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Immune checkpoint molecules are a group of molecules expressed on the surface of immune cells that primarily regulate their immune homeostasis. Chimeric antigen receptor (CAR) T cell therapy is an immunotherapeutic technology that realizes tumor-targeted killing by constructing synthetic T cells expressing specific antigens through biotechnology. Currently, CAR-T cell therapy has achieved good efficacy in non-solid tumors, but its treatment of solid tumors has not yielded the desired results. Immune checkpoint inhibitors (ICIs) combined with CAR-T cell therapy is a novel combination therapy with high expectations to defeat solid tumors. This review addresses the challenges and expectations of this combination therapy in the treatment of solid tumors.
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1 Introduction

Immune checkpoints are a group of signaling pathway molecules which have the ability to regulate the persistence of the immune response (1). The common immune checkpoints include CTLA-4, LAG-3 and PD-1, all of which are widely distributed in solid tumors and have a critical function in the tumor microenvironment (TME) (2–4). Tumor cells could inhibit anti-tumor immune responses by activating the immune checkpoint pathways, but ICIs can block the activation of this pathway, which leads to the enhancement of the function of CAR-T cells, activating this immune response to promote tumor cell clearance (5). In recent years, ICIs have been developed rapidly and marketed one after another, and have been approved in a number of solid tumors such as hepatocellular carcinoma, lung cancer, melanoma, and colon cancer (6). Although ICIs have achieved positive clinical efficacy, some patients do not experience complete remission. For example, Chromosomal instability (CIN) is an important factor affecting the efficacy of ICIs in cancer of unknown primary (CUP). CIN can increase the invasiveness of tumors, leading to a decrease in the therapeutic effect of ICIs. Therefore, more clinical genetic tests are needed to improve the efficacy of ICIS for patients with ICIs resistance (7).

Although CAR-T cell therapy and ICIs belong to the same category of immunotherapy, their mechanisms for treating tumors are completely different. CAR refers to the construction of a specific chimeric antigen receptor containing a single-chain variable fragment (ScFc) that recognizes tumor antigens through bioengineering technology, the researchers then introduced the artificially constructed CAR into the T cells to complete the construction of CAR-T cells (8). Artificially constructed CAR-T cells can precisely target tumor cells, and the CAR-T cells also release various tumor suppressor cytokines, such as IL-2, IL-12, and IL-18, to precisely and efficiently treat tumors (9). As a result, specific receptors loaded on CAR-T cells can bind to target antigens independently of MHC receptors, resulting in strong T-cell activation and powerful anti-tumor responses (10). Because of this, CAR-T cell therapy has achieved excellent efficacy in hematologic tumors, but has been disappointing in solid tumors. The reasons for CAR-T therapy not achieving the desired therapeutic effect in solid tumors are complex. On the one hand, solid tumor cells antigen heterogeneity and the lack of tumor-specific antigen (TSA) make it difficult for CAR-T to target tumor cells. On the other hand, the TME of solid tumors, including abnormal vascular structure and stromal composition, make it difficult for CAR-T to accurately target and kill tumor cells. So far, the development of CAR has gone through five generations (Figure 1). However, CAR-T cell therapy still has some limitations, such as antigen escape, off-target phenomenon and lymphokine release syndrome (11, 12). The low cure rate and relatively high side effects in the treatment of solid tumors have become obstacles to the further application of CAR-T.




Figure 1 | The development of the five generations of CAR. 1st:ITAM area containing only CD3. 2nd:On the basis of the first generation, a co-stimulatory region (CD28 or 4-1BB) was introduced. 3rd: On the basis of the second generation, two co-stimulatory regions (CD28 and 4-1BB) were introduced. 4th:Introducing the regulation of CAR-T cell structure, such as cytokines and chemokine receptors. 5th: Creating allogeneic CAR-T cells by knocking out endogenous T cell receptors (TCRs) and leukocyte antigen class I molecules (HLAs).



However, CAR-T cell therapy in combination with ICIs can be an effective strategy to resolve these limitations (13). ICIs can activate the anti-tumor immune function of CAR-T cells, leading to a decrease in the secretion of inhibitory cytokine, and also partially rescues the inhibitory effect of the tumor microenvironment (TME) (14). At the same time, ICIs also activates the function of tumor-infiltrating lymphocytes (TILs) cells and enhances their anti-tumor capacity (15, 16). Combination therapy has been shown to be more efficacious than each drug alone in preclinical studies, supporting its extension to clinical studies. In this review, we summarize the current state of research centered on immune checkpoint inhibitors in combination with CAR-T therapy.




2 Issues and challenges of CAR-T in solid tumors



2.1 Lack of tumor-specific antigens (antigenic heterogeneity)

Currently, CAR-T cell therapy has made a revolutionary breakthrough in hematologic malignancies due to the specificity of targets for hematologic malignancies (17, 18). Six CAR-T Cell Therapy drugs approved for marketing by FDA, including four that targeting CD19 and two that targeting BCMA (Table 1) (19, 20, 22–25). TSAs are antigens that are specific to tumor cells and are expressed only in tumor cells and not in any normal cells. Tumor-associated antigens (TAAs) are antigenic components that are not specific to tumor cells. TAAs can be present in small amounts in normal cells, but can be abnormally expressed in tumorigenic organisms. Hematological tumors have TSA such as CD19 and CD20, while solid tumors have high heterogeneity, making it difficult to obtain ideal TSA for CAR-T cell therapy (26). Thus, the targets of CAR in solid tumors are diverse, such as GPC3 in hepatocellular carcinoma, HER-2 in glioblastoma, CLDN18.2 in pancreatic cancer, and PSMA in prostate cancer (27–29). Therefore, CAR-T cell therapy for solid tumors could only be designed to target such non-specific TAAs. Because of the lack of TSA, CAR-T cell therapy faces the dilemma of “off-target effects” by attacking normal cells (30). For example, HER-2 is highly expressed on the surface of colorectal cancer cells, but is also expressed to a small extent in normal cardiopulmonary tissues. A patient with colon cancer developed acute respiratory distress only 15 minutes after receiving a higher-dose infusion of HER-2 CAR-T cells and died 5 days after treatment (31).


Table 1 | FDA approved CAR-T cell therapy products.



Furthermore, the killing capacity of CAR-T cells is not only related to the number of tumor cells expressing the target antigen in solid tumors, it is also related to the intensity of tumor surface antigen expression (32). On the one hand, in solid tumors, the expression intensity of target antigens of CAR-T is inherently much lower than that of hematologic malignancies. On the other hand, in solid tumors, infusion of specifically targeted CAR-T cells for treatment may lead to down-regulation of target antigen expression, which prevents CAR-T cells from recognizing tumor cells, thus leading to therapeutic failure (33). The results of the clinical experimental study by Fry et al. also suggest that relapse after treatment with infusion of CAR-T cells targeting CD22 in patients with B-ALL is associated with a decrease in the density of the CD22 locus (34).




2.2 Low efficiency of tumor infiltration (physical barrier)

In hematologic malignancies, CAR-T cells can directly contact tumor cells in blood vessels, thereby exerting their effects (32). However, this is not the case in solid tumors, the CAR-T cells need to overcome multiple barriers to bind to surface antigens of solid tumor cells. The CAR-T cells need to cross this physical barrier in multiple steps, each of which is interconnected and tightly coupled. The whole process includes rolling, adhesion, wandering (amoebic movement), and chemotaxis. And it also requires the assistance role of cell adhesion molecules (CAM) and chemokines (35, 36).

In addition to the multiple barriers that CAR-T cells themselves need to traverse. Solid tumor cells also resist CAR-T cell entry in multiple ways. Some of these mechanisms include:1. Abnormal expression of adhesion molecules in the vasculature system reduces CAR-T cell attachment and migration (37–39). 2. Down-regulates the expression of various chemokines (CCL5, CXCL9 and CXCL10). CAR-T cells are dependent on the transport of these chemokines to tumor tissues (40, 41). 3. Dense tumor extracellular matrix prevents CAR-T cells from entering.

Stromal cells such as fibroblasts and macrophages play a key role in the formation of dense extra-tumor stroma. Methylmalonic acid (MMA) secreted by tumor cells further promotes the proliferation of fibrous or connective tissues, while proliferating stromal cells in turn secrete more collagen, proteoglycans, fibronectin, laminin, and so on. These substances form a non-cellular three-dimensional macromolecular network, the tumor-associated extracellular matrix (ECM), which prevents the infiltration of CAR-T cells (42). For example, significantly increased hyaluronic acid (hyaluronic acid) content in TME of pancreatic cancer, which directly affects the pathological type and biological behavior of pancreatic cancer (43–45). Furthermore, fibroblasts secrete fibroblast activation protein (FAP), which can form dense mesenchymal cell tissues to prevent CAR-T cells from entering. ELLEN Pure et al.’s study confirmed that removing the dense mesenchyme of tumors can allow CAR-T cells to directly enter the core of solid tumors. The solid tumors in mouse animal models rapidly regressed and CAR-T cells showed enhanced anti-tumor immune effects (46).




2.3 Suppression of the tumor immune microenvironment (immune barrier)

The tumor immune microenvironment (TIME) is a complex and dynamic ecosystem, which is closely related to tumor development, progression and metastasis. The TIME is filled with various immune cells and cytokines. In order to recognize and resolve tumor cells, CAR-T cells must continuously infiltrate the tumor tissue in order in order to achieve antigen-specific binding on the tumor cell surface, thereby exerting a killing effect on tumor cells. While the normal immune microenvironment is balanced between promoters and suppressors, a large number of immunosuppressive cells and cytokines are present in the TIME.

Previous studies have demonstrated that CAR-T cell metabolism is strongly inhibited in the TIME (47–49). The formation of tumor microenvironment mainly originates from the abnormal activation of oncogenes in tumors, resulting in the abnormal expansion of suppressive immune cells and the massive secretion of immunosuppressive factors. Among the cells that make up the immune microenvironment, tumor associated macrophages (TAMs) is a relatively abundant cell subpopulation with a highly plastic phenotype and function. For example, the mutation of P53 can lead to the differentiation of M1-type TAMs to M2-type, and K-Ras(12D) in melanoma can induce the proliferation of CD11 myeloid cells with immunosuppressive function. These T regulatory (Treg) cells and TAMs cells also release reactive oxygen species (ROS), which significantly inhibit the killing response of NK cells and T cells (50). At the same time, fibroblasts secrete higher amounts of metalloproteinases, leading to the shedding of ligands attached to T cells and NK cells (18). All these confirm that immunosuppressive cells severely affect the killing effect of T cells and NK cells. In addition to tumor immunosuppressive cells, suppressor cytokines also play an extremely important role (51). For example, mutations in the BRAF600E gene in melanoma can reduce the production of chemokines CCL3 and CCL4, thereby reducing the ability of tumor killing cells, M2-type TAMs mediate immune escape by secreting TNF-α and IL-10 in order to promote PD-L1 expression, thereby suppressing anti-tumor T cell function. Many other studies have shown that Tregs in tumors inhibit anti-tumor immune responses by suppressing the production of inhibitory cytokines (e.g., IL-10, TGF-β, IL-35) and suppressing anti-tumor immune responses (52, 53).

A number of studies have similarly confirmed this view, Miriam Merad et al. produced CAR-T cells targeting TAMs, destroyed immunosuppressive cells to enhance CAR-T cell function, significantly prolonged progression of solid tumors and enhanced tumor immunity in animal experiments (54). In addition, there are also CAR-T cells made that target Treg cells to disrupt the over-activation of regulatory T cells, and as the Treg cells are reduced, the tumors in the mice are progressively reduced (55). Jiali Yu at al. showed that radio therapy (RT) could reduce the number of hepatic myeloid cells, thereby increasing the infiltration of hepatic T cells, promoting the release of cytokines such as Ki67+, interferon-γ (IFN-γ)+, and significantly improving the immune microenvironment (56). Similarly, Smith EL et al. have also demonstrated that RT destroys immunosuppressive cells such as Tregs, CAFs, thereby synergizing with CAR-T cells and reducing T cells exhaustion (57). In summary, suppressive immune cells and immunosuppressive factors are closely linked and interact with each other, together constituting the immunosuppressive microenvironment (58).





3 CAR-T cells exhaustion



3.1 CAR-T cells exhaustion mechanisms

CAR-T cells in the TME are chronically exposed to antigens and gradually enter a state of malfunction, which is called CAR-T exhaustion (59, 60). Many studies have already shown that CAR-T cells exhaustion is involved in a range of tumor development processes, such as drug resistance of tumor immunotherapy, tumor recurrence and metastasis (34). CAR-T cells exhaustion is mainly characterized by loss of effector functions, such as reduced release of cytokines IFN-γ and TNF-α, and loss of proliferative capacity (61). It has been shown that CD8+ T cells in malignant tumors all have significant enrichment of genes associated with TCR signaling (Bat-f, Egr2, Ezh2, Irf4, Nfatc1, Nfatc2, Nr4a1, Nr4a2 and Nr4a3) (62–66), confirming the involvement of persistent antigenic stimulation in leading to high PD-1/PD-L1 expression, which directly contributes to CAR-T cells exhaustion. Kelly Kersten et al. showed that CD8+ T cells depletion is directly correlated with macrophage abundance in the TME, revealing in detail the spatiotemporal co-evolution of CD8+ T cells lymphocytes and macrophages in the immune microenvironment (67).

Currently, researchers have demonstrated that CD38 is a signature molecule for CAR-T cells exhuastion (68, 69). They found that inhibition of CD38 resulted in a significant increase in intracellular NAD+ levels, which in turn led to an increase in SIRT expression and acetylase activity. Activation of the CAD38-NAD+-SIRT1 pathway resulted in a decrease in HIF-1 stability, thereby inhibiting glucose metabolism in CAR-T cells. In addition, the use of small molecule inhibitors targeting CD38 significantly enhanced the persistence of CAR-T cells (70). Similarly, a large number of tumor cell metabolites in the TME are also involved in this process. For example, tumor cells in AML patients can release large amounts of kynurenine, which can significantly inhibit CAR-T cell activity (71). In addition, many tumor metabolites (mitochondrial ROS, adenosine) contribute to CAR-T cell exhaustion (72, 73). In conclusion, metabolic disturbances in the TME play an important role in the CAR-T depletion process.

CAR-T cells exhaustion does not occur suddenly, and involves a complex process of differentiation. The transition of effector T cells to an exhausted state is accompanied by significant epigenetic reorganization and distinct transcriptional features. T-cell fctor-1(TCF-1), a central transcription factor in early CAR-T cells exhaustion (74, 75). The study shows that Chromatin peaks containing TCF family transcription factor motifs shut down during the transition from a plastic to a dysfunctional stationary state, with a corresponding decrease in TCF-1. Apart from this, there are many common features observed in T-cell exhaustion, where CAR-T cells are functionally exhausted concurrently with and often characterized by high surface expression of inhibitory receptors (CTLA-4, PD-1, TIM-3, LAG-3, and 2B4) on CAR-T cells (61, 76).




3.2 Association of ICIs with CAR-T cells exhaustion

During the preparation process of CAR-T cells, it was found that the expression level of PD-1 on the patient’s T cells affects the killing function of the prepared CAR-T cells. Additionally, it was found that PD-1 were highly expressed on many exhausted CAR-T cell epitopes (77). Yamaguchi et al. found that M2-type TAMs in TME induced CAR-T to overexpress PD-1, thereby affecting the PD-1/PD-L1 pathway to reduce the activity of CAR-T cells. Besides, the use of atezolizumab (a PD-L1 inhibitor) led to M2-type TAMs apoptosis, which improved the anti-tumor activity of CAR-T cells (78). Therefore, ICIs not only block the PD-1/PD-L1 axis to enhance CAR-T cell function, but also improve the immune microenvironment and reduce CAR-T cell exhaustion (79–81).

Early animal experiments showed that PD-1 inhibitor combined with CAR-T resulted in a significant decrease in the percentage of myeloid derived suppressor cells (MDSC) in the tumor microenvironment of mice (82). In a phase I clinical trial for the treatment of malignant pleural mesothelioma, researchers injected pembrolizumab (a PD-1 inhibitor) after an infusion of CAR-T targeting mesothelin. After 12 weeks of pembrolizumab treatment, the researchers were able to detect CAR-T cells in the patients’ peripheral blood, and the rate of exhausted CAR-T cells was significantly lower (83). Kersten K et al. found that single-target CAR-T therapies gradually produce off-target effects, so CAR-T cell therapy needs to be combined with other immunotherapies (57). In clinical care, patients with relapsed and refractory diffuse large B-cell lymphoma (DLBCL) have disease progression after CAR-T therapy, and patients can achieve remission after receiving additional PD-1 inhibitor therapy (84). Meanwhile, PD-1 inhibitor combined with CAR-T has also achieved impressive therapeutic effects in phase I clinical trials for solid tumors (83). Therefore, a variety of experiments have demonstrated that the PD-1/PD-L1 pathway may play a key role in CAR-T therapy. It was suggested that CAR-T cell therapy combined with ICIs may be a more effective treatment for solid tumors (Figure 2).




Figure 2 | The principle of CAR-T cell therapy combined with ICIs. (A) Challenges of CAR-T in solid tumors. (B) Mechanisms of CAR-T exhaustion. (C) Mechanisms underlying enhanced antitumor activity of PD-1 disrupted CAR-T cells.







4 Strategies for the clinical application of CAR-T cell therapy in combination with ICIs



4.1 Exogenous ICIs combined with CAR-T cell therapy

The strategy for this type of research is to directly combine exogenous ICIs with CAR-T cell therapy. This treatment model involves administering CAR-T cell therapy alone to the patient, followed by injection of ICIs after 1-2 months of clinical observation (85, 86). Back in 2018, there was a new breakthrough in the treatment of malignant brain tumors with CAR-T combined with PD-1/CTLA-4 antibodies. Researchers used two different treatment methods for invasive brain cancer glioblastoma (GBM): CAR-T cell therapy alone and combination therapy. Encouragingly, CAR-T cell therapy in combination with PD-1/CLTA4 antibody showed much higher anti-cancer efficacy than CAR-T therapy alone (87). In addition to this, oncolytic viruses (Ovs) combined with CAR-T cell therapy has achieved promising efficacy in GBM. For example, oncolytic Herpes Simplex Virus HSV-1 (oHSV-1) can significantly increase the release of T-cells and IFN-γ from GBM, which enhances the therapeutic effect of CAR-T. In addition, wang et al. combined CXCL11-loaded oncolytic virus (oAds-CXCL11) with CAR-T cell therapy and found an increase in T-cell and NK infiltration, as well as a significant decrease in M2-type macrophages in mouse GBM model. In September 2021, in a phase I//IIA clinical trial, CAR-T cell infusion followed by the use of Pembrolizumab (a PD-1 inhibitor) in the treatment of refractory B-cell lymphoma produced better clinical efficacy. Twelve patients were evaluated, one in complete remission (CR) and two in partial remission (PR). The experiments also demonstrated that activation and proliferation of CAR-T cells increased (88). In November 2021, Prasad S Adusumilli Prasad S Adusumilli et al. published the results of a phase I clinical trial. This is a clinical trial of CAR T cell therapy in combination with the pembrolizumab in patients with malignant pleural disease, the clinical trial data showed that patients treated with this combination had a median survival of 23.9 months, with a one-year survival rate of 83%, which was much higher than the 17.7 months, 74% one-year survival rate for single CAR-T cell therapy (83).

In a clinical trial of neuroblastoma, researchers have found that CAR-T cell therapy in combination with ICIs showed better T-cell persistence and anti-tumor efficacy than CAR-T cell therapy in combination with chemotherapeutic agents (89). In addition, the combination of ICS with CAR-T has been clinically tested in various solid tumors such as melanoma, non-small cell lung cancer (NCLC) and ovarian cancer.

The advantage of combination therapy is that it can improve the objective remission rate of advanced patients (90–92). However, there are some limitations to this combined treatment strategy. First, the blocking effect of PD-1 inhibitors is transient and requires repeated administration. Second, PD-1 inhibitor can be captured by TAMs before reaching the surface of CAR-T cells, thereby eliminating their ability to block PD-1/PD-L1 pathway. Third, systemic application of ICIs produces strong systemic side effects. Common adverse reactions in patients treated with PD-1 inhibitors include rash, diarrhea, and thyroid dysfunction. Other more serious immune complications associated with ICIs include cardiac complications, neuromuscular disease, and pneumonia (93–96).

As a result, many patients do not achieve the desired results with CAR-T therapy followed by anti-PD-1 therapy. Moreover, some studies have shown higher relapse rates in patients after using ICIs. What’s more, Minagawa, K et al.’s study showed that the role of PD-1 in lung cancer is exactly the opposite, as blocking PD-1 actually promotes tumor cell proliferation (97, 98). Therefore, due to the ineffectiveness and relatively high number of side effects of this treatment, researchers are actively seeking alternative treatments.




4.2 CAR-T therapy with auto endocrine immune checkpoint antibodies

The design idea of this study is to allow CAR-T cells to express the CAR while allowing the T cells to additionally express the PD-1/PD-L1 antibody scFv. In this way the CAR-T cells are allowed to secrete the PD-1/PD-L1 antibody to block the immune cell PD-1 and the tumor cell PD-L1. Compared to the combination of exogenous ICIs and CAR-T cell therapy, this CAR-T cell that can secrete ICIs on its own has two advantages. On the one hand, PD-1 antibodies secreted by CAR-T cells can break through the limitations of the immune microenvironment of solid tumors, reduce the depletion of CAR-T cells, and play a cooperative role in killing tumors. On the other hand, systemic PD-1 monoclonal antibodies in combination with CAR-T can produce various side effects such as immune pneumonitis, cytokine storm, etc (99). However, CAR-T cell therapy with endocrine immune checkpoint antibodies is able to precisely hit tumors and secrete ICIs only at the tumor site, avoiding toxic side effects at other sites.

In October 2018, Rafiq S et al. transformed CAR-T cells to successfully secrete PD-1-blocking single-chain variable fragments (scFv). Researchers construct mouse solid and hematologic tumor models. It was found to increase the anti-tumor activity of CAR-T cells while significantly reducing immunotoxicity compared to the effects of combination therapy with CAR-T cells and ICIs (100).

In February 2021, Qian et al. used autocrine PD-1 antibody combined with CAR-T for the first time in the treatment of advanced refractory ovarian cancer. The results showed that, this CAR-T cells not only possesses the function of killing tumor cells, but also triggers the local immune effect of the tumor, and improves the TIME. The progression-free survival (PFS) and overall survival (OS) of the patients reached 5, 17 months (101). In March 2023. The PD-1 nanobody-targeted mesothelin CAR-T cell injection (BZD1901) formally entered the phase I and II clinic trial.

In August 2023, Chen et al. found that autocrine PD-1 antibody combined with CAR-T cell-targeted delivery of single-chain antibody could enhance the anti-tumor efficacy of colorectal cancer in mice (102).

Therefore, the research of autocrine PD-1 CAR-T cells is unique and has achieved better efficacy in isolated experiments and mouse animal models. However, more clinical trials are still needed to verify its efficacy.

Clinical trials registered in Clinicaltrial.gov and www.Chictr.org.cn, using PD-1 expression on CAR-T cells for cancer treatment are summarized in Table 2.


Table 2 | List of registered clinical trials expression ICIs CAR-T cells/T cells to treat cancer.






4.3 Immune checkpoint genes disrupted CAR-T cells



4.3.1 PD-1/PD-L1 axis

PD-1/PD-L1 is an important signaling pathway in the tumor immune response (103). Es ther Schoutrop et al. showed that CAR-T cells in ovarian cancer had high expression of PD-1 and LAG-3, while the expression of the corresponding receptor PD-L1 was up-regulated in tumor cells. In addition, it has been shown that folate receptors (FR) are overexpressed in more than 90% of ovarian cancers (104). Consequently, researchers have been developed three generations of anti-αFR CAR constructs; anti-αFR.CD3ζ, anti-αFR.CD28.CD3ζ, and anti-αFR.CD28.4-1BB.CD3ζ. Compared to the other two CAR designs, NK92 cells expressing αFR28BBζ exhibited greater antigen specificity and proliferation, and their antigen-induced apoptosis rate was significantly reduced (105). After blocking the PD-1-L1 axis, more functional CAR-T cells generated (106). Elaine Lau et al. showed that CAR-T cells with PD-1 knocker-out (KO) exhibited a lower depletion phenotype and dysfunction, along with longer survival time in situ tumor model mice with B-cell malignancy (107). Zhu et al. showed that CAR-T cells with PD-1 KO exhibited enhanced killing ability in an animal glioma model of the brain (108). In August 2018, Guo et al. found that infusion of PD-1 KO CAR-T cells showed stronger killing ability of hepatocellular carcinoma in animal tumor models (109). Therefore, several studies have proved that blocking the PD-1/PD-L1 axis can effectively enhance the function of CAR-T cells, and clinical trials of CAR-T cell therapy targeting PD-1 have been conducted one after another.

Elaine Lau et al. developed a class of allogeneic CAR-T cells with PD-1 KO (CB-010). CB-010 demonstrates superior performance in the treatment of relapsed/refractory Hodgkin lymphoma. These allogeneic CAR-T cells have the advantage of reduced cost and elevated number of applicable patients, but there is a risk of graft-versus-host disease (GvHD). Therefore, CB-010 was prepared by knocking out the TRAC gene to reduce the risk. In May 2022, results from a Phase I clinical trial showed that after 16 patients with relapsed or refractory lymphoma were treated with CB-010 (PD-1 knockout CAR-T therapy), 11 were in complete remission (CR) and 4 were in partial remission (PR). The overall remission rate (ORR) was 94% (107).

Clinical studies on blocking the PD-1/L1 axis are mainly conducted through PD-1 KO. However, some researchers are against PD-1 KO, arguing that cells cannot expand or grow after complete removal of the PD-1 gene, while CAR-T cells with silence of PD-1 are able to expand well in vitro without affecting the anti-tumor properties of CAR-T cells.

Wei et al. showed that PD-1 may play an important role in maintaining the normal proliferation and differentiation of T cells, and PD-1 KO may weaken the anti-tumor function of T cells by inhibiting their proliferative activity (110). R S Kalinin et al. found that PD-1 KO resulted in faster terminal differentiation of CAR-T cells as well as accelerated exhaustion of CAR-T cells, while proliferative viability was significantly decreased compared to PD-1 silence. Moreover, PD-1 KO was significantly accompanied by upregulation of the exhaustion marker TIGIT (111).

In conclusion, the PD-1/PD-L1 pathway plays an important role in CAR-T cell depletion, proliferation, and apoptosis. However, whether to silence or Knock-out PD-1 in the preparation of CAR-T cells is still controversial, more research is still needed.

Clinical trials registered in Clinicaltrial.gov and www.Chictr.org.cn, using PD-1 knockout CAR-T cells for cancer treatment are summarized in Table 3.


Table 3 | List of registered clinical trials using PD-1 gene disturbed CAR-T cells/T cells to treat cancer.






4.3.2 Other immune checkpoints

Compared to CAR-T cell therapy without immune checkpoint disturbed, CAR-T cells with LAG-3 blockade did not positively affect CAR-T cells function in vitro experiments, and the same experimental results were also presented in animal models (112). Sangya Agarwal et al. showed that the CD28 signaling pathway could be inhibited by knocking-out the CTLA4 gene in CAR-T cells. In addition, it also enhanced the anti-tumor activity and CAR expression of CAR-T cells. CAR-T cells with CTLA4 blockade exhibited higher proliferative capacity and better anti-tumor efficacy compared to CAR-T cells with PD-1 blockade (113).

In addition to this, Julia Carnevale et al. explored a novel immune checkpoint gene (RASA2), which promotes T cells activation and enhances their antigenic sensitivity, as well as their proliferative capacity and effector function in a variety of immunosuppressive settings. Removal of RASA2 prolonged survival in mice with liquid or solid tumors in a variety of preclinical T-cell receptor models and CAR - T cell therapy. RASA2 exhibits superior performance compared to other immune checkpoint blockers (PD-1) (114).

Although the blockade of immune checkpoints such as CTLA4 and RASA2 in CAR-T cells has achieved better results in cells, there is still a lack of clinical trials to validate their efficacy.




4.3.3 Multi-target blockade

Huang RY et al. found that when PD-1 were individually blocked in metastatic ovarian cancer cells, other immune checkpoints (LAG-3, CLTA-4) were upregulated accordingly (115).Because of this negative feedback mechanism of immune checkpoints, some researchers believe that research can be explored in the direction of multi-target blockade (116). Lee YH et al. evaluated CAR-T Cell therapy in the context of four different checkpoint combinations blockade: PD-1/TIM-3, PD-1/LAG-3, PD-1/CTLA-4, and PD-1/TIGIT. The study showed that PD-1/TIGIT down-regulated CAR - T cells were found to have a unique synergistic anti-tumor effect. Importantly, functional experiments and phenotypic analyses indicated that PD-1 down-regulation enhanced short-term effector function, while TIGIT down-regulation was primarily responsible for maintaining the hypo-differentiated state, providing a potential mechanism for the observed synergistic effect (116). There are also studies showing that CAR-T cells with blockade of CTLA-4 and LAG-3 exhibit stronger anti-tumor activity in various experimental animal models. In addition to this, CAR-T cells will express CAR on their surface for a longer period of time, its proliferative capacity will also be enhanced (112, 113). CAR-T cells with multi-target blockade undoubtedly show better prospects. At present, there is still a lack of clinical trials to confirm the effectiveness of CAR-T cell therapy with multi-target blockade.





4.4 New delivery systems

CRISPR-Cas9 is a common method to facilitate precise integration of target se quences (117, 118). The usual CRISPR gene editing system uses guide RNA (guide RNA) to mediate the cleavage of genome-specific loci by Cas enzymes. Previous CRISPR-Cas9 technologies typically use lentiviral packaging methods to insert CAR sequences randomly into the cellular genome, potentially affecting normal gene expression and increasing the risk of oncogenic insertion mutagenesis. Specific responses to DNA of viral origin often impede CAR expression (119–122), and virus manufacturing is often costly (123).

Li et al. used CRISPR-Cas9-mediated homology directed repair (HDR) to precisely knock out PD-1, and then used HDR technology to insert exogenous CAR into the original PD-1 locus. CAR-T cells constructed by this gene editing method (PD-119BBZ) do not carry the risk of exogenous CAR insertion. Besides, this allows precise insertion without the use of viral vectors. Such CAR-T cells (PD-1 19bbz) showed more powerful and longer-lasting killing power compared with lentivirus-infected CAR-T cells (LV-19BBZ). The complete remission rate in patients with relapsed refractory lymphoma was 87.5%, and the objective remission rate reached 100%, by far the best clinical results in global CAR-T cell therapy for refractory relapsed lymphoma with the highest remission rate and low toxicity (124).

In addition, Jennifer Doudna et al. improved Cas9 specificity using a CRISPR hybrid RNA-DNA (chRDNA). The case is guided to recognize genome-specific loci by a heterogeneous sequence of DNA and RNA sequences spliced together. This RNA-DNA heteroduplex sequence significantly reduces off-target gene editing by the gene editing system. This approach provides new ideas for making CAR-T using chRNAs in the clinic (125). The CAR-T cells injection(CB-010) developed by Elaine Lau et al. were edited using chRDNA. The drug performed well in a Phase I clinical trial in refractory B-cell non-Hodgkin’s lymphoma, with an overall remission rate (ORR) of 94% and a complete remission (CR) rate of 69% in treated patients (107).

Michaael Mitchell et al. developed a lipid nanoparticle platform (LNP) that delivers both CAR-mRNA and siRNA targeting PD-1 to T cells. In this way, they generated CAR-T cells with transient CAR expression and PD-1 interference, without altering the overall activation state of the T cells. This delivery method, which can restore the expression of immune checkpoints, can significantly reduce autoimmune risk (126).

Thus, precise gene editing systems are always advancing, and the improvement of gene editing technology has greatly increased the chances of breakthroughs in solid tumors.




4.5 Other novel immune combination therapies

Although CAR-T combined with ICIs has achieved a promising clinical outcome, other new immunologic combination therapy strategies have also achieved surprising clinical results. For example, CAR-T combined with Ovs, CAR-T combined with interleukin, and so on. In 2022 Apr, Richard Gvile et have linked two immunotherapeutic approaches, CAR-T and OVs. The researchers loaded the OVs directly onto CAR-T cells, they found that Ovs can activate the CAR-T through the TCR on the CAR-T, and the CAR-T cells can bring the Ovs to the tumor, thus exerting a synergistic effect to kill the tumor. The experiment showed that the addition of OVs dramatically increased the proliferative capacity of CAR-T in mice, and the number of CAR-T cells in spleen, tumor and blood increased dramatically. In addition, animal studies have shown that this combination of treatments extends the lifespan of mice with intracranial gliomas (127). In 2022 Jul, the results of Lushun Chalise et al. also demonstrated that this treatment can significantly arrest the growth of GBM and significantly improve the survival rate of mice (7). There is no doubt that this combination therapy has achieved impressive efficacy in animal experiments, however, it has not yet been carried out in humans. Its effectiveness still needs to be supported by extensive clinical trial data.





5 Conclusion

CAR-T cell therapy has proven to be a highly effective strategy for the treatment of hematologic malignancies. However, this treatment method does not perform well in solid tumors, this is mainly due to the fact that solid tumors are characterized by antigenic heterogeneity and immunosuppressive microenvironment, which can damage the tumor-killing function of CAR-T cells. With all these factors, CAR-T cells will eventually go to exhaustion. Among the various strategies to enhance the function of CAR-T cells, CAR-T cell therapy combined with ICIs is a more promising option. This combined treatment strategy is highly theoretically feasible and has achieved good therapeutic results in both animal and clinical trials. However, it has not yet been applied to clinical treatment on a large scale. Therefore, more advanced CAR-delivery systems (non-viral plasmids, electro transfer, LNP) in combination with multiple immune checkpoints (PD-1, CLTA-4, LAG-3, etc.) disturbed can be used, and then multi-center clinical trials can be conducted. We believe that this treatment strategy will have a transformative impact on the treatment of solid tumors in the future.





Author contributions

YL: Writing – review & editing. ZX: Writing – review & editing, Funding acquisition. XL: Writing – review & editing, Data curation. JQ: Writing – original draft, Software. RL: Writing – original draft, Investigation. JY: Writing – original draft, Software. YD: Writing – review & editing, Investigation, Funding acquisition. GT: Writing – original draft, Funding acquisition. CZ: Writing – review & editing, Resources. JZ: Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by the Key Research Program from the Science and Technology Department of Ningxia Hui Autonomous Region, China (2019BFH02012); the Key Research Program of Hunan Health Committee (20201909); the Program of Hengyang science and Technology Bureau (2017-1, 2020-67); Clinical Research of 4310 Program (20224310NHYCG12).




Acknowledgments

Our study was approved by the ethics committee of Affiliated Nanhua Hospital, University of South China (approval No. 202011). Informed consent was obtained from all individual participants in the study. All methods were performed in accordance with the relevant guidelines.





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.





References

1. Funes, SC, Manrique De Lara, A, Altamirano-Lagos, MJ, Mackern-Oberti, JP, Escobar-Vera, J, and Kalergis, AM. Immune checkpoints and the regulation of tolerogenicity in dendritic cells: Implications for autoimmunity and immunotherapy. Autoimmun Rev. (2019) 18:359–68. doi: 10.1016/j.autrev.2019.02.006

2. Chamoto, K, Al-Habsi, M, and Honjo, T. Role of PD-1 in immunity and diseases. Curr Top Microbiol Immunol. (2017) 410:75–97. doi: 10.1007/82_2017_67

3. Ramos-Casals, M, Brahmer, JR, Callahan, MK, Flores-Chávez, A, Keegan, N, Khamashta, MA, et al. Immune-related adverse events of checkpoint inhibitors. Nat Rev Dis Primers. (2020) 6:38. doi: 10.1038/s41572-020-0160-6

4. Wei, SC, Levine, JH, Cogdill, AP, Zhao, Y, Anang, NAAS, Andrews, MC, et al. Distinct cellular mechanisms underlie anti-CTLA-4 and anti-PD-1 checkpoint blockade. Cell. (2017) 170:1120–1133 e1117. doi: 10.1016/j.cell.2017.07.024

5. Marei, HE, Hasan, A, Pozzoli, G, and Cenciarelli, C. Cancer immunotherapy with immune checkpoint inhibitors (ICIs): potential, mechanisms of resistance, and strategies for reinvigorating T cell responsiveness when resistance is acquired. Cancer Cell Int. (2023) 23:64. doi: 10.1186/s12935-023-02902-0

6. Hou, W, Yi, C, and Zhu, H. Predictive biomarkers of colon cancer immunotherapy: Present and future. Front Immunol. (2022) 13:1032314. doi: 10.3389/fimmu.2022.1032314

7. Chalise, L, Kato, A, Ohno, M, Maeda, S, Yamamichi, A, Kuramitsu, S, et al. Efficacy of cancer-specific anti-podoplanin CAR-T cells and oncolytic herpes virus G47Delta combination therapy against glioblastoma. Mol Ther Oncolytics. (2022) 26:265–74. doi: 10.1016/j.omto.2022.07.006

8. Zhang, C, Liu, J, Zhong, JF, and Zhang, X. Engineering CAR-T cells. biomark Res. (2017) 5:22. doi: 10.1186/s40364-017-0102-y

9. June, CH, O'Connor, RS, Kawalekar, OU, Ghassemi, S, and Milone, MC. CAR T cell immunotherapy for human cancer. Science. (2018) 359:1361–5. doi: 10.1126/science.aar6711

10. Sadelain, M, Brentjens, R, and Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discovery. (2013) 3:388–98. doi: 10.1158/2159-8290.CD-12-0548

11. Cohen, AD, Garfall, AL, Stadtmauer, EA, Melenhorst, JJ, Lacey, SF, Lancaster, E, et al. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J Clin Invest. (2019) 129:2210–21. doi: 10.1172/JCI126397

12. Sterner, RC, and Sterner, RM. CAR-T cell therapy: current limitations and potential strategies. Blood Cancer J. (2021) 11:69. doi: 10.1038/s41408-021-00459-7

13. Li, B, Jin, J, Guo, D, Tao, Z, and Hu, X. Immune checkpoint inhibitors combined with targeted therapy: the recent advances and future potentials. Cancers (Basel). (2023) 15:2858. doi: 10.3390/cancers15102858

14. Li, C, Teixeira, AF, Zhu, HJ, and Ten Dijke, P. Cancer associated-fibroblast-derived exosomes in cancer progression. Mol Cancer. (2021) 20:154. doi: 10.1186/s12943-021-01463-y

15. Bjoern, J, Lyngaa, R, Andersen, R, Hölmich, LR, Hadrup, SR, Donia, M, et al. Influence of ipilimumab on expanded tumour derived T cells from patients with metastatic melanoma. Oncotarget. (2017) 8:27062–74. doi: 10.18632/oncotarget.16003

16. Kodumudi, KN, Siegel, J, Weber, AM, Scott, E, Sarnaik, AA, and Pilon-Thomas, S. Immune checkpoint blockade to improve tumor infiltrating lymphocytes for adoptive cell therapy. PloS One. (2016) 11:e0153053. doi: 10.1371/journal.pone.0153053

17. Hay, KA, Gauthier, J, Hirayama, AV, Voutsinas, JM, Wu, Q, Li, D, et al. Factors associated with durable EFS in adult B-cell ALL patients achieving MRD-negative CR after CD19 CAR T-cell therapy. Blood. (2019) 133:1652–63. doi: 10.1182/blood-2018-11-883710

18. Hermanson, DL, and Kaufman, DS. Utilizing chimeric antigen receptors to direct natural killer cell activity. Front Immunol. (2015) 6:195. doi: 10.3389/fimmu.2015.00195

19. Maude, SL, Laetsch, TW, Buechner, J, Rives, S, Boyer, M, Bittencourt, H, et al. Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

20. Locke, FL, Ghobadi, A, Jacobson, CA, Miklos, DB, Lekakis, LJ, Oluwole, OO, et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1): a single-arm, multicentre, phase 1-2 trial. Lancet Oncol. (2019) 20:31–42. doi: 10.1016/S1470-2045(18)30864-7

21. Wang, M, Munoz, J, Goy, A, Locke, FL, Jacobson, CA, Hill, BT, et al. KTE-X19 CAR T-cell therapy in relapsed or refractory mantle-cell lymphoma. N Engl J Med. (2020) 382:1331–42. doi: 10.1056/NEJMoa1914347

22. Abramson, JS, Palomba, ML, Gordon, LI, Lunning, MA, Wang, M, Arnason, J, et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND NHL 001): a multicentre seamless design study. Lancet. (2020) 396:839–52. doi: 10.1016/S0140-6736(20)31366-0

23. Berdeja, JG, Madduri, D, Usmani, SZ, Jakubowiak, A, Agha, M, Cohen, AD, et al. Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen receptor T-cell therapy in patients with relapsed or refractory multiple myeloma (CARTITUDE-1): a phase 1b/2 open-label study. Lancet. (2021) 398:314–24. doi: 10.1016/S0140-6736(21)00933-8

24. Munshi, NC, Anderson, LD, Shah, N, Madduri, D, Berdeja, J, Lonial, S, et al. Idecabtagene vicleucel in relapsed and refractory multiple myeloma. N Engl J Med. (2021) 384:705–16. doi: 10.1056/NEJMoa2024850

25.. (!!! INVALID CITATION !!! ).

26. Ren, PP, Li, M, Li, TF, and Han, SY. Anti-EGFRvIII chimeric antigen receptor-modified T cells for adoptive cell therapy of glioblastoma. Curr Pharm Des. (2017) 23:2113–6. doi: 10.2174/1381612823666170316125402

27. Li, H, Huang, Y, Jiang, DQ, Cui, LZ, He, Z, Wang, C, et al. Antitumor activity of EGFR-specific CAR T cells against non-small-cell lung cancer cells in vitro and in mice. Cell Death Dis. (2018) 9:177. doi: 10.1038/s41419-017-0238-6

28. Makkouk, A, Yang, X, Barca, T, Lucas, A, Turkoz, M, Wong, JTS, et al. Off-the-shelf Vdelta1 gamma delta T cells engineered with glypican-3 (GPC-3)-specific chimeric antigen receptor (CAR) and soluble IL-15 display robust antitumor efficacy against hepatocellular carcinoma. J Immunother Cancer. (2021) 9:e003441. doi: 10.1136/jitc-2021-003441

29. Strecker, MI, Wlotzka, K, Strassheimer, F, Roller, B, Ludmirski, G, König, S, et al. AAV-mediated gene transfer of a checkpoint inhibitor in combination with HER2-targeted CAR-NK cells as experimental therapy for glioblastoma. Oncoimmunology. (2022) 11:2127508. doi: 10.1080/2162402X.2022.2127508

30. Kazazian, K, Demicco, EG, de Perrot, M, Strauss, D, and Swallow, CJ. Toward better understanding and management of solitary fibrous tumor. Surg Oncol Clin N Am. (2022) 31:459–83. doi: 10.1016/j.soc.2022.03.009

31. Morgan, RA, Yang, JC, Kitano, M, Dudley, ME, Laurencot, CM, and Rosenberg, SA. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol Ther. (2010) 18:843–51. doi: 10.1038/mt.2010.24

32. Maalej, KM, Merhi, M, Inchakalody, VP, Mestiri, S, Alam, M, Maccalli, C, et al. CAR-cell therapy in the era of solid tumor treatment: current challenges and emerging therapeutic advances. Mol Cancer. (2023) 22:20. doi: 10.1186/s12943-023-01723-z

33. Nguyen, DT, Ogando-Rivas, E, Liu, R, Wang, T, Rubin, J, Jin, L, et al. CAR T cell locomotion in solid tumor microenvironment. Cells. (2022) 11:1974. doi: 10.3390/cells11121974

34. Fry, TJ, Shah, NN, Orentas, RJ, Stetler-Stevenson, M, Yuan, CM, Ramakrishna, S, et al. CD22-targeted CAR T cells induce remission in B-ALL that is naive or resistant to CD19-targeted CAR immunotherapy. Nat Med. (2018) 24:20–8. doi: 10.1038/nm.4441

35. 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) 15:2548–60. doi: 10.7150/ijbs.34213

36. Scarfo, I, and Maus, MV. Current approaches to increase CAR T cell potency in solid tumors: targeting the tumor microenvironment. J Immunother Cancer. (2017) 5:28. doi: 10.1186/s40425-017-0230-9

37. Buckanovich, RJ, Facciabene, A, Kim, S, Benencia, F, Sasaroli, D, Balint, K, et al. Endothelin B receptor mediates the endothelial barrier to T cell homing to tumors and disables immune therapy. Nat Med. (2008) 14:28–36. doi: 10.1038/nm1699

38. Georganaki, M, Ramachandran, M, Tuit, S, Núñez, NG, Karampatzakis, A, Fotaki, G, et al. Tumor endothelial cell up-regulation of IDO1 is an immunosuppressive feed-back mechanism that reduces the response to CD40-stimulating immunotherapy. Oncoimmunology. (2020) 9:1730538. doi: 10.1080/2162402X.2020.1730538

39. Vedvyas, Y, McCloskey, JE, Yang, Y, Min, IM, Fahey, TJ, Zarnegar, R, et al. Manufacturing and preclinical validation of CAR T cells targeting ICAM-1 for advanced thyroid cancer therapy. Sci Rep. (2019) 9:10634. doi: 10.1038/s41598-019-46938-7

40. Henke, E, Nandigama, R, and Ergun, S. Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. Front Mol Biosci. (2019) 6:160. doi: 10.3389/fmolb.2019.00160

41. Nissen, NI, Karsdal, M, and Willumsen, N. Collagens and Cancer associated fibroblasts in the reactive stroma and its relation to Cancer biology. J Exp Clin Cancer Res. (2019) 38:115. doi: 10.1186/s13046-019-1110-6

42. DuFort, CC, DelGiorno, KE, and Hingorani, SR. Mounting pressure in the microenvironment: fluids, solids, and cells in pancreatic ductal adenocarcinoma. Gastroenterology. (2016) 150:1545–1557 e1542. doi: 10.1053/j.gastro.2016.03.040

43. Jacobetz, MA, Chan, DS, Neesse, A, Bapiro, TE, Cook, N, Frese, KK, et al. Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic cancer. Gut. (2013) 62:112–20. doi: 10.1136/gutjnl-2012-302529

44. Sato, N, Kohi, S, Hirata, K, and Goggins, M. Role of hyaluronan in pancreatic cancer biology and therapy: Once again in the spotlight. Cancer Sci. (2016) 107:569–75. doi: 10.1111/cas.12913

45. Toole, BP. Hyaluronan: from extracellular glue to pericellular cue. Nat Rev Cancer. (2004) 4:528–39. doi: 10.1038/nrc1391

46. Xiao, Z, Todd, L, Huang, L, Noguera-Ortega, E, Lu, Z, Huang, L, et al. Desmoplastic stroma restricts T cell extravasation and mediates immune exclusion and immunosuppression in solid tumors. Nat Commun. (2023) 14:5110. doi: 10.1038/s41467-023-40850-5

47. Jiang, W, He, Y, He, W, Wu, G, Zhou, X, Sheng, Q, et al. Exhausted CD8+T cells in the tumor immune microenvironment: new pathways to therapy. Front Immunol. (2020) 11:622509. doi: 10.3389/fimmu.2020.622509

48. Park, J, Hsueh, PC, Li, Z, and Ho, PC. Microenvironment-driven metabolic adaptations guiding CD8(+) T cell anti-tumor immunity. Immunity. (2023) 56:32–42. doi: 10.1016/j.immuni.2022.12.008

49. Pietrobon, V, Todd, LA, Goswami, A, Stefanson, O, Yang, Z, and Marincola, F. Improving CAR T-cell persistence. Int J Mol Sci. (2021) 22:10828. doi: 10.3390/ijms221910828

50. Ostrand-Rosenberg, S, Sinha, P, Beury, DW, and Clements, VK. Cross-talk between myeloid-derived suppressor cells (MDSC), macrophages, and dendritic cells enhances tumor-induced immune suppression. Semin Cancer Biol. (2012) 22:275–81. doi: 10.1016/j.semcancer.2012.01.011

51. Wang, Y, Luo, F, Yang, J, Zhao, C, and Chu, Y. New chimeric antigen receptor design for solid tumors. Front Immunol. (2017) 8:1934. doi: 10.3389/fimmu.2017.01934

52. Guo, X, Zhang, Y, Zheng, L, Zheng, C, Song, J, Zhang, Q, et al. Global characterization of T cells in non-small-cell lung cancer by single-cell sequencing. Nat Med. (2018) 24:978–85. doi: 10.1038/s41591-018-0045-3

53. Joshi, NS, Akama-Garren, EH, Lu, Y, Lee, DY, Chang, GP, Li, A, et al. Regulatory T cells in tumor-associated tertiary lymphoid structures suppress anti-tumor T cell responses. Immunity. (2015) 43:579–90. doi: 10.1016/j.immuni.2015.08.006

54. Sanchez-Paulete, AR, Mateus-Tique, J, Mollaoglu, G, Nielsen, SR, Marks, A, Lakshmi, A, et al. Targeting macrophages with CAR T cells delays solid tumor progression and enhances antitumor immunity. Cancer Immunol Res. (2022) 10:1354–69. doi: 10.1158/2326-6066.CIR-21-1075

55. Zhang, A, Ren, Z, Tseng, KF, Liu, X, Li, H, Lu, C, et al. Dual targeting of CTLA-4 and CD47 on T(reg) cells promotes immunity against solid tumors. Sci Transl Med. (2021) 13:eabg8693. doi: 10.1126/scitranslmed.abg8693

56. Yu, J, Green, MD, Li, S, Sun, Y, Journey, SN, Choi, JE, et al. Liver metastasis restrains immunotherapy efficacy via macrophage-mediated T cell elimination. Nat Med. (2021) 27:152–64. doi: 10.1038/s41591-020-1131-x

57. Smith, EL, Mailankody, S, Staehr, M, Wang, X, Senechal, B, Purdon, TJ, et al. BCMA-targeted CAR T-cell therapy plus radiotherapy for the treatment of refractory myeloma reveals potential synergy. Cancer Immunol Res. (2019) 7:1047–53. doi: 10.1158/2326-6066.CIR-18-0551

58. Lv, B, Wang, Y, Ma, D, Cheng, W, Liu, J, Yong, T, et al. Immunotherapy: reshape the tumor immune microenvironment. Front Immunol. (2022) 13:844142. doi: 10.3389/fimmu.2022.844142

59. Huang, Y, Si, X, Shao, M, Teng, X, Xiao, G, and Huang, H. Rewiring mitochondrial metabolism to counteract exhaustion of CAR-T cells. J Hematol Oncol. (2022) 15:38. doi: 10.1186/s13045-022-01255-x

60. Kouro, T, Himuro, H, and Sasada, T. Exhaustion of CAR T cells: potential causes and solutions. J Transl Med. (2022) 20:239. doi: 10.1186/s12967-022-03442-3

61. Chow, A, Perica, K, Klebanoff, CA, and Wolchok, JD. Clinical implications of T cell exhaustion for cancer immunotherapy. Nat Rev Clin Oncol. (2022) 19:775–90. doi: 10.1038/s41571-022-00689-z

62. Ashouri, JF, and Weiss, A. Endogenous nur77 is a specific indicator of antigen receptor signaling in human T and B cells. J Immunol. (2017) 198:657–68. doi: 10.4049/jimmunol.1601301

63. Mognol, GP, Spreafico, R, Wong, V, Scott-Browne, JP, Togher, S, Hoffmann, A, et al. Exhaustion-associated regulatory regions in CD8(+) tumor-infiltrating T cells. Proc Natl Acad Sci U.S.A. (2017) 114:E2776–85. doi: 10.1073/pnas.1620498114

64. Schietinger, A, Philip, M, Krisnawan, VE, Chiu, EY, Delrow, JJ, Basom, RS, et al. Tumor-specific T cell dysfunction is a dynamic antigen-driven differentiation program initiated early during tumorigenesis. Immunity. (2016) 45:389–401. doi: 10.1016/j.immuni.2016.07.011

65. Khan, O, Giles, JR, McDonald, S, Manne, S, Ngiow, SF, Patel, KP, et al. TOX transcriptionally and epigenetically programs CD8(+) T cell exhaustion. Nature. (2019) 571:211–8. doi: 10.1038/s41586-019-1325-x

66. Man, K, Gabriel, SS, Liao, Y, Gloury, R, Preston, S, Henstridge, DC, et al. Transcription factor IRF4 promotes CD8(+) T cell exhaustion and limits the development of memory-like T cells during chronic infection. Immunity. (2017) 47:1129–1141 e1125. doi: 10.1016/j.immuni.2017.11.021

67. Kersten, K, Hu, KH, Combes, AJ, Samad, B, Harwin, T, Ray, A, et al. Spatiotemporal co-dependency between macrophages and exhausted CD8(+) T cells in cancer. Cancer Cell. (2022) 40:624–638 e629. doi: 10.1016/j.ccell.2022.05.004

68. Wu, HT, and Zhao, XY. Regulation of CD38 on multiple myeloma and NK cells by monoclonal antibodies. Int J Biol Sci. (2022) 18:1974–88. doi: 10.7150/ijbs.68148

69. Krejcik, J, Casneuf, T, Nijhof, IS, Verbist, B, Bald, J, Plesner, T, et al. Daratumumab depletes CD38+ immune regulatory cells, promotes T-cell expansion, and skews T-cell repertoire in multiple myeloma. Blood. (2016) 128:384–94. doi: 10.1182/blood-2015-12-687749

70. Huang, Y, Shao, M, Teng, X, Si, X, Wu, L, Jiang, P, et al. Inhibition of CD38 enzymatic activity enhances CAR-T cell immune-therapeutic efficacy by repressing glycolytic metabolism. Cell Rep Med. (2024) 5:101400. doi: 10.1016/j.xcrm.2024.101400

71. Ninomiya, S, Narala, N, Huye, L, Yagyu, S, Savoldo, B, Dotti, G, et al. Tumor indoleamine 2,3-dioxygenase (IDO) inhibits CD19-CAR T cells and is downregulated by lymphodepleting drugs. Blood. (2015) 125:3905–16. doi: 10.1182/blood-2015-01-621474

72. Klysz, DD, Fowler, C, Malipatlolla, M, Stuani, L, Freitas, KA, Chen, Y, et al. Inosine induces stemness features in CAR-T cells and enhances potency. Cancer Cell. (2024) 42:266–282 e268. doi: 10.1016/j.ccell.2024.01.002

73. Wu, H, Zhao, X, Hochrein, SM, Eckstein, M, Gubert, GF, Knöpper, K, et al. Mitochondrial dysfunction promotes the transition of precursor to terminally exhausted T cells through HIF-1alpha-mediated glycolytic reprogramming. Nat Commun. (2023) 14:6858. doi: 10.1038/s41467-023-42634-3

74. Escobar, G, Tooley, K, Oliveras, JP, Huang, L, Cheng, H, Bookstaver, ML, et al. Tumor immunogenicity dictates reliance on TCF1 in CD8(+) T cells for response to immunotherapy. Cancer Cell. (2023) 41:1662–1679 e1667. doi: 10.1016/j.ccell.2023.08.001

75. Hua, Y, Vella, G, Rambow, F, Allen, E, Antoranz Martinez, A, Duhamel, M, et al. Cancer immunotherapies transition endothelial cells into HEVs that generate TCF1(+) T lymphocyte niches through a feed-forward loop. Cancer Cell. (2022) 40:1600–1618 e1610. doi: 10.1016/j.ccell.2022.11.002

76. Wherry, EJ, and Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. (2015) 15:486–99. doi: 10.1038/nri3862

77. Zhang, R, Deng, Q, Jiang, Y, Zhu, H, Wang, J, and Zhao, M. Effect and changes in PD−1 expression of CD19 CAR−T cells from T cells highly expressing PD−1 combined with reduced−dose PD−1 inhibitor. Oncol Rep. (2019) 41:3455–63. doi: 10.3892/or.2019.7096

78. Yamaguchi, Y, Gibson, J, Ou, K, Lopez, LS, Ng, RH, Leggett, N, et al. PD-L1 blockade restores CAR T cell activity through IFN-gamma-regulation of CD163+ M2 macrophages. J Immunother Cancer. (2022) 10:e004400. doi: 10.1136/jitc-2021-004400

79. Chen, N, Morello, A, Tano, Z, and Adusumilli, PS. CAR T-cell intrinsic PD-1 checkpoint blockade: A two-in-one approach for solid tumor immunotherapy. Oncoimmunology. (2017) 6:e1273302. doi: 10.1080/2162402X.2016.1273302

80. Hu, B, Zou, Y, Zhang, L, Tang, J, Niedermann, G, Firat, E, et al. Nucleofection with plasmid DNA for CRISPR/cas9-mediated inactivation of programmed cell death protein 1 in CD133-specific CAR T cells. Hum Gene Ther. (2019) 30:446–58. doi: 10.1089/hum.2017.234

81. Park, JA, and Cheung, NV. Promise and challenges of T cell immunotherapy for osteosarcoma. Int J Mol Sci. (2023) 24:12520. doi: 10.3390/ijms241512520

82. John, LB, Devaud, C, Duong, CPM, Yong, CS, Beavis, PA, Haynes, NM, et al. Anti-PD-1 antibody therapy potently enhances the eradication of established tumors by gene-modified T cells. Clin Cancer Res. (2013) 19:5636–46. doi: 10.1158/1078-0432.CCR-13-0458

83. Adusumilli, PS, Zauderer, MG, Rivière, I, Solomon, SB, Rusch, VW, O’Cearbhaill, RE, et al. A phase I trial of regional mesothelin-targeted CAR T-cell therapy in patients with Malignant pleural disease, in combination with the anti-PD-1 agent pembrolizumab. Cancer Discovery. (2021) 11:2748–63. doi: 10.1158/2159-8290.CD-21-0407

84. Chong, EA, Melenhorst, JJ, Lacey, SF, Ambrose, DE, Gonzalez, V, Levine, BL, et al. PD-1 blockade modulates chimeric antigen receptor (CAR)-modified T cells: refueling the CAR. Blood. (2017) 129:1039–41. doi: 10.1182/blood-2016-09-738245

85. Chowdhury, PS, Chamoto, K, and Honjo, T. Combination therapy strategies for improving PD-1 blockade efficacy: a new era in cancer immunotherapy. J Intern Med. (2018) 283:110–20. doi: 10.1111/joim.12708

86. Weiner, GJ. Building better monoclonal antibody-based therapeutics. Nat Rev Cancer. (2015) 15:361–70. doi: 10.1038/nrc3930

87. Cao, TQ, Wainwright, DA, Lee-Chang, C, Miska, J, Sonabend, AM, Heimberger, AB, et al. Next steps for immunotherapy in glioblastoma. Cancers (Basel). (2022) 14:4023. doi: 10.3390/cancers14164023

88. Chong, EA, Alanio, C, Svoboda, J, Nasta, SD, Landsburg, DJ, Lacey, SF, et al. Pembrolizumab for B-cell lymphomas relapsing after or refractory to CD19-directed CAR T-cell therapy. Blood. (2022) 139:1026–38. doi: 10.1182/blood.2021012634

89. Heczey, A, Louis, CU, Savoldo, B, Dakhova, O, Durett, A, Grilley, B, et al. CAR T cells administered in combination with lymphodepletion and PD-1 inhibition to patients with neuroblastoma. Mol Ther. (2017) 25:2214–24. doi: 10.1016/j.ymthe.2017.05.012

90. Creelan, BC, Wang, C, Teer, JK, Toloza, EM, Yao, J, Kim, S, et al. Tumor-infiltrating lymphocyte treatment for anti-PD-1-resistant metastatic lung cancer: a phase 1 trial. Nat Med. (2021) 27:1410–8. doi: 10.1038/s41591-021-01462-y

91. Kverneland, AH, Pedersen, M, Westergaard, MCW, Nielsen, M, Borch, TH, Olsen, LR, et al. Adoptive cell therapy in combination with checkpoint inhibitors in ovarian cancer. Oncotarget. (2020) 11:2092–105. doi: 10.18632/oncotarget.27604

92. Mullinax, JE, Hall, M, Prabhakaran, S, Weber, J, Khushalani, N, Eroglu, Z, et al. Combination of ipilimumab and adoptive cell therapy with tumor-infiltrating lymphocytes for patients with metastatic melanoma. Front Oncol. (2018) 8:44. doi: 10.3389/fonc.2018.00044

93. Boutros, C, Tarhini, A, Routier, E, Lambotte, O, Ladurie, FL, Carbonnel, F, et al. Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies alone and in combination. Nat Rev Clin Oncol. (2016) 13:473–86. doi: 10.1038/nrclinonc.2016.58

94. Kao, JC, Brickshawana, A, and Liewluck, T. Neuromuscular complications of programmed cell death-1 (PD-1) inhibitors. Curr Neurol Neurosci Rep. (2018) 18:63. doi: 10.1007/s11910-018-0878-7

95. Mir, H, Alhussein, M, Alrashidi, S, Alzayer, H, Alshatti, A, Valettas, N, et al. Cardiac complications associated with checkpoint inhibition: A systematic review of the literature in an important emerging area. Can J Cardiol. (2018) 34:1059–68. doi: 10.1016/j.cjca.2018.03.012

96. Naidoo, J, Wang, X, Woo, KM, Iyriboz, T, Halpenny, D, Cunningham, J, et al. Pneumonitis in patients treated with anti-programmed death-1/programmed death ligand 1 therapy. J Clin Oncol. (2017) 35:709–17. doi: 10.1200/JCO.2016.68.2005

97. Minagawa, K, Al-Obaidi, M, and Di Stasi, A. Generation of suicide gene-modified chimeric antigen receptor-redirected T-cells for cancer immunotherapy. Methods Mol Biol. (2019) 1895:57–73. doi: 10.1007/978-1-4939-8922-5_5

98. Yao, H, Wang, H, Li, C, Fang, JY, and Xu, J. Cancer cell-intrinsic PD-1 and implications in combinatorial immunotherapy. Front Immunol. (2018) 9:1774. doi: 10.3389/fimmu.2018.01774

99. Henry, C, et al. [Functional study of the larynx]. Rev Laryngol Otol Rhinol (Bord). (1988) 109:367–71.

100. Rafiq, S, Yeku, OO, Jackson, HJ, Purdon, TJ, van Leeuwen, DG, Drakes, DJ, et al. Targeted delivery of a PD-1-blocking scFv by CAR-T cells enhances anti-tumor efficacy. vivo. Nat Biotechnol. (2018) 36:847–56. doi: 10.1038/nbt.4195

101. Fang, J, Ding, N, Guo, X, et al. Correction: alphaPD-1-mesoCAR-T cells partially inhibit the growth of advanced/refractory ovarian cancer in a patient along with daily apatinib. J Immunother Cancer. (2023) 11:e001162corr1. doi: 10.1136/jitc-2020-001162corr1

102. Chen, J, Zhu, T, Jiang, G, Zeng, Q, Li, Z, and Huang, X. Target delivery of a PD-1-TREM2 scFv by CAR-T cells enhances anti-tumor efficacy in colorectal cancer. Mol Cancer. (2023) 22:131. doi: 10.1186/s12943-023-01830-x

103. Yi, M, Zheng, X, Niu, M, Zhu, S, Ge, H, and Wu, K. Combination strategies with PD-1/PD-L1 blockade: current advances and future directions. Mol Cancer. (2022) 21:28. doi: 10.1186/s12943-021-01489-2

104. Ponte, JF, Ab, O, Lanieri, L, Lee, J, Coccia, J, Bartle, LM, et al. Mirvetuximab soravtansine (IMGN853), a folate receptor alpha-targeting antibody-drug conjugate, potentiates the activity of standard of care therapeutics in ovarian cancer models. Neoplasia. (2016) 18:775–84. doi: 10.1016/j.neo.2016.11.002

105. Ao, X, Yang, Y, Li, W, Tan, Y, Guo, W, Ao, L, et al. Anti-alphaFR CAR-engineered NK-92 cells display potent cytotoxicity against alphaFR-positive ovarian cancer. J Immunother. (2019) 42:284–96. doi: 10.1097/CJI.0000000000000286

106. Schoutrop, E, El-Serafi, I, Poiret, T, Zhao, Y, Gultekin, O, He, R, et al. Mesothelin-specific CAR T cells target ovarian cancer. Cancer Res. (2021) 81:3022–35. doi: 10.1158/0008-5472.CAN-20-2701

107. Lau, E, Kwong, G, Fowler, TW, Sun, BC, Donohoue, PD, Davis, RT, et al. Allogeneic chimeric antigen receptor-T cells with CRISPR-disrupted programmed death-1 checkpoint exhibit enhanced functional fitness. Cytotherapy. (2023) 25:750–62. doi: 10.1016/j.jcyt.2023.03.011

108. Zhu, H, You, Y, Shen, Z, and Shi, L. EGFRvIII-CAR-T cells with PD-1 knockout have improved anti-glioma activity. Pathol Oncol Res. (2020) 26:2135–41. doi: 10.1007/s12253-019-00759-1

109. Guo, X, Jiang, H, Shi, B, Zhou, M, Zhang, H, Shi, Z, et al. Disruption of PD-1 enhanced the anti-tumor activity of chimeric antigen receptor T cells against hepatocellular carcinoma. Front Pharmacol. (2018) 9:1118. doi: 10.3389/fphar.2018.01118

110. Wei, J, Luo, C, Wang, Y, Guo, Y, Dai, H, Tong, C, et al. PD-1 silencing impairs the anti-tumor function of chimeric antigen receptor modified T cells by inhibiting proliferation activity. J Immunother Cancer. (2019) 7:209. doi: 10.1186/s40425-019-0685-y

111. Kalinin, RS, Ukrainskaya, VM, Chumakov, SP, Moysenovich, AM, Tereshchuk, VM, Volkov, DV, et al. Engineered removal of PD-1 from the surface of CD19 CAR-T cells results in increased activation and diminished survival. Front Mol Biosci. (2021) 8:745286. doi: 10.3389/fmolb.2021.745286

112. Zhang, Y, Zhang, X, Cheng, C, Mu, W, Liu, X, Li, N, et al. CRISPR-Cas9 mediated LAG-3 disruption in CAR-T cells. Front Med. (2017) 11:554–62. doi: 10.1007/s11684-017-0543-6

113. Agarwal, S, Aznar, MA, Rech, AJ, Good, CR, Kuramitsu, S, Da, T, et al. Deletion of the inhibitory co-receptor CTLA-4 enhances and invigorates chimeric antigen receptor T cells. Immunity. (2023) 56:2388–2407 e2389. doi: 10.1016/j.immuni.2023.09.001

114. Carnevale, J, Shifrut, E, Kale, N, Nyberg, WA, Blaeschke, F, Chen, YY, et al. RASA2 ablation in T cells boosts antigen sensitivity and long-term function. Nature. (2022) 609:174–82. doi: 10.1038/s41586-022-05126-w

115. Huang, RY, Francois, A, McGray, AR, Miliotto, A, and Odunsi, K. Compensatory upregulation of PD-1, LAG-3, and CTLA-4 limits the efficacy of single-agent checkpoint blockade in metastatic ovarian cancer. Oncoimmunology. (2017) 6:e1249561. doi: 10.1080/2162402X.2016.1249561

116. Lee, YH, Lee, HJ, Kim, HC, Lee, Y, Nam, SK, Hupperetz, C, et al. PD-1 and TIGIT downregulation distinctly affect the effector and early memory phenotypes of CD19-targeting CAR T cells. Mol Ther. (2022) 30:579–92. doi: 10.1016/j.ymthe.2021.10.004

117. Doudna, JA. The promise and challenge of therapeutic genome editing. Nature. (2020) 578:229–36. doi: 10.1038/s41586-020-1978-5

118. Komor, AC, Badran, AH, and Liu, DR. CRISPR-based technologies for the manipulation of eukaryotic genomes. Cell. (2017) 168:20–36. doi: 10.1016/j.cell.2016.10.044

119. Atianand, MK, and Fitzgerald, KA. Molecular basis of DNA recognition in the immune system. J Immunol. (2013) 190:1911–8. doi: 10.4049/jimmunol.1203162

120. Michieletto, D, Lusic, M, Marenduzzo, D, and Orlandini, E. Physical principles of retroviral integration in the human genome. Nat Commun. (2019) 10:575. doi: 10.1038/s41467-019-08333-8

121. De Sousa Russo-Carbolante, EM, Picanço-Castro, V, Alves, DCC, Fernandes, AC, Almeida-Porada, G, Tonn, T, et al. Integration pattern of HIV-1 based lentiviral vector carrying recombinant coagulation factor VIII in Sk-Hep and 293T cells. Biotechnol Lett. (2011) 33:23–31. doi: 10.1007/s10529-010-0387-5

122. Tao, J, Zhou, X, and Jiang, Z. cGAS-cGAMP-STING: The three musketeers of cytosolic DNA sensing and signaling. IUBMB Life. (2016) 68:858–70. doi: 10.1002/iub.1566

123. Gandara, C, Affleck, V, and Stoll, EA. Manufacture of third-generation lentivirus for preclinical use, with process development considerations for translation to good manufacturing practice. Hum Gene Ther Methods. (2018) 29:1–15. doi: 10.1089/hgtb.2017.098

124. Zhang, J, Hu, Y, Yang, J, Li, W, Zhang, M, Wang, Q, et al. Non-viral, specifically targeted CAR-T cells achieve high safety and efficacy in B-NHL. Nature. (2022) 609:369–74. doi: 10.1038/s41586-022-05140-y

125. Donohoue, PD, Pacesa, M, Lau, E, Vidal, B, Irby, MJ, Nyer, DB, et al. Conformational control of Cas9 by CRISPR hybrid RNA-DNA guides mitigates off-target activity in T cells. Mol Cell. (2021) 81:3637–3649 e3635. doi: 10.1016/j.molcel.2021.07.035

126. Hamilton, AG, Swingle, KL, Joseph, RA, Mai, D, Gong, N, Billingsley, MM, et al. Ionizable lipid nanoparticles with integrated immune checkpoint inhibition for mRNA CAR T cell engineering. Adv Healthc MaT. (2023) 12:e2301515. doi: 10.1002/adhm.202301515

127. Evgin, L, Kottke, T, Tonne, J, Thompson, J, Huff, A, Van Vloten, J, et al. Oncolytic virus-mediated expansion of dual-specific CAR T cells improves efficacy against solid tumors in mice. Sci Transl Med. (2022) 14:eabn2231. doi: 10.1126/scitranslmed.abn2231




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 © 2024 Lv, Luo, Xie, Qiu, Yang, Deng, Long, Tang, Zhang and Zuo. 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-14-1368732-g002.jpg
Antigenic heterogeneity

o

e ‘ & CAR-Teells

Immune barrier

© CAR-Teells

IL-1011® g “yE@®  TAMs 1t
TGFB1T © o 2A5A

IL-3511 ©

CAR-T cells exhaustion

PD-1 11
CTLA-4 11
LAG-3 11
TIM-3 11

Mechanism of action diagram of ICIs

receptor protein antibody  Tumor cell

\
y
Teell Y 4
PD-1 PD-LI
Tumor cell
receptor protein antibody
o
Teell
R PD-LI
PD-1
N 2=
PD-1 inhibitor || PD-LI inhibitor





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Prospects and challenges of CAR-T cell therapy combined with ICIs

      

        		

          1 Introduction

        



        		

          2 Issues and challenges of CAR-T in solid tumors

        

          		

            2.1 Lack of tumor-specific antigens (antigenic heterogeneity)

          



          		

            2.2 Low efficiency of tumor infiltration (physical barrier)

          



          		

            2.3 Suppression of the tumor immune microenvironment (immune barrier)

          



        



        



        		

          3 CAR-T cells exhaustion

        

          		

            3.1 CAR-T cells exhaustion mechanisms

          



          		

            3.2 Association of ICIs with CAR-T cells exhaustion

          



        



        



        		

          4 Strategies for the clinical application of CAR-T cell therapy in combination with ICIs

        

          		

            4.1 Exogenous ICIs combined with CAR-T cell therapy

          



          		

            4.2 CAR-T therapy with auto endocrine immune checkpoint antibodies

          



          		

            4.3 Immune checkpoint genes disrupted CAR-T cells

          

            		

              4.3.1 PD-1/PD-L1 axis

            



            		

              4.3.2 Other immune checkpoints

            



            		

              4.3.3 Multi-target blockade

            



          



          



          		

            4.4 New delivery systems

          



          		

            4.5 Other novel immune combination therapies

          



        



        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
NCT number

CAR-T
product

Target

antigen

Disease

Clinical trial phase

Status

Location

NCT03179007

NCT03182816

NCT02862028

NCT03615313

NCT03030001

CTLA-4 and PD-1
CTLA-4 and PD-1
PD-1
PD-1

PD-1

MUC-1

EGFR

EGFR

MSLN

MSLN

Solid Tumor
NCLC
NCLC

Solid Tumor

Solid Tumor

12

12

172

Recruiting
Recruiting
Recruiting
Recruiting

Recruiting

Ningbo China
Ningbo China
Shanghai China
Shanghai China

Ningbo China






OEBPS/Images/table3.jpg
CAR-T

product

Target
antigen

Disease

Clinical trial phase

location

NCT03525782

NCT05812326

NCT03706326

NCT03545815

NCT05732948

NCT03747965

PD-1KO CAR-T

PD-1KO CAR-T

PD-1KO CAR-T

PD-1/TCR KO

PD-1 Silence

CAR-T

PD-1 KO CAR-T

MUC1

MUCL

MUC1

MSLN

PSMA/PSCA

MSLN

NCLC

Breast Cancer

Esophageal Cancer

Solid Tumor

Prostate Cancer

Solid Tumor

12

12

12

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Guangzhou
China

Guangzhou
China

Guangzhou
China
Beijing
China
Suzhou
China
Beijing
China





OEBPS/Images/fonc.2024.1368732_cover.jpg
& frontiers | Frontiers in Oncology

Prospects and challenges of CAR-T cell
therapy combined with ICIs





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





OEBPS/Images/table1.jpg
Target Indications Time to market Reference

Kymriah CD19 BCR-AL/rr DLBCL 2017.08.30 Maude Slet al. (19)
Yescarta CD19 rr DLBCL/rr FL 2017.10.18 Locke FL et al. (20)
Tecartus CD19 rr MCL 2020.07.24 ‘Wang M et al. (21)
Breyanzi CD19 rr DLBCL 2021.02.05 Abramson JS et al. (22)
Abecma BCMA r MM 2021.03.26 Berdeja JG et al. (23)
Carvykti BCMA m MM 2022.02.28 Munshi NC et al. (24)






OEBPS/Images/fonc-14-1368732-g001.jpg
The structure of CAR

o

B
€ Y &
| _ ‘
94

15tGen 27 Gen 31 Gen 41 Gen 5th Gen
scFV
VL VH
(I XX X] XX X] X XXX KX X ] [ X X ¥ X J
ccccoclescochocodeces oo 0o e
Costim 1
CD3¢ -y _ - @JAK
Costim 2 {
CD3g 7 STAT3
CD3( D3¢
Costim 1:  Costim 2:
CD28 4-1BB
4-1BB CD27 Transgene activation
ICOS

0OX40





