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High grade gliomas (HGG) comprise a heterogeneous group of brain malignancies with dismal prognosis. Current standard-of-care includes radiation, chemotherapy, and surgical resection when possible. Despite advances in each of these treatment modalities, survival rates for pediatric and adult HGG patients has remained largely unchanged over the course of several years. This is in stark contrast to the significant survival increases seen recently for a variety of hematological and other solid malignancies. The introduction and widespread use of immunotherapies have contributed significantly to these survival increases, and as such these therapies have been explored for use in the treatment of HGG. In particular, chimeric antigen receptor (CAR) T cell therapy has shown promise in clinical trials in HGG patients. However, unlike the tremendous success CAR T cell therapy has seen in B cell leukemia and lymphoma treatment, the success in HGG patients has been modest at best. This is largely due to the unique tumor microenvironment in the central nervous system, difficulty in accessing the tumor site, and heterogeneity in target antigen expression. The results of these features are poor CAR T cell proliferation, poor persistence, suboptimal cytokine secretion, and the emergence of antigen-loss tumor variants. These issues have called for the development of “next generation” CAR T cells designed to circumvent the barriers that have limited the success of current CAR T cell technologies in HGG treatment. Rapid advancements in gene editing technologies have provided several avenues for CAR T cell modification to enhance their efficacy. Among these are cytokine overexpression, gene knock-out and knock-in, targeting of multiple antigens simultaneously, and precise control of CAR expression and signaling. These “next generation” CAR T cells have shown promising results in pre-clinical models and may be the key to harnessing the full potential of CAR T cells in the treatment of HGG.
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INTRODUCTION

The use of adoptively-transferred T cells as an anti-cancer therapeutic is a concept that has been explored extensively over the past several years. Early attempts at targeting tumors for T cell-mediated destruction largely focused on the use of vaccinations and the adoptive transfer of tumor infiltrating lymphocytes (1). Despite promising pre-clinical results, these approaches proved to be of limited clinical utility necessitating the development of alternative approaches. Modern advances in molecular genetic and cloning technologies enabled the development of T cells in which tumor targeting could be precisely controlled by the expression of a chimeric molecule containing domains for both antigen specificity and activation. Canonical T cell signaling involves binding of the T cell receptor (TCR) to a peptide antigen in complex with a major histocompatibility complex molecule and downstream signaling through the CD3 complex and co-stimulatory receptors (2). Chimeric antigen receptors (CARs) mimic this pathway through inclusion of either a single chain variable fragment (scFv) derived from a monoclonal antibody or a mutated ligand for target binding, one or more co-stimulatory domains, and the ξ chain of the CD3 complex all in a single multi-domain receptor (3). Introduction of a CAR into T cells endows them with the ability to kill cells expressing a target antigen through the same effector functions used by wild type T cells to eliminate infected or transformed cells (3). CAR T cells have revolutionized the field of tumor immunotherapy following tremendous success in the treatment of B cell malignancies. Building off of these clinical successes, the use of CAR T cells has also been explored in a variety of solid malignancies including high grade gliomas. In contrast to their efficacy in B cell malignancies, however, CAR T cells have to date shown limited activity in solid tumor settings (4). A variety of both T cell and tumor-intrinsic factors contribute to this lack of efficacy in solid tumors as well as in patients with B cell malignancies who fail to respond to CAR T treatment. Limited T cell persistence, exhaustion, poor trafficking, and a hostile tumor microenvironment as well as antigen escape contribute to CAR T dysfunction (Figure 1) and are each being addressed in the development of the next generation of CAR T therapies.
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FIGURE 1. Next generation CAR T cells have potential to overcome factors influencing limited CAR T cell effector function in gliomas. A variety of both T cell and tumor-intrinsic factors add to the lack of efficacy in brain tumors. Limited T cell persistence, exhaustion, poor trafficking, and a hostile tumor microenvironment, defined by immunosuppressive cell populations and molecules, as well as antigen escape contribute to CAR T cell dysfunction and disappointing clinical results. Each of these challenges is being addressed by the development of the next generation of CAR T cell therapies through transgenic gene expression, inducible systems, gene editing, and multi-antigen targeting. Major immunosuppressive cell populations and molecules along with the genetic strategies currently being tested to overcome them are depicted in the figure. *Challenges/issues reported from clinical trial results.



Genetic modifications of CAR T cells have demonstrated to have significant effects on their function and efficacy as initially evidenced by the insertion of co-stimulatory domains into the first-generation construct (5, 6). The development of highly efficient lentiviral and retroviral vectors has enabled the insertion of larger constructs containing multiple genes into the T cell genome. In addition to modification of CAR constructs and viral vector-mediated random insertion of additional genes, newer strategies take advantage of more targeted gene editing technologies such as TALEN and CRISPR/Cas systems to modify the T cell genome. Such technologies enable the knock-out of negative T cell regulators through targeted gene disruption as well as the knock-in of transgenes. Excitingly, recent advances in gene editing techniques have enabled highly efficient homology-directed repair in T cells for combined gene knock-out and knock-in approaches (7). Each of these technologies has contributed to the development of next generation gene-modified CAR T cells that have shown significant improvements over the current generation of CAR T cells being used clinically. While the majority of pre-clinical studies using these CAR T cells have been performed in models of B cell malignancies and solid tumors, the same strategies can be employed to improve CAR T cells for use in high grade gliomas. These malignancies have long posed significant clinical challenges and have demonstrated to be highly resistant to current CAR T therapies. As such, next generation gene-modified CAR T cells are an attractive approach to overcome both the T cell and tumor-intrinsic factors that have resulted in poor CAR T efficacy in high grade gliomas. The strategies to be discussed are summarized in Table 1. The next-generation approaches to improve CAR T cells include transgenic gene expression, gene editing, multi-antigen targeting and inducible systems. While there are many ways to engineer CAR T cells and enhance their effector function, we will only review strategies that have been tested in brain tumor models or those that have the highest potential to address challenges posed by brain tumor biology and/or the tumor microenvironment.


Table 1. Summary of the next generation approaches to improve CAR T cell efficacy.
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TRANSGENIC GENE EXPRESSION: CYTOKINE OVEREXPRESSION

In addition to second and third generation CAR T cells, fourth generation CAR T cells have been generated that incorporate a third stimulatory signal. Sometimes referred to as “TRUCK” T cells, fourth generation CAR T cells are defined as CAR T cells armed with immune stimulatory cytokines (25) that improve CAR T cell expansion and persistence while rendering them resistant to the immunosuppressive tumor environment. Additionally, transgenic cytokine expression can potentially trigger bystander T cells to eliminate antigen-negative cancer cells at the target site. Cytokines that have been studied using this approach include IL-12, 8, 9, 11, 12, IL-15, and IL-18 (26). IL-12- and IL-18-producing CAR T cells have been tested in both hematological and solid malignancies. In regards to high grade glioma, IL-15 has been tested in a xenograft model of glioblastoma (10). IL-15 belongs to the common γ-chain cytokine family and has activities important for T cell expansion and survival (27). It also has structural similarity to IL-2, but unlike this cytokine, IL-15 does not promote the development of regulatory T cells but rather supports the development of T-memory stem cells (Tscm) which have been demonstrated to have superior in vivo function and persistence (28, 29). Moreover, increased IL-15 gene expression in the tumor microenvironment correlates with improved survival of colorectal cancer patients (30). This indicates that IL-15 has great potential to improve the function of CAR T cells.

In glioblastoma studies, CAR T cells targeting IL-13Rα2 were modified to over-express transgenic IL-15 and demonstrated that IL-15 cytokine secretion was T cell activation dependent and resulted in improved CAR T cell persistence in vitro. This also translated into significantly improved anti-tumor activity in vivo. However, late recurrences were observed after treatment with CAR T cells producing transgenic IL-15 (10). Despite the observed tumor relapse, this study showed that genetic modification of CAR T cells, in this particular case—cytokine overexpression, can be a powerful method to greatly improve CAR T cell function and persistence. Complete tumor eradication may require a multi-antigen targeting approach.

The question still remains if the soluble form of IL-15 is the best way to express it within CAR T cells. Studies testing membrane-bound (mb) IL-15, tethered to the membrane through a CD8α transmembrane domain, showed enhanced anti-tumor activity when tested in natural killer (NK) cells (31). Additionally, a study by Hurton et al. tested mbIL-15 tethered to the membrane using full-length IL-15 bound to the IL-15Rα receptor via a flexible linker. This was co-electroporated into T cells with a second generation CD19 CAR construct (26). The rationale for this approach was that IL-15 bound to IL-15Rα closely mimics endogenous trans-presentation of IL-15 which has been shown to enhance T-cell persistence (32). Second generation CD19-specific CAR T cells expressing mbIL-15 showed improved effectiveness in vitro and in vivo that was attributed to the enrichment of long-lived T-memory stem cell subset (CD45RO-CCR7+CD95+) (26). Mechanistic studies showed that the emergence of Tscm was due to signaling via STAT5. These data show a clear benefit of IL-15 tethered to the membrane. However, such an approach would require modification of T cells by two viral vectors since due to the large size of the transgenes making it difficult to express CAR and mbIL-15 within the same plasmid. The remaining question is if IL-15 is the best cytokine to improve the efficacy of glioblastoma-targeted CAR T cells. IL-12 and IL-18 are the other two γ-chain family cytokines that showed promising results when tested in the settings of hematological malignancies and solid tumors, however, neither has been tested in the brain tumor setting (8, 9, 11, 12). Finally, when overexpressing immune stimulatory cytokines safety must be addressed. Improved safety can be achieved through incorporating suicide genes or safety switches.

Another way to overcome potential toxicity from secreted cytokines is to use a constitutively active cytokine receptor. Such a system will activate cytokine regulated pathways, but it will not be dependent on cytokine availability in the tumor milieu. Investigators characterized constitutively active IL-7 receptor (C7R) co-expressing GD2-specific CAR T cells and showed that this system is capable of improving T-cell proliferation, survival and anti-tumor activity (13). They also co-expressed C7R with a glioma antigen targeting EphA2-CAR in T cells and demonstrated that gliomas were completely eliminated at a cell dose where unmodified EphA2-specific CAR T cells had no activity. However, systems such as C7R do not completely obviate the need for a suicide switch since a constitutively active receptor has the potential of inducing antigen-independent T cell proliferation. It is important to note, however, that the authors of this study did not observe antigen-independent T cell proliferation.

GENE EDITING: KNOCK-OUT OF NEGATIVE T CELL REGULATORS

The importance of co-stimulatory and co-inhibitory signals in anti-tumor T cell responses has received significant attention in the past decade due in large part to the efficacy of checkpoint blockade in the treatment of solid tumors. In particular, monoclonal antibodies blocking CTLA-4 or PD-1 have seen varying degrees of success in a variety of solid tumors including non-small cell lung cancer (33) and metastatic melanoma (34, 35). Trials utilizing these monoclonal antibodies led to the first FDA-approved checkpoint inhibitor in 2011 and launched investigations into additional targets including TIM3 and LAG3 (36). Although CAR T cells do not signal through the canonical T cell receptor following recognition of their target antigen, the same checkpoint molecules are induced due to the recruitment of similar intracellular signaling molecules (37, 38). As such, checkpoint blockade has been studied as an adjunct to improve the efficacy of CAR T therapy in pre-clinical models including models of glioma (39).

The widespread adoption of gene editing technologies that allow the targeting of specific genes has enabled studies examining the concept of cell-intrinsic checkpoint blockade. In such studies, CAR T cell function is enhanced through the knock-out of negative regulators rather than through the use of adjunct checkpoint blockade therapies. Being a new concept in the field of CAR T therapy, few studies have been published that test this approach. Of the limited numbers of gene targets described to date, the effects of PD-1 knockout has been the most extensively described. One study examined the effects of CRISPR/Cas9-mediated PD-1 disruption in CD19 CAR T cells in a subcutaneous model of CD19+ myelogenous leukemia engineered to overexpress PD-L1. The authors observed enhanced in vitro cytotoxicity and significantly reduced tumor burden in mice receiving PD-1 knock-out CD19 CAR T cells compared to control CD19 CAR T cells (14). A related study utilized a CRISPR/Cas9 system to knock-out PD-1 in CD19 and PSCA CAR T cells in xenograft models of B cell leukemia and prostate cancer. In both models, knockout of PD-1 resulted in significantly enhanced anti-tumor activity. Importantly, to highlight the validity of CRISPR/Cas9-based gene editing approaches, the authors noted that the use of CRISPR/Cas9 gene editing did not impair the effector functions of their CAR T cells when compared to non-electroporated cells (15). Another study examined the effect of shRNA-mediated PD-1 knock-out in mesothelin-specific CAR T cells in a xenograft model of mesothelioma. Ablation of PD-1 signaling via shRNA or through the use of dominant-negative PD-1 resulted in significant enhancement of CAR T proliferation, cytokine secretion, and cytotoxicity. Importantly, however, the authors noted that the use of shRNA to knock-out PD-1 did not result in significantly enhanced in vivo anti-tumor activity due to low knockdown efficiency (16). Although these studies were not undertaken in models of glioma, their approaches are highly applicable as checkpoint-inhibitor-mediated PD-1 blockade previously has been shown to significantly enhance the effector functions of IL-13Rα2 CAR T cells in animal glioma models (39).

In addition to negative regulators expressed on the surface of T cells, intracellular signaling molecules have also been explored as potential targets for knockdown in CAR T cells. The diacylglycerol kinase DGK has been found to negatively regulate CAR T cell activation through metabolism of diacylglycerol which leads to dampening of Ras and ERK signaling. In one study, murine mesothelin-specific CAR T cells were generated from strains lacking α, ζ, or both α and ζ isoforms. Knock-out of either isoform resulted in significant enhancement of in vitro cytotoxicity and IFN-γ secretion with synergistic effects observed in double knockout meso-CAR T cells. Similar effects were observed in vivo, with meso-CAR T cells lacking one or both DGK isoforms having significantly increased anti-tumor cytotoxicity compared to wild type CAR T cells (17). A related study was more recently performed examining the effects of DGK knock-out using a CRISPR/Cas9-based strategy in EGFRvIII CAR T cells. Importantly, similar to the previously described study, knock-out of both the α and ζ isoforms demonstrated to have synergistic effects compared to knock-out of either isoform alone. Double knock-out EGFRvIII CAR T cells were significantly less sensitive to TGF-β and PGE2-mediated suppression and did not show significant loss of effector function following repeated stimulation. These in vitro findings translated to in vivo studies in a mouse glioma model as tumor-bearing mice receiving double knock-out EGFRvIII CAR T cells had significantly reduced tumor burden with increased frequencies of tumor-infiltrating lymphocytes (18). It is important to note, however, that the authors did not use an orthotopic glioma model raising the question of whether this knock-out strategy will be efficacious in the setting of intracranial tumors. Despite this, both of these studies highlight the potential for knock-out of intracellular negative regulators in CAR T cells directed toward glioma antigens.

GENE EDITING: KNOCK-IN OF GENES TO ENHANCE CAR T CELL FUNCTION

The use of lentiviral and retroviral vectors has enabled the random insertion of a wide variety of transgenes into T cells for several years. Recently, however, targeted insertion has been made possible with a combination of CRISPR/Cas9 and homing nuclease-mediated gene knockout in combination with donor templates delivered by viral and non-viral vectors. The use of these methods has been demonstrated more recently in T cells with a study examining the replacement of the endogenous CXCR4 gene with a mutant variant. The authors used a CRISPR/Cas9-based system to knock-out the endogenous gene while simultaneously providing single-stranded donor template encoding mutant nucleotides. Homology-directed repair of the double strand breaks resulted in high efficiency insertion of the mutant gene leading to reduced surface expression of CXCR4. In addition to CXCR4, the authors used a similar approach to knock-out PD-1 albeit with a donor template that led to a frame shift mutation rather than inserting mutated nucleotides (20). A more recent study utilized CRISPR/Cas9 in combination with donor template DNA to target sequences encoding whole genes into specific T cell loci. The authors demonstrated high efficiency homology-directed repair with high expression of several genes driven by the promoter of the targeted locus. Insertion of a GFP transgene was achieved in multiple loci encoding genes expressed in a variety of cellular compartments. For example, CRISPR/Cas9 knockout of CD4 in combination with donor GFP template led to GFP expression on the plasma membrane while targeting Rab11a led to endosomal GFP expression (40). Both of these studies demonstrate the feasibility of targeted gene editing in human T cells which is an attractive strategy for the enhancement of anti-glioma CAR T cells.

The current methods of retroviral and lentiviral-mediated insertion of CAR constructs rely on random gene integration leading to heterogeneity in CAR expression. To address this, recent studies have aimed at insertion of CAR constructs into the endogenous T cell receptor via targeted gene disruption and homology-directed repair. In one study, a homing endonuclease was used to disrupt the TCR alpha chain locus with donor template being provided by an adeno-associated viral vector. This approach led to highly efficient targeted construct integration and CD19 CAR expression (19). A similar approach was taken in another study using CRISPR/Cas9 to disrupt the TCR alpha chain locus in combination with an AAV6 vector providing the CD19 CAR donor template. Importantly, the authors in this study observed significantly enhanced tumor control and survival in leukemic mice treated with CAR T cells generated by homology-directed repair in comparison to CAR T cells generated by retroviral vectors. The authors found this enhanced efficacy was due to uniformity in CAR expression which resulted in reduced exhaustion following antigenic stimulation (7). Excitingly, a recent study by Fraietta et al. showed that knock-in of a CD19 CAR construct into the Tet2 locus enhanced the function of anti-CD19 CAR T cells. This was found to be due to random integration of the transgene into the Tet2 gene which disrupted the endogenous gene's function leading to greater frequencies of central memory T cells (41). Despite the fact that the insertion was random, it can be inferred that targeted knock-in of a CAR construct into the locus of a negative T cell regulator will significantly enhance the therapeutic efficacy of CAR T cells. CRISPR/Cas9 systems would be ideal for this type of approach. Although CAR insertion via the approaches just described has not been tested in glioma models, it can be inferred that such approaches would also be beneficial for the function of anti-glioma CAR T cells as exhaustion has proven to be a significant barrier (42, 43).

MULTI-ANTIGEN TARGETING

The initial step toward creating a successful CAR T cell-based therapy is to identify an antigenic target that has minimal off-target recognition potential. Well-defined targets for glioblastoma are IL-13Rα2, HER2, EGFRvIII and EphA2. However, data from pre-clinical and clinical studies have shown that targeting a single antigen leads to down-regulation of the target antigen and subsequent tumor recurrence (10, 44, 45). The mechanism of antigen loss is currently under active investigation as downregulation of the target antigen and/or clonal expansion of antigen-negative tumor cells may contribute to this phenomenon. These findings indicate a need to target multiple antigens to enable CAR T cells to eliminate all brain tumor cells and avoid tumor recurrence. One method to direct CAR T cells to target multiple antigens is by using a dual-antigen targeting CAR that incorporates two antigen targeting domains within one CAR construct. Hegde et al. described a tandem CAR (TanCAR) design which fused a HER2-specific single chain variable fragment (scFv) to an IL-13Rα2-binding IL-13 mutein connected to transmembrane (TM) and signaling domains (21). They then compared anti-tumor activity of TanCAR to bispecific CARs (co-expressed a HER2-CAR and an IL-13Rα2-CAR) and pooled CARs (a pool of uni-specific CARs). They showed that TanCAR was able to effectively lyse glioma cells in vitro and showed better anti-tumor activity in vivo when compared to single antigen-targeting CAR, bispecific CAR, or pooled CARs. Most importantly, the use of TanCAR resulted in a lack of tumor recurrence.

Later, the same group took a similar approach one step further and designed trivalent CAR T cells targeting 3 glioblastoma associated antigens to overcome patient to patient and tumor cell to tumor cell antigen heterogeneity (22). Using mathematical modeling, the group showed that targeting 3 antigens would address inter- and intra-patient antigenic variability. A trivalent T cell product was designed with HER2, IL-13Rα2- and EphA2-specific CAR molecules all expressed simultaneously on the T cell surface. Tri-specific CAR not only was more efficacious than bispecific CAR but was also more efficient as tumor growth was controlled at lower T cell doses (22).

These proof-of-concept studies present promising and exciting results, however, the question remains if these CAR T cell products will be efficient when tested clinically. In addition, it is unknown if multi-antigen targeting CARTs will be able to sustain their persistence and anti-tumor activity when exposed to the immunosuppressive glioma microenvironment. Due to the potential increased off-target effects when using bi- and tri-specific CAR T cells, the safety of such approaches needs to be evaluated. This can partially be addressed by evaluating and defining more specific targets for glioblastoma. Finally, due to the variation in antigen expression among glioma subtypes, target selection on a patient-by-patient basis may be necessary (46).

INDUCIBLE SYSTEMS: CONTROLLING CAR EXPRESSION AND ACTIVITY

It is well established that T cells modified with a single CAR molecule will not effectively eradicate brain tumor cells. As such, second genetic modifications must be introduced to generate more robust and effective CAR T cell products. However, introducing additional modifications brings up safety and toxicity concerns, especially given the unique and sensitive central nervous system environment in which these tumors develop. Thus, when designing new approaches, safety switches, such as suicide genes, or using inducible and/or controllable CAR systems are attractive approaches to address the issue of CAR T cell-induced toxicity.

Inclusion of a suicide gene needs to be considered when targeting tumor associated antigens (TAAs) that are expressed at low levels in normal tissues. Targeting such antigens can result in off-target immune-mediated toxicities. For example, GD2 is a promising target for diffuse intrinsic pontine glioma (DIPG) as CAR T cells targeting GD2 showed strong anti-tumor activity in pre-clinical studies (47). However, it is also well established that GD2 is expressed in normal brain tissues which raises “on-target, off-tumor” toxicity concerns. In fact, severe CNS toxicity has been observed when testing GD2-specific CAR T cells for neuroblastoma with associated T-cell infiltration into brain areas that are known to express GD2 (48). This toxicity can be prevented by inclusion and activation of suicide genes, such as inducible caspase 9 (49). Activation of suicide genes eliminates CAR T cells potentially reducing damage to normal tissues.

Another method to overcome “on-target, off-tumor” toxicity is to use a Syn/Notch system which is based on NOT- and AND-gated CARs. In other words, CAR expression can only be induced upon recognition of a second tumor associated antigen (50, 51). The limitation of such an approach is that both antigens must be expressed at considerably high levels by tumor cells. This requirement poses a potential problem for anti-glioma CAR T cells due to high heterogeneity in antigen expression levels.

One additional option to prevent toxicity and to improve CAR T cell effector function is to control the activity of CAR T cells through inducible systems that provide co-stimulatory signals. In the scenario where a single CAR has limited anti-tumor activity, co-stimulation can be induced through treatment with small molecules. Unlike the most common CAR constructs which produce a single molecule encoding activation and co-stimulatory domains, inducible systems separate the activation and co-stimulatory domains into two distinct molecules. Such a system was described by Mata et al. where they used a combination of HER2-specific CAR and inducible costimulatory molecules that contain a chemical inducer of dimerization (CID)–binding domain and the MyD88/CD40 signaling domains. In the presence of CID, MyD88/CD40 molecules oligomerize and produce co-stimulatory signals to T cells inducing cytokine release and proliferation. This system was able not only to improve and control HER2-specific CAR T-cell activation but also enabled modified T cell reactivation by repeat CID injection in vivo (24).

All of the approaches just described demonstrate great potential to improve CAR T cell function and safety, however, the study of these approaches in the setting of high grade glioma is limited at present.

CONCLUSIONS AND FUTURE PERSPECTIVES

CAR T cell therapies hold immense potential in the treatment of high grade gliomas, malignancies which continue to have dismal outcomes in spite of recent therapeutic advances (52). However, current generation CAR T cells that have been tremendously successful in the treatment of hematological malignancies have had only modest efficacy in glioma patients (4). It is clear that much of the potential of CAR T cell therapy for glioma lies in modification of the cells themselves. Modern genetic technologies such as CRISPR/Cas9 and synthesis of large custom gene constructs enables significant manipulation of CAR T cells to improve their cytotoxicity, persistence, and safety. These methods have proven to be powerful tools in the design of CAR T cells for a variety of malignancies, but their use in studies of glioma is limited at present. In order to determine whether the enhanced anti-tumor activity afforded to CAR T cells through gene editing will also be beneficial in the setting of high grade glioma, these approaches must be tested in preclinical glioma models.

One of the major challenges of designing CAR T cells for glioma treatment is the relatively poor understanding of the central nervous system immune environment (53). Increasing our understanding of the environment that CAR T cells function in is critical to the proper development of manipulation strategies. While modifications that focus on aspects of general T cell biology may prove effective, strategies aimed at addressing the unique biology of glioma and its microenvironment may prove crucial. For example, gene modifications designed to resist the effects of central nervous system-resident myeloid cells may prove especially effective as these cells are potently immunosuppressive (54). Additionally, as evidenced by a recent clinical trial, several immunosuppressive molecules such as indoleamine 2,3-dioxygenase (IDO) are upregulated in gliomas following CAR T cell infusion and contribute to poor T cell persistence (55). Strategies specifically tailored to the unique immunosuppressive environment of the central nervous system may thus be needed in order to develop CAR T cells for brain tumors. Additionally, access to the glioma microenvironment through crossing the blood brain barrier may pose a limitation to CAR T cell therapies. Although CAR T cells have been shown to cross the blood brain barrier following intravenous administration, trafficking of the cells may be suboptimal as evidenced by limited T cell accumulation in the tumors (55). A strategy aimed at manipulating T cell trafficking to the central nervous system has recently been described in a study examining the effect of blocking T cell S1P internalization in murine glioma models (56).

Gene modification approaches that have been developed for hematological and solid malignancies may work well in those settings, but there is a possibility that those same approaches may not work in glioma. As such, glioma-specific factors that inhibit anti-glioma CAR T cells may be identified through genome-wide screening approaches that have recently been described (57, 58). Additionally, the use of immunocompetent mouse models that more faithfully recapitulate the immune and stromal glioma microenvironments will be essential to adequate translation of anti-glioma CAR T cell approaches. This remains a significant issue in the field as the commonly used glioma models are performed in immunodeficient mouse strains which do not accurately model the effects of the tumor microenvironment on CAR T cell responses (59). Importantly, the interaction of CAR T cells with central nervous system-resident myeloid cells.

In summary, the development of genetic approaches to create the next generation of CAR T cells may have a large impact on the immunotherapy of high grade glioma. Multiple strategies such as the insertion of cytokine transgenes, gene knock-out, gene knock-in, control of CAR expression and activity, as well as multi-antigen targeting have tremendous potential in the field of anti-glioma CAR T cell therapy. Choosing the most effective strategy will require a significant increase in preclinical testing. So, while it is unknown which next generation CAR T cell will be most effective, it is clear that there is a lot of work that needs to be done.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

FUNDING

The authors were supported by the Alex Lemonade Stand Foundation and The Matthew Larson Foundation for Pediatric Brain Tumor Research.

REFERENCES

 1. Jiang T, Zhou C. The past, present and future of immunotherapy against tumor. Transl Lung Cancer Res. (2015) 4:253–64. doi: 10.3978/j.issn.2218-6751.2015.01.06

 2. Smith-Garvin JE, Koretzky GA, Jordan MS. T cell activation. Annu Rev Immunol. (2009) 27:591–619. doi: 10.1146/annurev.immunol.021908.132706

 3. June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl J Med. (2018) 379:64–73. doi: 10.1056/NEJMra1706169

 4. Bagley SJ, Desai AS, Linette GP, June CH, O'Rourke DM. CAR T-cell therapy for glioblastoma: recent clinical advances and future challenges. Neuro Oncol. (2018) 20:1429–38. doi: 10.1093/neuonc/noy032

 5. Maher J, Brentjens RJ, Gunset G, Rivière I, Sadelain M. Human T-lymphocyte cytotoxicity and proliferation directed by a single chimeric TCRzeta /CD28 receptor. Nat Biotechnol. (2002) 20:70–5. doi: 10.1038/nbt0102-70

 6. Imai C, Mihara K, Andreansky M, Nicholson IC, Pui CH, Geiger TL, et al. Chimeric receptors with 4-1BB signaling capacity provoke potent cytotoxicity against acute lymphoblastic leukemia. Leukemia (2004) 18:676–84. doi: 10.1038/sj.leu.2403302

 7. Eyquem J, Mansilla-Soto J, Giavridis T, van der Stegen SJ, Hamieh M, Cunanan KM, et al. Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances tumour rejection. Nature (2017) 543:113–7. doi: 10.1038/nature21405

 8. Koneru M, Purdon TJ, Spriggs D, Koneru S, Brentjens RJ. IL-12 secreting tumor-targeted chimeric antigen receptor T cells eradicate ovarian tumors in vivo. Oncoimmunology (2015) 4:e994446. doi: 10.4161/2162402X.2014.994446

 9. Pegram HJ, Lee JC, Hayman EG, Imperato GH, Tedder TF, Sadelain M, et al. Tumor-targeted T cells modified to secrete IL-12 eradicate systemic tumors without need for prior conditioning. Blood (2012) 119:4133–41. doi: 10.1182/blood-2011-12-400044

 10. Krenciute G, Prinzing BL, Yi Z, Wu MF, Liu H, Dotti G, et al. Transgenic expression of IL15 improves antiglioma activity of IL13Ralpha2-CAR T cells but results in antigen loss variants. Cancer Immunol Res. (2017) 5:571–81. doi: 10.1158/2326-6066.CIR-16-0376

 11. Avanzi MP, Yeku O, Li X, Wijewarnasuriya DP, van Leeuwen DG, Cheung K, et al. Engineered tumor-targeted T cells mediate enhanced anti-tumor efficacy both directly and through activation of the endogenous immune system. Cell Rep. (2018) 23:2130–41. doi: 10.1016/j.celrep.2018.04.051

 12. Hu B, Ren J, Luo Y, Keith B, Young RM, Scholler J, et al. Augmentation of antitumor immunity by human and mouse CAR T cells secreting IL-18. Cell Rep. (2017) 20:3025–33. doi: 10.1016/j.celrep.2017.09.002

 13. Shum T, Omer B, Tashiro H, Kruse RL, Wagner DL, Parikh K, et al. Constitutive signaling from an engineered IL7 receptor promotes durable tumor elimination by tumor-redirected T cells. Cancer Discov. (2017) 7:1238–47. doi: 10.1158/2159-8290.CD-17-0538

 14. Rupp LJ, Schumann K, Roybal KT, Gate RE, Ye CJ, Lim WA, et al. CRISPR/Cas9-mediated PD-1 disruption enhances anti-tumor efficacy of human chimeric antigen receptor T cells. Sci Rep. (2017) 7:737. doi: 10.1038/s41598-017-00462-8

 15. Ren J, Liu X, Fang C, Jiang S, June CH, Zhao Y. Multiplex Genome Editing to generate universal CAR T cells resistant to PD1 inhibition. Clin Cancer Res. (2017) 23:2255–66. doi: 10.1158/1078-0432.CCR-16-1300

 16. Cherkassky L, Morello A, Villena-Vargas J, Feng Y, Dimitrov DS, Jones DR, et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J Clin Invest. (2016) 126:3130–44. doi: 10.1172/JCI83092

 17. Riese MJ, Wang LC, Moon EK, Joshi RP, Ranganathan A, June CH, et al. Enhanced effector responses in activated CD8+ T cells deficient in diacylglycerol kinases. Cancer Res. (2013) 73:3566–77. doi: 10.1158/0008-5472.CAN-12-3874

 18. Jung IY, Kim YY, Yu HS, Lee M, Kim S, Lee J. CRISPR/Cas9-mediated knockout of DGK improves antitumor activities of human T cells. Cancer Res. (2018) 78:4692–703. doi: 10.1158/0008-5472.CAN-18-0030

 19. MacLeod DT, Antony J, Martin AJ, Moser RJ, Hekele A, Wetzel KJ, et al. Integration of a CD19 CAR into the TCR alpha chain locus streamlines production of allogeneic gene-edited CAR T cells. Mol Ther. (2017) 25:949–61. doi: 10.1016/j.ymthe.2017.02.005

 20. Schumann K, Lin S, Boyer E, Simeonov DR, Subramaniam M, Gate RE, et al. Generation of knock-in primary human T cells using Cas9 ribonucleoproteins. Proc Natl Acad Sci USA. (2015) 112:10437–42. doi: 10.1073/pnas.1512503112

 21. Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al. Tandem CAR T cells targeting HER2 and IL13Ralpha2 mitigate tumor antigen escape. J Clin Invest. (2016) 126:3036–52. doi: 10.1172/JCI83416

 22. Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M, Aware N, et al. Trivalent CAR T-cells overcome interpatient antigenic variability in glioblastoma. Neuro Oncol. (2017) 20:506–18. doi: 10.1093/neuonc/nox182

 23. Morsut L, Roybal KT, Xiong X, Gordley RM, Coyle SM, Thomson M, et al. Engineering customized cell sensing and response behaviors using synthetic notch receptors. Cell (2016) 164:780–91. doi: 10.1016/j.cell.2016.01.012

 24. Mata M, Gerken C, Nguyen P, Krenciute G, Spencer DM, Gottschalk S. Inducible activation of MyD88 and CD40 in CAR T cells results in controllable and potent antitumor activity in preclinical solid tumor models. Cancer Discov. (2017) 7:1306–19. doi: 10.1158/2159-8290.CD-17-0263

 25. Chmielewski M, Abken H. TRUCKs: the fourth generation of CARs. Expert Opin Biol Ther. (2015) 15:1145–54. doi: 10.1517/14712598.2015.1046430

 26. Hurton LV, Singh H, Najjar AM, Switzer KC, Mi T, Maiti S, et al. Tethered IL-15 augments antitumor activity and promotes a stem-cell memory subset in tumor-specific T cells. Proc Natl Acad Sci USA. (2016) 113:E7788–97. doi: 10.1073/pnas.1610544113

 27. Klebanoff CA, Finkelstein SE, Surman DR, Lichtman MK, Gattinoni L, Theoret MR, et al. IL-15 enhances the in vivo antitumor activity of tumor-reactive CD8+ T cells. Proc Natl Acad Sci USA. (2004) 101:1969–74. doi: 10.1073/pnas.0307298101

 28. Zorn E, Mohseni M, Kim H, Porcheray F, Lynch A, Bellucci R, et al. Combined CD4+ donor lymphocyte infusion and low-dose recombinant IL-2 expand FOXP3+ regulatory T cells following allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2009) 15:382–8. doi: 10.1016/j.bbmt.2008.12.494

 29. Xu Y, Zhang M, Ramos CA, Durett A, Liu E, Dakhova O, et al. Closely related T-memory stem cells correlate with in vivo expansion of CAR.CD19-T cells and are preserved by IL-7 and IL-15. Blood (2014) 123:3750–9. doi: 10.1182/blood-2014-01-552174

 30. Mlecnik B, Bindea G, Angell HK, Sasso MS, Obenauf AC, Fredriksen T, et al. Functional network pipeline reveals genetic determinants associated with in situ lymphocyte proliferation and survival of cancer patients. Sci Transl Med. (2014) 6:228ra37. doi: 10.1126/scitranslmed.3007240

 31. Imamura M, Shook D, Kamiya T, Shimasaki N, Chai SM, Coustan-Smith E, et al. Autonomous growth and increased cytotoxicity of natural killer cells expressing membrane-bound interleukin-15. Blood (2014) 124:1081–8. doi: 10.1182/blood-2014-02-556837

 32. Mortier E, Quemener A, Vusio P, Lorenzen I, Boublik Y, Grotzinger J, et al. Soluble interleukin-15 receptor alpha (IL-15R alpha)-sushi as a selective and potent agonist of IL-15 action through IL-15R beta/gamma. Hyperagonist IL-15 x IL-15R alpha fusion proteins. J Biol Chem. (2006) 281:1612–9. doi: 10.1074/jbc.M508624200

 33. Schulze AB, Schmidt LH. PD-1 targeted Immunotherapy as first-line therapy for advanced non-small-cell lung cancer patients. J Thorac Dis. (2017) 9:E384–6. doi: 10.21037/jtd.2017.03.118

 34. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med. (2010) 363:711–23. doi: 10.1056/NEJMoa1003466

 35. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al. Pembrolizumab versus ipilimumab in advanced melanoma. N Engl J Med. (2015) 372:2521–32. doi: 10.1056/NEJMoa1503093

 36. Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and TIGIT: Co-inhibitory receptors with specialized functions in immune regulation. Immunity (2016) 44:989–1004. doi: 10.1016/j.immuni.2016.05.001

 37. Mirzaei HR, Rodriguez A, Shepphird J, Brown CE, Badie B. Chimeric antigen receptors T cell therapy in solid tumor: challenges and clinical applications. Front Immunol. (2017) 8:1850. doi: 10.3389/fimmu.2017.01850

 38. Salter AI, Ivey RG, Kennedy JJ, Voillet V, Rajan A, Alderman EJ, et al. Phosphoproteomic analysis of chimeric antigen receptor signaling reveals kinetic and quantitative differences that affect cell function. Sci Signal. (2018) 11:eaat6753. doi: 10.1126/scisignal.aat6753

 39. Yin Y, Boesteanu AC, Binder ZA, Xu C, Reid RA, Rodriguez JL, et al. Checkpoint blockade reverses anergy in IL-13Rα2 humanized scFv-based CAR T cells to treat murine and canine gliomas. Mol Ther Oncolytics (2018) 11:20–38. doi: 10.1016/j.omto.2018.08.002

 40. Roth TL, Puig-Saus C, Yu R, Shifrut E, Carnevale J, Li PJ, et al. Reprogramming human T cell function and specificity with non-viral genome targeting. Nature (2018) 559:405–9. doi: 10.1038/s41586-018-0326-5

 41. Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich TJ, et al. Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T cells. Nature (2018) 558:307–12. doi: 10.1038/s41586-018-0178-z

 42. Wang D, Aguilar B, Starr R, Alizadeh D, Brito A, Sarkissian A, et al. Glioblastoma-targeted CD4+ CAR T cells mediate superior antitumor activity. JCI Insight (2018). doi: 10.1172/jci.insight.99048. [Epub ahead of print].

 43. Mirzaei R, Sarkar S, Yong VW. T Cell exhaustion in glioblastoma: intricacies of immune checkpoints. Trends Immunol. (2017) 38:104–15. doi: 10.1016/j.it.2016.11.005

 44. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression of glioblastoma after chimeric antigen receptor T-cell therapy. N Engl J Med. (2016) 375:2561–9. doi: 10.1056/NEJMoa1610497

 45. O'Rourke D, Desai A, Morrissette J, Martinez-Lage M, Nasrallah M, Brem S, et al. Pilot study of T cell redirected to EGFRvIII with a chimeric antigen receptor in patients with EGFRvIII+ Glioblastoma. Neuro Oncol. (2015) 17(Suppl. 5):v110–1. doi: 10.1093/neuonc/nov218.15

 46. Doucette T, Rao G, Rao A, Shen L, Aldape K, Wei J, et al. Immune heterogeneity of glioblastoma subtypes: extrapolation from the cancer genome atlas. Cancer Immunol Res. (2013) 1:112–22. doi: 10.1158/2326-6066.CIR-13-0028

 47. Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, Haile S, et al. Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M(+) diffuse midline gliomas. Nat Med. (2018) 24:572–9. doi: 10.1038/s41591-018-0006-x

 48. Richman SA, Nunez-Cruz S, Moghimi B, Li LZ, Gershenson ZT, Mourelatos Z, et al. High-affinity GD2-specific CAR T cells induce fatal encephalitis in a preclinical neuroblastoma model. Cancer Immunol Res. (2018) 6:36–46. doi: 10.1158/2326-6066.CIR-17-0211

 49. Gargett T, Brown MP. The inducible caspase-9 suicide gene system as a “safety switch” to limit on-target, off-tumor toxicities of chimeric antigen receptor T cells. Front Pharmacol. (2014) 5:235. doi: 10.3389/fphar.2014.00235

 50. Roybal KT, Rupp LJ, Morsut L, Walker WJ, McNally KA, Park JS, et al. Precision tumor recognition by T cells with combinatorial antigen-sensing circuits. Cell (2016) 164:770–9. doi: 10.1016/j.cell.2016.01.011

 51. Roybal KT, Lim WA. Synthetic immunology: hacking immune cells to expand their therapeutic capabilities. Ann Rev Immunol. (2017) 35:229–53. doi: 10.1146/annurev-immunol-051116-052302

 52. Koshy M, Villano JL, Dolecek TA, Howard A, Mahmood U, Chmura SJ, et al. Improved survival time trends for glioblastoma using the SEER 17 population-based registries. J Neurooncol. (2012) 107:207–12. doi: 10.1007/s11060-011-0738-7

 53. Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in immune privilege of the CNS. Nat Immunol. (2017) 18:123–31. doi: 10.1038/ni.3666

 54. Yang I, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central nervous system immunity and glioma immunology. J Clin Neurosci. (2010) 17:6–10. doi: 10.1016/j.jocn.2009.05.006

 55. O'Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morrissette JJD, et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with recurrent glioblastoma. Sci Transl Med. (2017) 9:eaaa0984. doi: 10.1126/scitranslmed.aaa0984

 56. Chongsathidkiet P, Jackson C, Koyama S, Loebel F, Cui X, Farber SH, et al. Sequestration of T cells in bone marrow in the setting of glioblastoma and other intracranial tumors. Nat Med. (2018) 24:1459–68. doi: 10.1038/s41591-018-0135-2

 57. Zhou P, Shaffer DR, Alvarez Arias DA, Nakazaki Y, Pos W, Torres AJ, et al. In vivo discovery of immunotherapy targets in the tumour microenvironment. Nature (2014) 506:52–7. doi: 10.1038/nature12988

 58. Patel SJ, Sanjana NE, Kishton RJ, Eidizadeh A, Vodnala SK, Cam M, et al. Identification of essential genes for cancer immunotherapy. Nature (2017) 548:537–42. doi: 10.1038/nature23477

 59. Miyai M, Tomita H, Soeda A, Yano H, Iwama T, Hara A. Current trends in mouse models of glioblastoma. J Neurooncol. (2017) 135:423–32. doi: 10.1007/s11060-017-2626-2

Conflict of Interest Statement: 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.

Copyright © 2019 Petersen and Krenciute. 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.

OPS/images/fonc-09-00069-g001.gif
Microenvironment

* e

Glioma cell






OPS/images/fonc-09-00069-t001.jpg
Strateay Genes/targets/systems  Tested in glioma? Results References
Oytokine. 12 No Improved anti-tumor activity and persistence ©9
overexpression
IL-15 Yes Improved anti-tumor actity and persistence, antigen (10)
‘escape
IL18 No Improved ant-tumor actvty and persistence (11,12
Cytokine receptor IL7R Yes Improved anti-tumor actity and persistence 19
(constitutively active)
Knock-out PD-1 No . (14-16)
Improved anti-tumor activity
DGK Yes (17, 18)
Knock-in TRAC No Improved CAR expression and anti-tumor activity 7,19
CXCR4 No Proof of concept of successful CRISPR/Cas9-mediated (20)
ot o HDR in human T cels 0
Muli-antigen targeting HER2-+L13Ra2 Yes . ' )
Improved anti-tumor activity, antigen escape prevention
HER2-+IL13Re2+EphA2 Yes ©2)
Controlied and SynNoth No Controlled CAR expression @3
inchickle systemns Inducible co-stimulation No Inducible CAR activation @4





OPS/images/cover.jpg
, frontiers
in Oncology

Next Generation CAR T Cells for the
Immunotherapy of High-Grade
Glioma









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





