Bladder Cancer Recapitulate Antigen Expression Profiles and Serve as a Personal Evaluation Model for CAR-T Cells. vitro. Clin Transl Immunol (2021) 10:e1248. doi: 10.1002/cti2.1248

33. Grunewald, CM, Haist, C, König, C, Petzsch, P, Bister, A, Nößner, E, et al. Et Al: Epigenetic Priming of Bladder Cancer Cells With Decitabine Increases Cytotoxicity of Human EGFR and CD44v6 CAR Engineered T-Cells. Front Immunol (2021) 12:782448. doi: 10.3389/fimmu.2021.782448

34. Scelo, G, and Larose, TL. Epidemiology and Risk Factors for Kidney Cancer. J Clin Oncol (2018) 36:791905. doi: 10.1200/JCO.2018.79.1905

35. Swann, JB, and Smyth, MJ. Immune Surveillance of Tumors. J Clin Invest (2007) 117:1137–46. doi: 10.1172/JCI31405

36. Doherty, PC, Knowles, BB, and Wettstein, PJ. Immunological Surveillance of Tumors in the Context of Major Histocompatibility Complex Restriction of T Cell Function. Adv Cancer Res (1984) 42:1–65. doi: 10.1016/S0065-230X(08)60455-8

37. Messing, EM, Manola, J, Wilding, G, Propert, K, Fleischmann, J, Crawford, ED, et al. Phase III Study of Interferon Alfa-NL as Adjuvant Treatment for Resectable Renal Cell Carcinoma: An Eastern Cooperative Oncology Group/Intergroup Trial. J Clin Oncol (2003) 21:1214–22. doi: 10.1200/JCO.2003.02.005

38. Clark, JI, Atkins, MB, Urba, WJ, Creech, S, Figlin, RA, Dutcher, JP, et al. Adjuvant High-Dose Bolus Interleukin-2 for Patients With High-Risk Renal Cell Carcinoma: A Cytokine Working Group Randomized Trial. J Clin Oncol (2003) 21:3133–40. doi: 10.1200/JCO.2003.02.014

39. Passalacqua, R, Caminiti, C, Buti, S, Porta, C, Camisa, R, Braglia, L, et al. Adjuvant Low-Dose Interleukin-2 (IL-2) Plus Interferon-α (IFN-α) in Operable Renal Cell Carcinoma (RCC): A Phase III, Randomized, Multicentre Trial of the Italian Oncology Group for Clinical Research (GOIRC). J Immunother (2014) 37:440–7. doi: 10.1097/CJI.0000000000000055

40. Rijnders, M, de Wit, R, Boormans, JL, Lolkema, MPJ, and van der Veldt, AAM. Systematic Review of Immune Checkpoint Inhibition in Urological Cancers. Eur Urol (2017) 72:411–23. doi: 10.1016/j.eururo.2017.06.012

41. Quhal, F, Mori, K, Bruchbacher, A, Resch, I, Mostafaei, H, Pradere, B, et al. First-Line Immunotherapy-Based Combinations for Metastatic Renal Cell Carcinoma: A Systematic Review and Network Meta-Analysis. Eur Urol Oncol (2021) 4:755–65. doi: 10.1016/j.euo.2021.03.001

42. Bedke, J, Albiges, L, Capitanio, U, Giles, RH, Hora, M, Lam, TB, et al. The 2021 Updated European Association of Urology Guidelines on Renal Cell Carcinoma: Immune Checkpoint Inhibitor-Based Combination Therapies for Treatment-Naive Metastatic Clear-Cell Renal Cell Carcinoma Are Standard of Care. Eur Urol (2021) 80:393–7. doi: 10.1016/j.eururo.2021.04.042

43. Anselmo Da Costa, I, Rausch, S, Kruck, S, Todenhöfer, T, Stenzl, A, and Bedke, J. Immunotherapeutic Strategies for the Treatment of Renal Cell Carcinoma: Where Will We Go? Expert Rev Anticancer Ther (2017) 17:357–68. doi: 10.1080/14737140.2017.1292138

44. Yang, M, Tang, X, Zhang, Z, Gu, L, Wei, H, Zhao, S, et al. Tandem CAR-T Cells Targeting CD70 and B7-H3 Exhibit Potent Preclinical Activity Against Multiple Solid Tumors. Theranostics (2020) 10:7622–34. doi: 10.7150/thno.43991

45. Panowski, SH, Srinivasan, S, Tan, N, Tacheva-Grigorova, SK, Smith, B, Mak, Y, et al. Preclinical Development and Evaluation of Allogeneic CAR T Cells Targeting CD70 for the Treatment of Renal Cell Carcinoma. Cancer Res (2022). doi: 10.1158/0008-5472.CAN-21-2931

46. Zhang, C, Fang, L, Wang, X, Yuan, S, Li, W, Tian, W, et al. Oncolytic Adenovirus-Mediated Expression of Decorin Facilitates CAIX-Targeting CAR-T Therapy Against Renal Cell Carcinoma. Mol Ther Oncolytics (2022) 24:14–25. doi: 10.1016/j.omto.2021.11.018

47. Lamers, CH, Klaver, Y, Gratama, JW, Sleijfer, S, and Debets, R. Treatment of Metastatic Renal Cell Carcinoma (mRCC) With CAIX CAR-Engineered T-Cells-a Completed Study Overview. Biochem Soc Trans (2016) 44:951–9. doi: 10.1042/BST20160037

48. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA Cancer J Clin (2020) 70:7–30. doi: 10.3322/caac.21590

49. James, ND, Sydes, MR, Clarke, NW, Mason, MD, Dearnaley, DP, Spears, MR, et al. Addition of Docetaxel, Zoledronic Acid, or Both to First-Line Long-Term Hormone Therapy in Prostate Cancer (STAMPEDE): Survival Results From an Adaptive, Multiarm, Multistage, Platform Randomised Controlled Trial. Lancet (2016) 387:1163–77. doi: 10.1016/S0140-6736(15)01037-5

50. James, ND, de Bono, JS, Spears, MR, Clarke, NW, Mason, MD, Dearnaley, DP, et al. Abiraterone for Prostate Cancer Not Previously Treated With Hormone Therapy. N Engl J Med (2017) 377:338–51. doi: 10.1056/NEJMoa1702900

51. Higano, CS, Schellhammer, PF, Small, EJ, Burch, PA, Nemunaitis, J, Yuh, L, et al. Integrated Data From 2 Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trials of Active Cellular Immunotherapy With Sipuleucel-T in Advanced Prostate Cancer. Cancer (2009) 115:3670–9. doi: 10.1002/cncr.24429

52. Small, EJ, Schellhammer, PF, Higano, CS, Redfern, CH, Nemunaitis, JJ, Valone, FH, et al. Placebo-Controlled Phase III Trial of Immunologic Therapy With Sipuleucel-T (APC8015) in Patients With Metastatic, Asymptomatic Hormone Refractory Prostate Cancer. J Clin Oncol (2006) 24:3089–94. doi: 10.1200/JCO.2005.04.5252

53. Essajee, S, and Kaufman, HL. Poxvirus Vaccines for Cancer and HIV Therapy. Expert Opin Biol Ther (2004) 4:575–88. doi: 10.1517/14712598.4.4.575

54. Gulley, JL, Arlen, PM, Tsang, KY, Yokokawa, J, Palena, C, Poole, DJ, et al. Pilot Study of Vaccination With Recombinant CEA-MUC-1-TRICOM Poxviral-Based Vaccines in Patients With Metastatic Carcinoma. Clin Cancer Res (2008) 14:3060–9. doi: 10.1158/1078-0432.CCR-08-0126

55. Johnson, LE, Frye, TP, Chinnasamy, N, Chinnasamy, D, and McNeel, DG. Plasmid DNA Vaccine Encoding Prostatic Acid Phosphatase is Effective in Eliciting Autologous Antigen-Specific CD8+ T Cells. Cancer Immunol Immunother (2007) 56:885–95. doi: 10.1007/s00262-006-0241-8

56. Rausch, S, Schwentner, C, Stenzl, A, and Bedke, J. mRNA Vaccine CV9103 and CV9104 for the Treatment of Prostate Cancer. Hum Vaccin Immunother (2014) 10:3146–52. doi: 10.4161/hv.29553

57. Graff, JN, Alumkal, JJ, Drake, CG, Thomas, GV, Redmond, WL, Farhad, M, et al. Early Evidence of Anti-PD-1 Activity in Enzalutamide-Resistant Prostate Cancer. Oncotarget (2016) 7:52810–7. doi: 10.18632/oncotarget.10547

58. Topalian, SL, Hodi, FS, Brahmer, JR, Gettinger, SN, Smith, DC, McDermott, DF, et al. Safety, Activity, and Immune Correlates of Anti-PD-1 Antibody in Cancer. N Engl J Med (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

59. Kwon, ED, Drake, CG, Scher, HI, Fizazi, K, Bossi, A, van den Eertwegh, AJ, et al. Ipilimumab Versus Placebo After Radiotherapy in Patients With Metastatic Castration-Resistant Prostate Cancer That had Progressed After Docetaxel Chemotherapy (CA184-043): A Multicentre, Randomised, Double-Blind, Phase 3 Trial. Lancet Oncol (2014) 15:700–12. doi: 10.1016/S1470-2045(14)70189-5

60. Hansen, AR, Massard, C, Ott, PA, Haas, NB, Lopez, JS, Ejadi, S, et al. Pembrolizumab for Advanced Prostate Adenocarcinoma: Findings of the KEYNOTE-028 Study. Ann Oncol (2018) 29:1807–13. doi: 10.1093/annonc/mdy232

61. Sokoloff, RL, Norton, KC, Gasior, CL, Marker, KM, and Grauer, LS. A Dual-Monoclonal Sandwich Assay for Prostate-Specific Membrane Antigen: Levels in Tissues, Seminal Fluid and Urine. Prostate (2000) 43:150–7. doi: 10.1002/(SICI)1097-0045(20000501)43:2<150::AID-PROS10>3.0.CO;2-B

62. Reiter, RE, Gu, Z, Watabe, T, Thomas, G, Szigeti, K, Davis, E, et al. Prostate Stem Cell Antigen: A Cell Surface Marker Overexpressed in Prostate Cancer. Proc Natl Acad Sci U.S.A. (1998) 95:1735–40.

63. Gu, Z, Thomas, G, Yamashiro, J, Shintaku, IP, Dorey, F, Raitano, A, et al. Prostate Stem Cell Antigen (PSCA) Expression Increases With High Gleason Score, Advanced Stage and Bone Metastasis in Prostate Cancer. Oncogene (2000) 19:1288–96. doi: 10.1038/sj.onc.1203426

64. Dannull, J, Diener, PA, Prikler, L, Fürstenberger, G, Cerny, T, Schmid, U, et al. Prostate Stem Cell Antigen is a Promising Candidate for Immunotherapy of Advanced Prostate Cancer. Cancer Res (2000) 60:5522–8.

65. Ullah, K, Addai Peprah, F, Yu, F, and Shi, H. The Application of Prostate Specific Membrane Antigen in CART−cell Therapy for Treatment of Prostate Carcinoma (Review). Oncol Rep (2018) 40:3136–43.

66. Junghans, RP, Ma, Q, Rathore, R, Gomes, EM, Bais, AJ, Lo, AS, et al. Phase I Trial of Anti-PSMA Designer CAR-T Cells in Prostate Cancer: Possible Role for Interacting Interleukin 2-T Cell Pharmacodynamics as a Determinant of Clinical Response. Prostate (2016) 76:1257–70. doi: 10.1002/pros.23214

67. Ma, Q, Gomes, EM, Lo, AS, and Junghans, RP. Advanced Generation Anti-Prostate Specific Membrane Antigen Designer T Cells for Prostate Cancer Immunotherapy. Prostate (2014) 74:286–96. doi: 10.1002/pros.22749

68. Narayan, V, Barber-Rotenberg, JS, Jung, IY, Lacey, SF, Rech, AJ, Davis, MM, et al. PSMA-Targeting Tgfβ-Insensitive Armored CAR T cells in Metastatic Castration-Resistant Prostate Cancer: A Phase 1 Trial. Nat Med (2022).

69. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2019. CA Cancer J Clin (2019) 69:7–34. doi: 10.3322/caac.21551

70. Antoni, S, Ferlay, J, Soerjomataram, I, Znaor, A, Jemal, A, and Bray, F. Bladder Cancer Incidence and Mortality: A Global Overview and Recent Trends. Eur Urol (2017) 71:96–108. doi: 10.1016/j.eururo.2016.06.010

71. Berdik, C. Unlocking Bladder Cancer. Nature (2017) 551:S34–s35. doi: 10.1038/551S34a

72. Cumberbatch, MGK, Jubber, I, Black, PC, Esperto, F, Figueroa, JD, Kamat, AM, et al. Epidemiology of Bladder Cancer: A Systematic Review and Contemporary Update of Risk Factors in 2018. Eur Urol (2018) 74:784–95. doi: 10.1016/j.eururo.2018.09.001

73. Babjuk, M, Böhle, A, Burger, M, Capoun, O, Cohen, D, Compérat, EM, et al. EAU Guidelines on Non-Muscle-Invasive Urothelial Carcinoma of the Bladder: Update 2016. Eur Urol (2017) 71:447–61. doi: 10.1016/j.eururo.2016.05.041

74. Milowsky, MI, Rumble, RB, Booth, CM, Gilligan, T, Eapen, LJ, Hauke, RJ, et al. Guideline on Muscle-Invasive and Metastatic Bladder Cancer (European Association of Urology Guideline): American Society of Clinical Oncology Clinical Practice Guideline Endorsement. J Clin Oncol (2016) 34:1945–52. doi: 10.1200/JCO.2015.65.9797

75. Chism, DD. Urothelial Carcinoma of the Bladder and the Rise of Immunotherapy. J Natl Compr Canc Netw (2017) 15:1277–84. doi: 10.6004/jnccn.2017.7036

76. Redelman-Sidi, G, Glickman, MS, and Bochner, BH. The Mechanism of Action of BCG Therapy for Bladder Cancer–a Current Perspective. Nat Rev Urol (2014) 11:153–62. doi: 10.1038/nrurol.2014.15

77. Bellmunt, J, de Wit, R, Vaughn, DJ, Fradet, Y, Lee, JL, Fong, L, et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N Engl J Med (2017) 376:1015–26. doi: 10.1056/NEJMoa1613683

78. Granier, C, De Guillebon, E, Blanc, C, Roussel, H, Badoual, C, Colin, E, et al. Mechanisms of Action and Rationale for the Use of Checkpoint Inhibitors in Cancer. ESMO Open (2017) 2:e000213. doi: 10.1136/esmoopen-2017-000213

79. Zhang, C, Berndt-Paetz, M, and Neuhaus, J. Identification of Key Biomarkers in Bladder Cancer: Evidence From a Bioinformatics Analysis. Diagnostics (Basel) (2020) 10. doi: 10.3390/diagnostics10020066

80. Powles, T, Eder, JP, Fine, GD, Braiteh, FS, Loriot, Y, Cruz, C, et al. MPDL3280A (Anti-PD-L1) Treatment Leads to Clinical Activity in Metastatic Bladder Cancer. Nature (2014) 515:558–62. doi: 10.1038/nature13904

81. Inman, BA, Longo, TA, Ramalingam, S, and Harrison, MR. Atezolizumab: A PD-L1-Blocking Antibody for Bladder Cancer. Clin Cancer Res (2017) 23:1886–90. doi: 10.1158/1078-0432.CCR-16-1417

82. Apolo, AB, Infante, JR, Balmanoukian, A, Patel, MR, Wang, D, Kelly, K, et al. Avelumab, an Anti-Programmed Death-Ligand 1 Antibody, In Patients With Refractory Metastatic Urothelial Carcinoma: Results From a Multicenter, Phase Ib Study. J Clin Oncol (2017) 35:2117–24. doi: 10.1200/JCO.2016.71.6795

83. Powles, T, O'Donnell, PH, Massard, C, Arkenau, HT, Friedlander, TW, Hoimes, CJ, et al. Efficacy and Safety of Durvalumab in Locally Advanced or Metastatic Urothelial Carcinoma: Updated Results From a Phase 1/2 Open-Label Study. JAMA Oncol (2017) 3:e172411. doi: 10.1001/jamaoncol.2017.2411

84. Zajac, M, Boothman, AM, Ben, Y, Gupta, A, Jin, X, Mistry, A, et al. Analytical Validation and Clinical Utility of an Immunohistochemical Programmed Death Ligand-1 Diagnostic Assay and Combined Tumor and Immune Cell Scoring Algorithm for Durvalumab in Urothelial Carcinoma. Arch Pathol Lab Med (2019) 143:722–31. doi: 10.5858/arpa.2017-0555-OA

85. Babjuk, M, Burger, M, Compérat, EM, Gontero, P, Mostafid, AH, Palou, J, et al. European Association of Urology Guidelines on Non-Muscle-Invasive Bladder Cancer (TaT1 and Carcinoma In Situ) - 2019 Update. Eur Urol (2019) 76:639–57. doi: 10.1016/j.eururo.2019.08.016

86. Morsch, R, Rose, M, Maurer, A, Cassataro, MA, Braunschweig, T, Knüchel, R, et al. Therapeutic Implications of PD-L1 Expression in Bladder Cancer With Squamous Differentiation. BMC Cancer (2020) 20:230. doi: 10.1186/s12885-020-06727-2

87. Sharma, P, Callahan, MK, Bono, P, Kim, J, Spiliopoulou, P, Calvo, E, et al. Nivolumab Monotherapy in Recurrent Metastatic Urothelial Carcinoma (CheckMate 032): A Multicentre, Open-Label, Two-Stage, Multi-Arm, Phase 1/2 Trial. Lancet Oncol (2016) 17:1590–8. doi: 10.1016/S1470-2045(16)30496-X

88. Schreiber, H, Hänze, J, Nimphius, W, Verburg, FA, Luster, M, Hofmann, R, et al. Prostate Specific Membrane Antigen (PSMA) in Urothelial Cell Carcinoma (UCC) is Associated With Tumor Grading and Staging. J Cancer Res Clin Oncol (2020) 146:305–13. doi: 10.1007/s00432-019-03113-9

89. Tumedei, MM, Ravaioli, S, Matteucci, F, Celli, M, De Giorgi, U, Gunelli, R, et al. Spotlight on PSMA as a New Theranostic Biomarker for Bladder Cancer. Sci Rep (2021) 11:9777. doi: 10.1038/s41598-021-89160-0

90. Li, Z, Chen, S, Feng, W, Luo, Y, Lai, H, Li, Q, et al. A Pan-Cancer Analysis of HER2 Index Revealed Transcriptional Pattern for Precise Selection of HER2-Targeted Therapy. EBioMedicine (2020) 62:103074. doi: 10.1016/j.ebiom.2020.103074

91. Hussein, S, Fathi, A, Abouhashem, NS, Amer, S, Hemeda, M, and Mosaad, H. SATB-1 and Her2 as Predictive Molecular and Immunohistochemical Markers for Urothelial Cell Carcinoma of the Bladder. Cancer biomark (2021) 30:249–59. doi: 10.3233/CBM-200072

92. Greco, B, Malacarne, V, De Girardi, F, Scotti, GM, Manfredi, F, Angelino, E, et al. Et Al: Disrupting N-Glycan Expression on Tumor Cells Boosts Chimeric Antigen Receptor T Cell Efficacy Against Solid Malignancies. Sci Transl Med (2022) 14:eabg3072.

93. Xiong, X, Xi, J, Liu, Q, Wang, C, Jiang, Z, Yue, SY, et al. Co-Expression of IL-7 and PH20 Promote Anti-GPC3 CAR-T Tumor Suppressor Activity In Vivo and In Vitro. Liver Int (2020). doi: 10.1111/liv.14771




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 Zhang, Li, Yun, Liu, Chai, Tong, Zeng, Gao and Xie. 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/fonc-12-915171-g001.jpg
gen1 genz2 gen3 gen 4

sckv ' CD28 . CD3C

|
l TM domain . 4-1BB D interleukin





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CAR-T Cells in the Treatment of Urologic Neoplasms: Present and Future

      

        		

          Introduction

        



        		

          CAR-T Cells Technology

        



        		

          CAR-T Cells for Urologic Neoplasms

        

          		

            Renal Cell Carcinoma

          



          		

            Prostate Carcinoma

          



          		

            Bladder Cancer

          



        



        



        		

          Potential Value and Dilemma of CAR-T Technology in Urologic Neoplasms

        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Tumour

Targeted antigen

Structure of CAR

Reference

Renal Carcinoma
Renal Carcinoma
Renal Carcinoma
Prostate Carcinoma
Prostate Carcinoma
Prostate Carcinoma
Prostate Carcinoma
Prostate Carcinoma
Bladder Cancer
Bladder Cancer
Bladder Cancer

CAIX
CAIX
c-MET
PSMA
PSCA
PSMA
PSMA
B7-H3
PD1
MUC1
EGFR

fourth-generation (PD-L1 antibodies)

second —generation(4-1BB)

third —generation(CD28/4-1BB)

second —generation(4-1BB)
second —generation(4-1BB)
second —generation(CD28)
fourth —generation (IL-23)

second —generation(CD28)
second —generation(CD28
second —generation(CD28
second —generation(CD28)

Eloah Rabello Suarez et al, 2016 (23)
Huizhong Li et al, 2020 (24)

Jun-ich Mori et al, 2021 (25)
Christopher C. Kloss et al, 2018 (26)
Saul J. Priceman et al, 2018 (27)
Jamal Alzubi et al, 2020 (28)

Dawei Wang et al, 2020 (29)

Yida Zhang et al, 2021 (30)
Geoffrey Parriott et al, 2020 (31)

Lei Yu et al, 2021 (32)

Camilla M. Grunewald et al, 2021 (3!

3)






OEBPS/Images/table2.jpg
Conditions Targeted Phase Number Enrolled NCT Number Locations Status
antigen

Renal AXL/ROR2 n 66 NCT03393936 Shanghai Public Health Clinical Center Active, not

Carcinoma , Shanghai, China recruiting

Renal VEGFR2 ] 24 NCT01218867 National Institutes of Health Clinical Center, Maryland, United Terminated

Carcinoma States

Renal ¢ -MET ] 73 NCT03638206 The First Affiliated Hospital of Zhengzhou University Recruiting

Carcinoma Zhengzhou, Henan, China

Prostate PSCA | 33 NCT03873805 City of Hope Medical Center Recruiting

Carcinoma Duarte, California, United States

Prostate PSMA | 40 NCT04249947 City of Hope Comprehensive Cancer Center Duarte, California, Recruiting

Carcinoma United States

Prostate PSMA | 18 NCT04768608 The First Affiliated Hospital, Zhejiang University Not yet

Carcinoma Hangzhou, Zhejiang, China recruiting

Prostate PSMA | 50 NCT04227275 Moffitt Cancer Center Active, not

Carcinoma Tampa, Florida, United States recruiting

Prostate PSCA n 151 NCT02744287 Moffitt Cancer Center Tampa, Florida, United States Recruiting

Carcinoma

Prostate EpCAM ] 60 NCT03013712 |IEC of Chengdu Medical College Unknown

Carcinoma Chendu, China

Prostate NKG2DL | 10 NCT04107142 Landmark Medical Centre Not yet recruiting

Carcinoma Johor Bahru, Johor, Malaysia

Prostate PSMA | 18 NCT03089203 University of Pennsylvania Active, not

Carcinoma Philadelphia, Pennsylvania, United States recruiting

Bladder Cancer  PSMA 7] 20 NCT03185468 Shenzhen Second People Hospital Recruiting
Shenzhen, Gongdong, China

Bladder Cancer ROR2 | 18 NCT03960060 Shanghai Zhongshan Hospital Active, not
Shanghai, Shanghai, China recruiting

Bladder Cancer HER2 | 45 NCT03740256 Baylor St. Luke's Medical Center Recruiting
Houston, Texas, United States

Bladder Cancer HER2 | 18 NCT04660929 Abramson Cancer Center Philadelphia, Pennsylvania, United Recruiting

All clinicaltrials were download at www.clinicaltrials.gov (access date: April 3, 2022).

States





OEBPS/Images/fonc.2022.915171_cover.jpg
& frontiers | Frontiers in Oncology

CAR-T Cells in the Treatment
of Urologic Neoplasms: Present
and Future





