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Abstract

:

Novel engineered T cells containing chimeric antigen receptors (CAR-T cells) that combine the benefits of antigen recognition and T cell response have been developed, and their effect in the anti-tumor immunotherapy of patients with relapsed/refractory leukemia has been dramatic. Thus, CAR-T cell immunotherapy is rapidly emerging as a new therapy. However, it has limitations that prevent consistency in therapeutic effects in solid tumors, which accounts for over 90% of all cancer patients. Here, we review the literature regarding various obstacles to CAR-T cell immunotherapy for solid tumors, including those that cause CAR-T cell dysfunction in the immunosuppressive tumor microenvironment, such as reactive oxygen species, pH, O2, immunosuppressive cells, cytokines, and metabolites, as well as those that impair cell trafficking into the tumor microenvironment. Next-generation CAR-T cell therapy is currently undergoing clinical trials to overcome these challenges. Therefore, novel approaches to address the challenges faced by CAR-T cell immunotherapy in solid tumors are also discussed here.
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1. Introduction


For a long time, cancers have been treated using traditional therapies, such as surgery, radiation therapy, and chemotherapy. Although these therapies are still popular, as they have considerable effects in terms of prolonged survival, they also have limitations and severe side effects. Recently, targeted cancer therapies, like imatinib and trastuzumab [1], which interfere with the activity of specific molecules related to cell proliferation, have also been developed and applied as standard therapies for many cancers. More recently, immunotherapy, which boosts and strengthens a patient’s own immunity to control tumors, has emerged and paved the way for a new era of cancer treatment, leading not only to prolonged survival, but also to total recovery. Chimeric antigen receptor (CAR) T cells, as a rapidly emerging immunotherapeutic modality, are T cells that are genetically engineered to express an antigen-specific receptor that can recognize a target in a non-MHC restricted manner, unlike conventional T cell receptors (TCRs) [2].



CAR-T cell therapy has provided a dramatically advanced breakthrough as one of the most promising cancer immunotherapies [3]. Despite the advances in CAR-T cell therapy for hematologic malignancies, its use for solid tumors remains challenging because of issues involving on-target/off-tumor activity and anatomical and environmental features. One of the main reasons for CAR-T cell therapy failure in solid tumors is the unavailability of solid tumor-specific antigens, unlike in chronic lymphoblast leukemia (CLL) and acute lymphoblast leukemia (ALL), which universally express the antigen CD19 on B cells [4]. Tumor antigens are mainly classified into two categories: (i) tumor-specific antigens (TSAs), which are specifically expressed on tumor cells and can thus be targeted with fewer side effects (such as on-target/off-tumor toxicity); and (ii) tumor-associated antigens (TAAs), which are expressed on cancer cells, as well as healthy cells (often in lesser quantity), and are highly prone to causing excessive toxicity upon being targeted [5]. As solid tumors scarcely express one TSA, TAA or a combination of TAAs are commonly targeted for immunotherapies against most solid tumors [6].



The tumor microenvironment (TME) in solid tumors is less accessible and immunosuppressive. The TME is redesigned by cancer cells to facilitate their growth and is not a favorable environment for T cell homing or persistence [5]. For a clinically useful anti-tumor response, CAR-T cells need to overcome several obstacles, such as insufficient infiltration, mismatched chemokine signals, physiological barriers, immunosuppressive cytokines/cells, pH, oxidative stress, immune checkpoint molecules, antigen escape, and scarcity of immune-stimulating cytokines [7]. These immune invasion factors hinder CAR-T cell function, as illustrated in Figure 1. Additionally, mechanisms for CAR-T cell resistance are rapidly emerging [8]. Because the natural machinery of T cells is not sufficient to overcome the severe challenges mentioned above, many studies have been performed and many are currently underway to artificially modify these cells to allow them to infiltrate, persist, and proliferate in and attack tumors. In this review, we discuss the limitations of CAR-T cell therapy in solid tumors and the advanced strategies that are currently being tested to overcome these limitations. Limiting factors identified in different solid tumor models and the corresponding studies are summarized in Table 1.




2. Overview of CAR-T Cells


CAR-T cells contain a CAR that is capable of recognizing antigens independent of an MHC molecule. The first-generation CARs contained a single-chain variable fragment (scFv) of an antibody fused to a transmembrane domain and an intracellular CD3ζ signaling domain that induces T cell activation [9]. Later, additional co-stimulatory domains, like CD28, 4-1BB, CD27, ICOS, and/or OX40, were added to the CAR individually or in combination (called second-/third-generation CAR-T cells) and have resulted in better persistence, robust activation, and enhanced anti-tumor activity [10]. CARs are mainly transduced by viral methods, with lentiviral transduction being the most common method [11]. Other non-viral transduction methods have emerged that utilize the DNA or mRNA transposon systems and have proved to be less mutagenic [12]. Further research into overcoming a suppressive microenvironment has led to the development of CAR-T cells that have cytokine transgenes, and can thus modulate cytokine function or release cytokines [2,13,14,15]. In 2017, the U.S. Food and Drug Administration (FDA) approved two CAR-T cell therapies, KYMRIAH® (tisagenlecleucel) and YESCARTA® (axicabtagene ciloleucel), for pediatric ALL and adult relapsed/refractory large B cell lymphoma, respectively, which achieved complete remission in 90% of cases. These CAR-T cell therapies were approved by the European Medical Agency (EMA) in 2018 [16,17]. However, despite extensive research, CAR-T cell therapy has been scarcely successful in solid tumors.




3. Limiting Factors for CAR-T Cell Therapy of Solid Tumors


3.1. CAR-T Cell Trafficking to the Tumor Site


Solid tumors can undergo immune escape by interfering with T cell trafficking. Furthermore, T cell migration is closely correlated with the prognosis of patients with various cancers, including thymoma, mesothelioma, brain, ovarian, pancreatic, and skin cancers [18,19,20,21]. Improved T cell trafficking to a tumor site has been shown to be positively correlated with enhanced anti-tumor responses [22]. Therefore, enhanced T cell trafficking to a tumor site is essential for the success of CAR-T therapy. The poor homing of CAR-T cells to a tumor site is caused by chemokine–chemokine receptor mismatching, downregulation of adhesion molecules, and abnormal tumor neovasculature, which exhibits irregular distribution, branching, and cellular composition (Figure 1) [22]. Indeed, although some solid tumors highly express C-C chemokine ligand 2 (CCL2), cognate chemokine receptors (CCRs), such as CCR2b and CCR4, are rarely expressed on T cells, resulting in poor homing to the solid tumor bed [23]. Expression of the adhesion molecules Intercellular Adhesion Molecule (ICAM)-1/2, Vascular Cell Adhesion Molecule (VCAM)-1, and CD34 is downregulated on some tumor endothelia to recruit suppressive cells and exclude effector T cells [24]. In terms of aberrant vascular morphology, pericytes, which are a critical vascular cell type essential for vessel maintenance and remodeling, are scarce or loosely attached to tumor blood vessels, resulting in leakier vessels than normal [25]. These leaky blood vessels induce aberrant blood flow, limiting T cell migration to the tumor site [26].




3.2. CAR-T Cell Infiltration into the Tumor Bed


Once T cells successfully traffic to tumor sites, T cell infiltration into the dense tumor cell region is required. However, in various solid tumors, T cells are physically trapped and prevented from penetrating the tumor by the dense extracellular matrix (ECM) produced by cancer-associated fibroblasts (CAFs) [27,28,29,30,31,32,33,34,35]. Additionally, CXCL12, produced by CAF, protects cancer cells from anti-tumor T cells. The generation of blood vessels, known as high endothelial venules (HEVs), is critical for CAR-T cell infiltration and is associated with tumor regression in tumors, such as melanoma [36]. The ECM, containing proteoglycans and glycopeptides, is composed of nonstructural matrix proteins, such as heparan sulfate proteoglycans (HSPGs), and has an essential role in the tumor cell growth [37,38]. T cell penetration and function in stroma-rich solid tumors are significantly impaired by the abundance of ECM (Figure 1), resulting in the lower killing activity of CAR-T cells [39]. Indeed, recent studies showed that the expression of heparanase (HPSE), which can degrade HSPGs, is reduced in in vitro developed CAR-T cells [40].




3.3. Immunosuppressive Tumor Microenvironment


3.3.1. Immune Suppressor Cells


The suppression of the anti-tumor immune response of CAR-T cells in solid tumors is mediated by immunosuppressive cells, including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and TAMs, in the TME [41,42,43,44]. These cells release cytokines, such as transforming growth factor-β (TGFβ) and IL-10, resulting in the suppression of the cytotoxic effect of CAR-T cells. MDSCs, which are representative immunosuppressive cells, not only regulate the anti-tumor activity of CAR-T cells negatively, but are also involved in tumor progression by expediting tumor angiogenesis and tumor cell invasion. MDSCs suppress T cell proliferation and function through arginase, inducible nitric oxide synthase (iNOS), TGFβ, and IL-10 [45]. Moreover, MDSCs induce the production of reactive oxygen species (ROS), resulting in a robust immunosuppressive microenvironment (Figure 1). Therefore, inhibition or depletion of MDSCs has improved anti-tumor immune response in the TME. Furthermore, MDSCs in the TME recruit Tregs, which play a critical role in the negative regulation of the immune response. Moreover, these cells suppress the T cell activity through various mechanisms, including cell-to-cell interaction, inhibition, and secretion of immunosuppressive cytokines, such as TGFβ and IL-10 [46]. Most tumor cells induce immunosuppressive M2 macrophages rather than immunostimulatory M1 macrophages. TAMs promote the proliferation, activation, and metastasis of tumor cells by expressing various immunosuppressive soluble factors [47].




3.3.2. Immune Checkpoints


Tumor-infiltrating T cells are functionally tolerant to TME and display suppressed effector functions compared with those of normal effector T cells [48]. They express inhibitory receptors, such as PD-1, TIM-3, TIGIT, LAG-3, and CTLA-4 [49,50,51], which induce T cell exhaustion and prevent the excessive activation of T cells; however, cancer cells exploit these receptors to evade the attack of T cells [52,53,54]. PD-1 regulates T cell activation via binding to PD-L1 [55] or PD-L2 [56] on the surface of tumor cells [57]. PD-1/PD-L1/2 binding inhibits T cell proliferation and IFN-γ, TNF-α, and IL-2 production and limits T cell survival [58]. Similar to PD-1 signaling, CTLA-4 binds to B7 and inhibits CAR-T cell activation directly at the TCR immune synapse [59,60].



High expression of immune checkpoint proteins on CAR-T cells is associated with disrupted effector function, loss of tumor immune response, and poor prognosis [61]. Higher expression of ligand for immune checkpoints on tumor cells is associated with poor anti-tumor response and poor prognosis. In addition to PD-1 and CTLA-4, various co-inhibitory receptors, such as TIM-3, LAG-3, and TIGIT, are also expressed on exhausted T cells [62]. Thus, consecutive targeting of immune checkpoint signaling pathways may further enhance CAR-T cell potency.




3.3.3. Reactive Oxygen Species (ROS)


The TME of solid tumors suppresses the function of infiltrated T cells via several mechanisms, such as ROS generation [63,64]. Infiltrated T cells often encounter abundant oxidative stress that can attenuate their anti-tumor effects. The accumulation of ROS in TME is induced by MDSCs. MDSC-released ROS modifies TCR and CD8 or downregulates CD3ζ expression, thereby inhibiting the antigen-specific response [65] and activity of effector T cells [66]. MDSCs are present in most solid tumors and can produce arginase, which deprives T cells of amino acids and suppresses the T cell response, with decreased IL-2 and IFN-γ expression [67,68]. Excessive ROS is produced in TME because of an imbalance between ROS production (mainly from mitochondria through respiratory burst) and detoxification. While the normal ROS levels are essential for cell signaling, an abrupt increase in ROS levels, primarily owing to environmental stressors, such as pollutants and ionizing radiation, causes cell damage and carcinogenesis [69]. Oxidative stress is known to cause cell injury through mutations, especially in cell cycle-related genes and the tumor suppressor gene p53, which leads to tumorigenesis and tumor progression [70].




3.3.4. Metabolites


The T cell-mediated anti-tumor response requires a balance of nutrients and energy for T cell expansion and function. However, tumor cells have high metabolic demands, resulting in an inhibited function of CAR-T cells in the TME. In a murine tumor model, the reduction of metabolites inhibited MDSC-mediated T cell suppression and improved the anti-tumor activity [71]. Thus, controlling metabolites in the TME is important. Lactate, one of the metabolites of tumor cells, suppresses the proliferation, activation, cytokine production, and cytotoxicity of T cells [72]. Other metabolites of tumor cells, including adenosine [73], indoleamine-2,3-dioxygenase (IDO) [74], arginase-1 [75], and L-arginine [76], are amino acid-degrading enzymes that are commonly expressed in the TME and also inhibit T cell function [77,78,79]. Recently, Baumann et al. reported that MDSC-dependent metabolites constrain the anti-tumor response of CD8+ T cells via the cell-to-cell transfer of the toxic metabolite methylglyoxal (MG) to the cytosol of T cells [71]. The MG-responsible factors and MG-linked pathway in T cells are unclear. Previous studies have suggested that MG is linked with the oxidative stress response involving Nuclear Factor Erythroid 2-Related Factor 2 (NRF2) [80] and the Hippo signaling pathway [81]. Taken together, the optimal balance between T cell and tumor cell metabolism is essential for tumor control. Modulation of metabolites improves CAR-T cell efficacy, including promotion of the generation of central memory-like cells and reduction of T cell death [82].




3.3.5. Cytokines


Tumor-derived cytokines, related to the inflammatory response at tumor sites, may attenuate the anti-tumor response of CAR-T cells, which is suppressed because of immunosuppressive cytokines in various solid tumors [83,84,85,86,87]. At tumor sites, immunosuppressive cytokines, such as TGFβ, IL-10, and IL-6, are produced by immunosuppressive cells [88,89]. These play a pivotal role in the T cells’ anti-tumor response. One of the most critical inhibitory tumor-associated cytokines is TGFβ [90,91]. TGFβ suppresses CD8+ effector T cell function and induces Treg maturation. Inhibiting TGFβ by an antibody improves CD8+ T cell effector function and promotes the anti-tumor response by elevating CAR-T persistence and infiltration into the tumor [92]. The expression of IL-10 inhibits the activation of T cells and natural killer (NK) cells, resulting in the proliferation and activation of tumor cells [93]. Additionally, granulocyte-macrophage colony-stimulating factor (GM-CSF), which is an M2 immunosuppressive soluble protein, induces the proliferation, invasion, and metastasis of tumor cells [94].




3.3.6. pH


Oxidative stress is accompanied explicitly by an acidic microenvironment. This acidic condition promotes tumor progression and metastasis. Many regions in a tumor mass are acidic. In solid tumor cells, glucose metabolism is increased, resulting in a significant generation of lactate and H+ [72,95]. Acid produced in tumor cells is transported out of the cells, making the extracellular space acidic. Tumor cells are well adapted to the acidic microenvironment, as shown through in vitro studies, such that the optimal proliferation of tumor cells occurs at a pH of 6.8 instead of the pH of 7.3, which is required by healthy cells [96]. A low pH triggers the formation of a fibrous-structure around the tumor and restricts the regular movement and migration of T cells [97]. Therefore, T cells fail to respond against tumor cells (Table 1) [98].




3.3.7. Hypoxia


A poor tumor microenvironment has low oxygen (O2) pressure [113]. Tumor infiltrating T cells undergo anergy, have dysfunctional cytotoxicity, grant cancer-therapy resistance to the tumor, as well as lead to a more malignant phenotype [100,114]. Recent studies have reported that CAR-T cell designs that have oxygen-sensing factors, such as HIF-1α, result in the promotion of memory-associated metabolic pathways, such as fatty acid oxidation, and improve their function in a hostile microenvironment [35,79,115]. Therefore, tumor infiltrating T cells are stabilized in response to hypoxia and are restricted to the local tumor environment, minimizing their potential “on-target/off-tumor” effects [79].





3.4. Shortage of Tumor Antigens


The major difference between solid tumors and hematological tumors is that it is more challenging to find TSAs for solid tumors. Many studies have employed immunoproteomics to discover TSAs against the immunogenic antigens of tumor cells. For most solid tumors, it is common to find TAAs, which are expressed at lower levels on cells of healthy tissues than on tumor cells. The representative TAAs for solid tumors are carcinoembryonic antigen (CEA); v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2, also known as HER2 (ERBB2); epidermal growth factor receptor (EGFR); EGFR variant III (EGFRvIII); glypican 3 (GPC3); epithelial cell adhesion molecule (EpCAM); ganglioside G2 (GD2); mesothelin; cell surface-associated mucin1 (MUC1); and prostate stem cell antigen (PSCA) [85,86,100]. The shortage of TSA severely limits the use of CAR-T therapy for solid tumors and increases the on-target/off-tumor toxicity [6]. Therefore, dual CARs targeting a combination of tumor antigens have been developed to address both antigen heterogeneity and the threat of antigen loss [100]. Therefore, the targeting of multiple-tumor-antigen by CAR-T cells improves their effector function and anti-tumor activity.





4. Approach to Improve CAR-T Cell Therapy for Solid Tumors


4.1. CAR-T Cell Trafficking and Infiltration


In contrast to the case of blood malignancies, infiltration is a limitation for CAR-T cell therapy in solid tumors. The tumor mass has a certain histopathology that is rich in blood vessels, fibroblasts, and myeloid cells, which safeguards tumor cells and limits CAR-T cell infiltration because of anatomical and physiological reasons [116]. One of the preferred approaches for handling this issue is the regional delivery of CAR-T cells. This is possible in most tumor models via intratumoral delivery. This approach has been tested using mesothelin-expressing CAR-T cells directed at malignant pleural cancers. Intrapleural administration has shown enhanced activation and persistence compared with the intravenous injection of CAR-T cells in the same model; its advantages include low systemic toxicity and the requirement of few cells to produce the same therapeutic effect [117]. Local delivery has also been tested in head and neck cancers and glioma models through intracranial/intra-ventricular administration, which provided better results [117,118,119]. Additionally, instead of injecting CAR-T cells into the bolus, the cells can initially be absorbed into a biopolymer along with other co-activating molecules. The biopolymer scaffold can then be inserted near the tumor mass, where it can release CAR-T cells at an optimal concentration and at a constant rate [120].



Chemokines are vital molecules that facilitate the infiltration of T cells into a tumor mass. They bind with the corresponding receptors on T cells, leading to the activation of intracellular signaling mechanisms and the subsequent polarization of cells migrating toward the higher concentration of chemokines [121]. In vivo, chemokines are expressed by various cells, including stromal cells, innate immune cells, and even tumor cells [122,123,124]. The chemokines expressed in the TME do not often match the receptors expressed on T cells. This chemokine–chemokine receptor mismatch is one of the most widely studied and immensely exploited mechanisms of insufficient T cell infiltration and subsequent tumor immune evasion [125].



Several studies have exploited this phenomenon and have mainly engineered cognate chemokine receptor on CAR-T cells (Figure 2). These experiments started in 2002, when Kershaw et al. engineered a CXCR2 receptor on T cells for its cognate cytokine CXCL1, and this led to the enhanced chemotactic behavior of T cells [126]. Later, Di et al. engineered a chemokine receptor CCR4 on adoptively transferred CAR-T cells intended to be paired with thymus- and activation-regulated chemokine/CC chemokine ligand 17 (TARC/CCL17) on CD30 positive cells in a Hodgkin lymphoma mouse model [127]. Similarly, in another study, CCR2 was engineered on CAR-T cells for targeting its cognate chemokine CCL2, which is highly expressed in malignant pleural mesothelioma. The engineered CAR-T cells exhibited increased migration and a 12.5-fold increase in cytotoxicity compared with non-transduced CAR-T cells [21]. CCR2b transduction in GD2 (a glycolipid antigen)-expressing CAR-T cells was also studied in a neuroblastoma model. A previous study demonstrated a 10% enhanced homing in vitro and enhanced anti-tumor activity in vivo [19].



CCL17 and CCL22 are cytokines expressed by stromal cells in the TME and are responsible for the homing of immune regulatory Treg and Th2 cells, which express their cognate receptor CCR4. Additionally, because of mutations in GATA3, CCR4 is also expressed in lymphoma cells, which leads to the further recruitment of malignant cells. This results in an overall inhibitory profile and has pro-tumoral effects. An effective strategy is to engineer CCR4 on CAR-T cells that can lead to anti-tumor effects. This receptor is also an effective target for monoclonal antibodies. A CAR-T cell against CCR4 was developed in 2007 [128]. Mogamulizumab is a monoclonal antibody against CCR4 that was designed in Japan and licensed for the management of relapsed or refractory adult T cell leukemia/lymphoma in 2012 and elapsed/refractory CCR4+ cutaneous T cell lymphoma in 2014 [129].



Other studies have aimed to enhance CAR-T cell infiltration by focusing on antigens present in tumor surroundings. For example, CAR-T cells targeting the vascular endothelial growth factor receptor-2 (VEGF-R2), an antigen expressed on the tumor vasculature, hinder tumorigenesis by blocking angiogenesis, and thus facilitating tumor infiltration [6]. In addition, anti-angiogenic antibodies have also been shown to exhibit enhanced T cell infiltration into the tumor bed (Figure 2) [39].



Another study targeted fibroblast activation protein (FAP), which is expressed on tumor stromal cells. CAR-T cells targeting FAP blocked stroma formation (stromagenesis), thereby decreasing tumorigenesis and enhancing infiltration [130,131]. An echistatin-containing CAR (eCAR) that has a high affinity for the αvβ3 integrin, physiologically expressed on endothelial cells and pathologically expressed on tumor cells, leads to a decrease in tumor size [132,133]. Additionally, CAR-T cells genetically engineered to express HPSE that can degrade HSPGs have a higher anti-tumor efficacy [40].




4.2. CAR-T Cell Resistance to the TME


Once CAR-T cells reach the TME, they face the challenges of persistence and expansion. As the TME is not a suitable environment for T cells, many immune inhibitory factors (mentioned above) limit the efficacy of CAR-T cells (Figure 1). Many limiting factors have been exploited by scientists to facilitate T cell growth and activity.



TME immunosuppression mainly occurs via immunosuppressive cytokines, immunosuppressive cells, and the lack of immune-activating factors. One practical approach is changing the immunosuppressive environment into an activating one by engineering chimeric inverted receptors (Figure 2), such as IL-4, secreted by tumors that have an inhibitory effect on T cells. An inverted cytokine receptor was engineered on T cells, which had the exodomain of IL-4 and the endodomain of IL-7; the results showed that the inverted cytokine receptor could convert suppressive signals into T cell proliferative signals in prostate stem cell antigen (PSCA)-specific CAR-T cells and caused enhanced anti-tumor immunity in prostate cancer models [134]. Another group used a similar approach and constructed a chimeric PD-1 receptor with the truncated extracellular domain of PD-1 and transmembrane and internal domain of CD28, thus converting the PD-1 signal into a stimulatory one [135]. This approach has also been tested for CTLA-4- and TGFβ-mediated inhibition [136,137].



Other studies focused on neutralizing immune suppression and employed various strategies (Figure 2), like the administration of neutralizing antibodies against IL-10, along with specific CAR-T cells, which caused enhanced T cell proliferation [138]. TGFβ, an inhibitory cytokine, has been neutralized using a dominant-negative receptor (DNR) [139,140,141]. Some studies reported neutralization by engineering T cells to secrete inhibitors, for example, CAR-T cells engineered to secrete PD-1 inhibitors are currently being tested [142]. PD-1 neutralization has also been studied using CAR-T cells with PD-1-blocking monoclonal antibodies (mAbs) [143]. Additionally, the inactivation of the PD-1 receptor, by internal disruption (knockouts) using the CRISPR/Cas9 system [144] or via transcription activator-like effector nucleases (TALENs) [145], makes CAR-T cells resistant to PD-1-mediated inhibition. Another study attempted to generate immune suppression resistant CAR-T cells by knocking out both PD-1 and CTLA-4 using the CRISPR/Cas9 system [144]. Combining CAR-T cells with mAbs for immune checkpoints, such as TIM-3 and LAG-3, is another important strategy. A bispecific antibody targeting PD-L1 and LAG-3 also enhances anti-tumor activity [146]. All of the above-mentioned factors (PD-1, TIM-3, and LAG-3) are markers for exhaustion, which render T cells ineffective, mostly because of chronic stimulation [49]. Lynn et al. showed that the transcription factor c-Jun (part of the canonical AP-1 c-Fos–c-Jun heterodimer) plays a critical role in preventing adoptively transferred CAR-T cell exhaustion and that the efficacy of CAR-T cell therapy is significantly enhanced by c-Jun overexpression in several models [147].



Besides neutralizing immune-suppressive signals, CAR-T cells can also be engineered to enhance immune-stimulating effects by secreting stimulatory cytokines (Figure 2). IL-2 and IL-12 enhance the proliferation of T cells and have a regulatory effect on Tregs and MDSCs. T cells engineered to secrete the cytokines IL-12 [15], IL-15 [148], IL-18 [13], and IL-21 [14] have led to an enhanced pro-inflammatory effect. Local delivery of IL-12 with VEGFR-2-targeting CAR-T cells led to increased survival in mice with subcutaneous tumors [100]. CAR-T cells expressing IL-7 (for enhanced proliferation and survival) and CCL19 (for chemoattraction), called 7 × 19 CAR-T cells, enhanced anti-tumor activities and increased the infiltration of dendritic cells and T cells in the TME [149]. Engineering the receptors of immune-stimulatory cytokines also led to enhanced signaling. For example, engineering the IL-7 receptor on CAR-T cells has shown enhanced anti-tumor activity in triple-negative breast cancer (TNBC) [150], and engineering the IL-15 receptor [151], improving its local delivery through armed oncolytic virus [152], has also shown enhanced anti-tumor activity. Furthermore, substituting IL-7 or IL-15 for IL-2 during the ex vivo expansion of CAR-T cells enhanced the T memory stem cell phenotype, reduced exhaustion markers, and improved proliferation and anti-apoptotic functions [153,154].



Other TME immunosuppressive factors include hypoxia, immunosuppressive cells, and competition among immune cells for the key nutrient glucose and for amino acids [107]. One approach for CAR-T cell design is to ensure more activity in the hypoxic microenvironment; this was achieved by one group, by fusing CAR to oxygen-sensitive HIF-1α [79]. Other studies have focused on chemotherapy-mediated lymphodepletion in blood malignancies and solid tumors [155,156]. This enhances CAR-T cell expansion through the depletion of inhibitory immune cells and less metabolic competition and also provides “space” for CAR-T cells to grow [157].



We have discussed various approaches to overcome the inhibitory TME through modification of CAR-T cells. Another recent significant approach is the use of mesenchymal stem cells (MSCs) that are capable of homing to the tumor tissue to modulate the immunosuppressive TME (Figure 2). Taking advantage of the inherent tumor-homing ability of MSCs, MSCs engineered to produce both IL-7 and IL-12, which are critical in the survival and protective responses of T cells, converted from the inhibitory to the stimulatory TME and enhanced the maintenance and anti-tumor activity of CAR-T cells [158]. Thus, this implicated that MSCs can be applied as vehicles for the TME modification.




4.3. Multi-Targeting CAR-T Cells


Finding an appropriate antigen that is explicitly expressed on tumor cells is one of the important challenges of CAR-T cell development. Many currently tested CAR-T cells for solid tumors target TAAs, which are also present in normal cells and have the potential to cause on-target/off-tumor toxicity upon being targeted [159]. Additionally, one of the many mechanisms involved in tumors developing resistance to CAR-T cells is antigen escape [160]. Antigen escape includes antigen downregulation, antigen decrease, and/or complete loss of antigen density. For FDA-approved CD19 CAR-T cells, the relapse rate is 30−60%, which is mainly attributed to antigen loss and insufficient CAR-T cell persistence [82], and has been proven by the growth of CD19 negative leukemic cells [161]. CARs targeting multiple antigens are currently being tested to overcome this situation by helping in the differentiation between tumors and healthy cells. Strategies mainly include using Boolean logic gates, which comprise AND, OR, and NOT gates. CAR-T cells with an AND gate get activated only in the presence of both pre-determined antigens, those with an OR gate require either of the two pre-determined antigens, whereas those with the NOT gate help identify normal cells through deactivation if a specific antigen is detected [162]. Many combination strategies are currently being applied, which include pooled, bispecific/trispecific, and tandem CARs (Figure 2). The simplest of all is called cocktail immunotherapy, which includes pooled CAR-T cells; it uses two different CAR-T cells, each targeting a single antigen, administered together, and mainly using the OR gate. This strategy helps in targeting tumor cells even when one antigen has escaped or its density is reduced. Sequential, instead of pooled therapy, has also shown efficacy. Most commonly, CD123 paired with CD19 has shown positive results in combating CD19-mediated antigen escape and resistance [163]. Additionally, EGFR- and CD133-specific CAR-T cells have shown positive results in cholangiocarcinoma [164]. Bispecific (bivalent) and trispecific (trivalent) CAR-T cells utilize two or three different CAR receptors expressed in a single T cell. They can use all the logic gates and are designed based on the cancer type. Because they have a comparatively higher density of CARs, they demonstrate longer persistence and higher anti-tumor activity [163,165]. In contrast, tandem CAR-T cells have two different scFv regions within one CAR in a single T cell, which targets two antigens [166] and can have different gating types according to the tumor type. To enhance functional CAR-T cell persistence and improve the therapeutic efficacy of CAR-T cells in solid tumors, Ma et al. reported a unique strategy using amphiphile CAR-T ligands (amph-ligands), which are transferred to the lymph nodes (LNs) upon inoculation and, adoptively, into the amph-ligand-primed native LN of mice, resulting in the induction of CAR-T cell expansion and an enhanced anti-tumor response in multiple mouse tumor models [167].



Apart from the gates and pooling strategies mentioned above, many other approaches have been employed, including switchable CAR-T cells that can be activated only in the presence of an internal (e.g., a TME factor) or external (often a small molecule) switch [168]. Some CAR designs use a peptide that blocks the scFv region until it is cleaved by factors in the TME, thus inactivating CARs until the CAR-T cells reach the tumor site [169]. A SynchNotch receptor, on the contrary, when activated by its cognate antigen, is translocated to the nucleus to induce CAR expression [170]. A CAR can also be administered with an antibody that acts as a bridge between the CAR and the antigen [171].



Recent studies have used CAR-T cell therapy for cancer stem cells (CSCs). Because these cells have a different phenotype than other cancer cells and are responsible for most tumor proliferation, their targeting can be an effective strategy for tumor therapy [172]. Although relevant studies are in the initial stages, CD133 is commonly used as a target for CSCs [173]. A phase 1 clinical trial successfully showed the elimination of a CD133+ tumor, but CD133− tumor relapse was observed [174]. More recently, KIAA1114 has been revealed as a distinct and stable marker for CSCs in hepatocellular carcinoma, and, Kiatomab, a mAb specific to KIAA1114, showed therapeutic potential in a murine tumor model, suggesting that KIAA1114 could be applied as a novel target antigen for CSC CAR-T cell therapy [175].



In an effort to develop novel checkpoint regulators, Hombach et al. reported the possibility of targeting the CD30–CD30L interaction [165]. CD30 and/or CD30L is expressed on T cells, B cells, and some APCs, and transiently upregulated upon activation. Moreover, previous reports have suggested that it may play a negative role in T cell activation. Thus, while CD30 was previously shown to play a role as a tumor antigen in hematological malignancies, it may also serve as a powerful immune checkpoint target. In a recent publication, Hombach et al. designed novel bispecific CAR-T cells that block the CD30 interaction and target carcinoembryonic antigen (CEA) and showed that bispecific CAR-T cells rejected CEA+ tumors more effectively than control CEA CAR-T cells [165].



Although multi-antigen-targeting CAR-T cells are effective for addressing antigen escape, they are still vulnerable to inactivation by checkpoint inhibitors, lesser infiltration, and persistence, like all other CAR-T cell types. Research focusing on multi-antigen-targeted CAR-T cells is still in its initial phase involving in vivo studies, and many adverse effects of CAR-T cells, such as cytokine release syndrome, need to be effectively tested [162].





5. Conclusions


Cancer therapy has continually evolved over the past several decades. After chemotherapy, radiotherapy, and surgery, we are in the era of immune-targeted therapy, which has shown promising results for cancer therapy and is a way forward. Especially, CAR-T cell therapy has shown promising results in accurate tumor targeting. However, because of the scarcity of TSA, antigen loss, immunosuppressive TME, and many other factors, this mode of therapy is currently limited. Additionally, CAR-T cells pose severe risks of adverse effects, such as on-target/off-tumor toxicity, that have resulted in deaths and subsequent discontinuation of many clinical trials. An unprecedented number of preclinical studies and clinical trials are currently in progress for solid tumor therapies, targeting a plethora of antigens in various tumor models. Further studies focusing on overcoming the limitations of current strategies, exploring further molecular mechanisms, and tackling antigen escape are in progress. Many studies focus on making CAR-T cells resistant to the immunosuppressive TME, improving trafficking, removing physiological/anatomical barriers in migration, and targeting multiple antigens (Figure 2). In particular, the prospects for future approaches in terms of CAR-T cell survival and function can be summarized as follows. (1) Chimeric cytokine receptors and coreceptors; they greatly contribute to strengthening the killing effect of CAR-T cells by converting inhibitory signals into stimulatory signals. (2) Neutralization of inhibitory factors generated by the TME; antibodies and soluble receptors are used to improve CAR-T survival and activity. (3) CAR-T cells or MSCs engineered to produce pro-inflammatory and survival-related cytokines; the TME can be modified for prolonged and improved anti-tumor CAR-T cell responses through the CRISPR/Cas9 and TALEN system or transgenic technology. The combined application of these approaches will greatly contribute to maximizing CAR-T survival and anti-tumor function.



An important emerging technology involved CAR natural killer (NK) cells, which are challenging CAR-T cells in clinical trials in recent years. NK cells have an advantage over T cells in many ways. They do not require strict HLA matching, and thus avoid causing graft versus host disease (GVHD) [176]. Furthermore, CAR-NK cells, unlike CAR-T cells, retain their intrinsic cytotoxic ability; thus, they can lyse targeted cells independent of CAR-antigen interactions. CAR-NK cells have lesser toxicity because they do not pose the risk of cytokine release syndrome. Although it has many advantages, the application of CAR-NK cells for cancer therapy has many drawbacks as well. These include less efficient trafficking, immunosuppression by TME, inability to expand in vivo, less frequency of NK cells in the body as compared with that of T cells, deactivation in the freeze–thaw process, and inefficient transduction techniques [177]. These limitations render CAR-NK cells a suboptimal option as compared with CAR-T cells. Recent technologies, such as the use of the sleeping beauty transposon systems, have given hope for the development of better systems using CAR-NK cells. Additional preclinical and clinical studies are required to better understand CAR-NK cell biology and address its limitations [178]. Currently, ten clinical trials are being conducted on CAR-NK cells, which are registered at www.clinicaltrials.gov. These trials target both solid and blood malignancies. CAR-NK cells have been tested for tumor antigens (CD19, HER2, CD33, CD7, MUCI, and NR) and SARS-CoV-2 infected cells [179,180]. The number of clinical trials being conducted on CAR-NK cells is far lower that the number of clinical trials being conducted on CAR-T cells, which suggests that further research is required.



To bring CAR-T cells from bench to bedside, many factors still need to be considered. First, CAR-T cells remain an expensive option; this has led to research regarding universal CAR-T cells, but these have their drawbacks. CRISPR/Cas9 technology has transformed CAR, because it can knock out endogenous TCR and HLA, enhancing the antigen specificity of CAR-T cells and reducing their side effects. This can reduce the risk of GVHD, cross-reactivity, and rejection in the case of allogenic CAR-T cells. This technology can also knockout inhibitory receptors, such as PD-1, and can lead to the generation of off-the-shelf CAR-T cells with reduced manufacturing costs [181,182]. Other gene-editing technologies, such as TALENs, can also be used to produce similar results [183].



Moreover, further research into creating humanized scFv and fully humanized CAR-T cells is underway along with clinical trials, and is expected to result in better antigen recognition and few side effects [184]. CAR-T cell therapy involving CSCs is also a promising field, although current knowledge and studies regarding it are limited. Other research on combining CAR-T therapy with monoclonal antibodies, oncovaccines, and other small molecule inhibitors is underway to help scientists understand whether combination therapies can provide additive or synergistic effects. Another strategy can be to combine CAR-T cell or T cell therapy with factors that regulate T cell cytotoxicity through the modulation of cytokine signaling. We recently showed that the expression of soluble γc receptor (sγc) in T cells is highly upregulated upon TCR stimulation and inhibits the anti-tumor response of CD8+ T cells via regulating IL-2 and IL-15 signaling [185]. These results can be clinically translated for the effective adoptive T cell immunotherapy of cancers. Although CAR-T cells have not yet been approved by the FDA for solid tumor treatment and many further limitations need to be addressed, we have come a long way in engineering T cells and the TME for optimal anti-tumor effects. With each passing day, our understanding of cancer immunology, TSAs, TAAs, and TME is expanding, leading to further insights for better therapeutic options in the future.
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Figure 1. The journey of chimeric antigen receptor T (CAR-T) cell from the bloodstream to the tumor microenvironment and the immunosuppressive challenges it faces. A CAR-T cell starts its journey in the bloodstream, which is the common site of administration. It faces challenges regarding infiltration because of the lack of cognate chemokine signaling, aberrant vasculature, and extracellular matrix (ECM) proteins, such as heparan sulfate proteoglycans (HSPGs). Eventually, after infiltration, it encounters complications in recognizing tumors because of the shortage of TSA. It further faces an inhibitory environment because of soluble immunosuppressive factors produced by tumor-associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs), and its cytotoxic efficacy is thus attenuated. The factors that interfere with the effective anti-tumor response of CAR-T cells are controllable, either individually or in combination, to improve CAR-T cell infiltration, persistence, and cytotoxicity. CCR, cognate chemokine receptor; TSA, tumor-specific antigen; IL, interleukin; TGFβ, transforming growth factor-β; IDO, indoleamine-2,3-dioxygenase; CAF, cancer-associated fibroblast; ROS, reactive oxygen species; MG, methylglyoxal; iNOS, inducible nitric oxide synthase. 
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Figure 2. Approaches for improved CAR-T cell therapy. Innovative approaches of CAR-T cell therapy for solid tumors. Inverted chimeric receptors convert the inhibitory signals from cytokines (IL-4 or TGFβ) or immune checkpoint to stimulatory one via intracellular stimulatory domain. Engineered expression of cognate chemokine receptors (CCRs) with matching of chemokines (CCL), fibroblast activated protein (FAP), and heparanase (HPSE) induces trafficking signals and T cell infiltration into tumor microenvironment (TME). As immune checkpoints, such as PD-1 or CTLA-4, suppress T cell activation, blocking their signals with immune checkpoint inhibitors (anti-PD-1 or anti-CTLA-4) enhances CAR-T cell cytotoxicity. Multi-specific CARs and tandem CARs target multiple tumor antigens to boost its function. Genetic engineering of responsible transcription factors (TFs) to regulatory signals of oxidative stress (ROS and iNOS) and immunosuppressive metabolites (MG and ARG1), from either tumor cells or immune suppressor cells, provides CAR-T cells the resistance to TME. NAbs or sDNR against inhibitory cytokines, such as IL-10 and TGFβ, prevent inhibitory signals via inhibitory cytokine receptors (ICR). Anti-angiogenic antibodies (anti-vascular endothelial growth factor (VEGF)) block angiogenesis and then improve T cell infiltration into the tumor bed. MSCs or CAR-T cells engineered to express survival or inflammatory cytokines, IL-2, IL-12, IL-7, and IL-15, enhance T cells function and maintenance. Combinations of these approaches in a solid tumor models enhance T cell cytotoxicity. CR: cytokine receptor, iNOS: inducible nitric oxide synthase, sDNR: soluble dominant negative receptors, NAb: neutralizing antibody, ICR; inhibitory cytokine receptor, SCR: stimulatory cytokine receptor, MSCs: mesenchymal stem cells. 
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Table 1. Limiting factors for chimeric antigen receptor T (CAR-T) cell function in various cancer types.
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Disease

	
Brain Cancer

	
Breast Cancer

	
Cervical Cancer

	
Colorectal Cancer

	
Esophageal Cancer

	
Bone Cancer

	
Gastric Cancer

	
Liver Cancer

	
Lung Cancer

	
Lymphoma

	
Mesothelioma

	
Nasopharyngeal Cancer

	
Ovarian Cancer

	
Pancreatic Cancer

	
Prostate Cancer

	
Reanal Cell Carcinoma

	
Skin Cancer

	
Thymoma




	
Limiting Factor

	






	
Trafficking

	
✓

[19]

	

	

	

	

	

	

	

	

	

	
✓

[21]

	

	
✓

[21]

	
✓

[21]

	

	

	
✓

[20]

	
✓

[18]




	
Infiltration

	
✓

[32]

	
✓

[30,31]

	
✓

[34]

	
✓

[29]

	

	

	

	

	

	

	

	

	
✓

[27]

	
✓

[33]

	

	
✓

[28]

	
✓

[36]

	




	
Immune suppressive

TME

	
Immune suppressor cells

	

	

	

	

	

	

	

	
✓

[41]

	

	

	

	

	
✓

[42]

	

	

	

	
✓

[44]

	




	
Immune checkpoints

	
✓

[99]

	
✓

[99]

	

	

	
✓

[99]

	

	
✓

[99]

	

	
✓

[100]

	
✓

[99]

	

	

	
✓

[99]

	
✓

[99]

	
✓

[101]

	
✓

[99]

	
✓

[102]

	
✓

[99]




	
ROS

	

	

	

	

	

	
✓

[103]

	

	

	
✓

[104]

	

	

	

	

	

	

	
✓

[105]

	

	




	
Metabolites

	

	
✓

[74]

	

	

	

	

	

	

	

	

	

	

	

	

	

	
✓

[100,105]

	

	




	
Cytokine

	

	

	

	

	

	

	

	
✓

[106]

	

	
✓

[83]

	

	

	
✓

[86]

	

	
✓

[85]

	

	
✓

[84]

	
✓

[87]




	
pH

	

	
✓

[98]

	

	

	

	

	

	

	
✓

[98]

	

	

	

	
✓

[98]

	

	

	

	

	




	
Hypoxia

	

	

	

	

	

	

	

	

	
✓

[107]

	

	

	

	
✓

[42]

	

	

	

	
✓

[107]

	




	
Shortage of tumor antigen (ClinicalTrials.gov)

[108]

	
Mesothelin

	

	

	

	

	

	

	

	

	
✓

	

	
✓

[53]

	

	
✓

	
✓

	

	

	

	




	
EGFR

	
✓

	

	

	
✓

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
GPC3

	

	

	

	

	

	

	

	
✓

	

	

	

	

	

	

	

	

	

	




	
MUC1

	

	

	

	

	
✓

	

	

	

	
✓

	

	

	

	

	

	

	

	

	




	
HER2

(Human Epidermal Growth Factor Receptor 2)

	
✓

	
✓

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
GD2

	
✓

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CEA

	

	

	

	

	

	

	

	
✓

	

	

	

	

	

	
✓

	

	

	

	




	
EpCAM

	

	

	

	

	

	

	
✓

	
✓

[78]

	

	

	

	
✓

	

	

	

	

	

	




	
PSCA

	

	

	

	

	

	

	

	

	

	

	

	

	

	
✓

	

	

	

	




	
Non-specific antigen

On-target, off-tumor toxicity

	
✓

[109]

	

	

	

	

	

	

	

	
✓

[110]

	

	

	

	

	

	

	
✓

[111,112]

	
✓

[52,108]

	








ROS, reactive oxygen species; TME, tumor microenvironment; EGFR, epidermal growth factor receptor; GPC3, glypican 3; MUC1, mucin 1 cell surface-associated; GD2, ganglioside G2; CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; PSCA, prostate stem cell antigen.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
vv‘”““

-A. o
Inverted Survival and inflammatory MSCs
chimeric receptor Immune

: cytokines
checkpoint ’ ®
’ o

(IL-2,IL-7,1L-12,IL-15)

Inhibitory
cytokines
(IL-4.TGFB) |CcR

Angiogenic factor

kﬁ‘“ (VEGF)
< 8%

Antl—angnogemc Abs
(anti-VEGF)

Intracelluar
stimulatory

Engineered

. . Survival
COR  Stmulatory signal and stimulatory signal

N\ )LNAD sDNR

-D "3
oo +\
Inhibitory
Lo kines
o~ Trafficking Inhibito cyto
Engineered Signa Innovative signal (IL-10.TGFp)
’ FAP CAR-T cell therapy Immune suppressor
or tumor cells
_ ‘,1 0.0
Resistance to TME ’,‘ A 0’,.
- Inhibitory % N O
= signal Metabolites
h _/%J' Genetic engineering (MG,ARG1)
_J Immune of responsible TFs
=\ P
| “:-_\.s’f checkpoints (CRISPR/Cas9 or TALEN) 00 ‘*‘*
J= ) (PD-1, CTLA-4) o 00 ¥
)= ) 0 © ey Ny
= Dxldatwg stress
Immqne_checkpnmt Multispecific  Tandem {ROS,INOS)
inhibitors

CARs CARs

i

Multi-targeting CAR

(anti-PD-1, anti-CTLA-4)





nav.xhtml


  cancers-12-02087


  
    		
      cancers-12-02087
    


  




  





media/file0.png





media/file2.png
p M"_l Dying tumor cell
TAM g8 OO

IL-10 TGFp ARG1 IDO
Qo \
Tregs .;. FNey
MDSC o000
) 00 O W DO

INOS ROS

Chemokines

Tumor cell

Recognition

Shortage HSPGs

<A Mismatching
Aberrant

CCR }
Trafficking
T .
o vasculature

o> 2 ‘ I- -r -






media/file3.jpg
crmarc rcepior_immure.
crecipon

o
i
iz,

anvEaH)

‘)";lu“?;w

(A

oy
o

aione

Tmune wopressor
Hese ot
oo ot o

e

ol
(CRISFRICa o TALEN)

Inmune crockpont
ey
(60T A CTAL





media/file1.jpg
3 e@ | Ovig tumor ol

Tam %:}% oS0 Bk
L1016 ARG 100
s (@) }N

= M\smavcmng

>y
LS
e
e
%

= = T = g






