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Editorial on the Research Topic 


Improving responses to immunotherapy in glioblastoma multiforme


Glioblastoma multiforme (GBM), WHO grade 4 glioma, IDH-wildtype, is essentially a uniformly fatal primary brain tumour. Whilst many therapeutic interventions have been studied pre-clinically, and tantalizing observations have emerged from clinical trials, very few have matured to the level required for clinical use as therapies for patients with GBM, and unfortunately nearly all GBM tumours relapse.

These tumours are uniquely challenging due to their location within the brain, making delivery of therapeutic interventions difficult. Further, the GBM tumour microenvironment is highly immunosuppressive, dominated by tumour-associated macrophages (TAMs) and myeloid suppressor cells. Here, Takacs et al., who previously reported the existence of three populations of myeloid cells within the glioma microenvironment based on expression of chemokine receptors CCR2 and CX3CR1, demonstrate that myeloid-derived suppressor cells (MDSCs) expressing both CCL2 and CCL7 represent a potent and migratory T cell suppressive population, and that a therapeutic strategy targeting CCR2 might help limit recruitment of this population to the brain. Wei et al. discuss therapy-induced changes of the tumor microenvironment (TME) in recurrent GBM (rGBM), with large infiltration of CD68+ macrophages following anti-angiogenic therapy together with the almost (82%) complete loss of the immunogenetic epidermal growth factor receptor variant III (EGFRvIII). These macrophages are the dominant non-malignant cells in the TME of rGBM, are far more diverse than a simple binary M1/M2 polarisation and are very plastic cells that need to be taken into consideration when applying immunotherapies to treat rGBM as reviewed by Wei et al. This immunosuppressive microenvironment also affects tumour-infiltrating lymphocytes (TILs), which have been found to exhibit exhausted phenotypes, expressing PD-1, TIM-3, LAG-3, TIGIT, and CD39, or are otherwise dysfunctional. Zhao et al. describe 25 immune cell types in 796 GBM samples, find patterns associated with different clinical outcomes, and identify novel dysregulated signalling pathways that could be used as prognosticators of treatment outcomes. In this regard, Gutova et al. focus on one such pathway, the Wnt signalling pathway, using the small molecule inhibitor ICG-001, and find that it has pleotropic effects on a GL261 tumour model: increased TIL recruitment and activation, modulation of the tumour stroma, and differentiation of self-renewing glioma stem cells. However, as demonstrated by lorgulescu et al., murine GL261 and CT2A glioma models, in contrast to human GBM, have high mutational loads, and neither cell line shares the essential genetic or histologic features of human GBM. As such, these results warrant confirmation using better suited GBM models.

Adoptive transfer of chimeric antigen receptor (CAR) T cells are a potentially interesting avenue. Karachi et al. discuss this approach in their review, considering ongoing clinical trials and the hurdles faced by CAR T cell strategies. One challenge is antigen loss in the context of highly heterogeneous tumors, rendering single antigen-targeted T cells useless. Indeed, antigen escape has been demonstrated, and may be one of several mechanisms underlying tumour recurrence. One could envisage adoptive transfer of CAR T cells recognising more than one antigen, or CAR T cells recognizing targets expressed by most or all cells within a tumour, or strategies incorporating additional CAR T cells to be injected once the tumour recurs. Relevant to this approach, Rose et al. identify multiple surface proteins, including some that are mutated proteins, some that are targeted by existing drugs, and some novel proteins not yet targeted.

In this Research Topic, two groups, Kang et al. and Nabors et al., discuss γδ T cells as vehicles for CAR expression and as a potential alternative to the more abundant αβ T cells. γδ T cells are a small (0.5-5%) subset of all T cells, whose T cell receptors (TCRs) consist of γ and δ chains, hence their name. Contrary to αβ TCRs, antigen recognition by γδ TCRs is independent of class I major histocompatibility complex (MHC) molecules, and therefore potentially obviate the very expensive requirement for patient-specific autologous adoptive transfer. Further, γδ T cells produce high numbers of cytokines and are the most abundant T cell in the gut mucosa. Nabors et al. previously showed that GBM cells constitutively express low levels of the stress associated NKG2D ligands (NKG2DL) recognised by γδ T cells. They show here that NKG2DL expression is increased by temozolomide (TMZ) treatment, but also that TMZ is toxic to γδ T cells. However, by rendering their γδ T cells resistant to TMZ, these cells could be administrated to patients receiving TMZ treatment in a first-in-human phase 1 clinical trial (NCT04165941). CAR engineered γδ T cells could both be an alternative approach to CAR T cell immunotherapy, and a complementary approach to be considered on tumour recurrence.

One hopes that the efforts described here, and others, will collectively begin to help patients with GBM that presently lack effective treatment options.
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Evading T cell surveillance is a hallmark of cancer. Patients with solid tissue malignancy, such as glioblastoma (GBM), have multiple forms of immune dysfunction, including defective T cell function. T cell dysfunction is exacerbated by standard treatment strategies such as steroids, chemotherapy, and radiation. Reinvigoration of T cell responses can be achieved by utilizing adoptively transferred T cells, including CAR T cells. However, these cells are at risk for depletion and dysfunction as well. This review will discuss adoptive T cell transfer strategies and methods to avoid T cell dysfunction for the treatment of brain cancer.
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Introduction

T cells are the key players of the adaptive immune response, and their potency is being leveraged for the treatment of cancer. T cells represent a diverse population of immune cells in the peripheral blood and lymphoid organs, and their overarching function is to rid the host of “non-self” or antigen expressing cells. Many studies have shown a positive correlation between the presence of tumor infiltrating T cells and prognosis in solid tissue malignancies (1–3) including glioblastoma (GBM) (4). T cell immunotherapeutic platforms have had success in certain hematologic and solid tissue cancers (5). However, T cell dysfunction is a major limitation for the efficacy of these strategies in the treatment of GBM (6).

Dysfunctional T cells are defined by loss of effector function, including loss of cytotoxicity, decreased secretion of inflammatory cytokines such as interleukin-2 (IL-2), tumor necrosis factor-α (TNF-α), or interferon- γ (IFN-γ) (7). These cells often develop due to chronic antigen exposure with loss of the ability to respond to antigen with cytolysis (Figure 1). Dysfunctional T cells can limit the efficacy of immunotherapeutic strategies for patients with GBM. Infusion of potent T cells educated against particular antigens is an attractive strategy to overcome the dysfunction and sequestration seen in host T cells in patients with GBM. Several platforms are being developed, including adoptive transfer of autologous T cells followed by vaccination and autologous T cells engineered for improved anti-tumor efficacy such as chimeric antigen receptor (CAR) T cells. These platforms have shown some response rates in early trials. However, these therapies are limited by issues with engraftment, a hostile tumor microenvironment, and induced T cell dysfunction. In this review, we will discuss adoptive transfer of T cells for the treatment of GBM and factors that affect the potency of these approaches.




Figure 1 | CD8 T cell differentiation pathway. (A) CD8 T cell are activated through MHC I by dendritic cells (DCs) with CD4 “help” via IL-2 and IL-21 secretion. This results in the development of CD8 effector T cells that can cause cytolysis. (B) Chronic antigen exposure and lack of appropriate support from T helpers result in exhausted CD8 T cells without effector function to remove tumor cells.





Exogenous T Cells for GBM

Adoptive T cell infusion provides the host with a bolus of functional T cells primed against a particular antigen. Approaches to generate tumor specific T cells are 1) infusion of autologous, expanded T cells primed against the antigen of interest, or 2) infusion of autologous, engineered T cells such as chimeric antigen receptor (CAR) T cells (Figure 2). Autologous T cells are typically harvested from the peripheral blood (8). Tumor infiltrating lymphocytes (TILs) are intrinsically tumor specific, but in patients with GBM, are too few and dysfunctional, and therefore do not represent a viable source of cells (9, 10). Peripheral circulating T cells must be primed against antigens by co-culturing with antigen loaded dendritic cells (DCs) or through genetic engineering. After detecting antigen specific T cell clones, these cells are expanded and infused into the patients as adoptive T cell transfer.




Figure 2 | T cell therapy for cancer treatment is transfer of T cells that are specific for tumor antigens to the patients after ex vivo expansion. T cells are matured from peripheral blood mononuclear cells (PBMCs) and primed against antigen or genetically engineered to express CARs that specific for the antigen and reinfused to patients after ex vivo expansion.



These strategies are being tested in early phase trials (Table 1). A phase I/II study (NCT00331526) in 2004 studied the safety of implantation of lymphocytes into the tumor resection cavity in patients with newly diagnosed or recurrent glioma (11, 12). The lymphocytes were generated from PBMCs and grown with IL-2. The investigators called these cells lymphokine activated killer (LAK) cells. They found that this approach was safe in 40 patients. However, the analysis did not evaluate the engraftment or persistence of the cells. An on-going phase I/II study is testing autologous cytotoxic T cells primed against pp65 CMV antigen in patients with newly diagnosed GBM (NCT02661282). In this study, patients receive dose intensified temozolomide to induce lymphopenia and leverage the homeostatic lymphoproliferation that ensues after temozolomide induced lymphopenia. Patients receive up to 4 cycles of temozolomide followed by T cell infusion. The results so far have found that the production of large numbers of T cells from patients with GBM is feasible, and the treatment has been safe. Results on engraftment and clinical efficacy are still underway (13). The ERaDICATe clinical trial (NCT00693095) is also testing CMV targeting T cells with temozolomide and is adding DC vaccines to one of the cohorts to determine if this improves the persistence of T cells (14).


Table 1 | T cell clinical trials for brain tumors.



Similarly, adoptive transfer of clonally selected T cells targeting tumor has been described for the treatment of recurrent primitive neuroectodermal tumors (PNETs) (19). Blood was drawn and tumor biopsies were obtained from 10 patients for vaccine preparation. Autologous T cells were isolated from patients’ blood and were primed and expanded ex vivo by exposure to dendritic cells loaded with total tumor RNA extracted from tumor biopsies. The T cells were infused back to the patients after conditioning chemotherapy. Some patients received non myeloablative chemotherapy, and others received myeloablation followed by stem cell rescue. These conditioning regimens have significant implications for the potential for T cell proliferation and are further discussed in the following sections of this review. Patients subsequently received three dendritic cell (DC) vaccines. T cell receptor (TCR) RNA sequencing of peripheral blood mononuclear cells (PBMCs) after treatment demonstrated a large clonal expansion of T cells, which correlated with clinical outcomes. This platform is now also being tested in high-grade pediatric glioma (NCT03334305) and diffuse intrinsic pontine glioma (DIPG) (NCT03396575).

Alternatively, T cells can be engineered to provide a more potent population of cells. Autologous patient derived T cells isolated from patients can be modified with a CAR gene. CAR T cells are designed to express artificial T cell receptor using viral transfection to recognize cancer antigens. CARs are composed of extracellular, transmembrane and intracellular domain. The extracellular domain, also known as tumor targeting domain, is composed of single chain variable fragment (scVF) that is made up of the variable regions of the heavy and light chains (20). The tumor targeting domains are not restricted by MHC bound antigens. They can recognize non-MHC cell surface proteins. Intracellular domain composed of CD3ζ to direct T cells for performing the primary cytolytic activity. However, cytotoxic T cells require further signaling when they encounter a cognate foreign antigen to induce expansion, persistence, and cytokine secretion (21). To address this issue, 2nd and 3rd generation of CAR T cells developed with the 2nd generation composed of co-stimulatory domains such as CD28, 4-1BB to improve proliferation and cytokine production of CAR T cells. The 3rd generation of CAR T cells, composed of multiple signaling domains such as CD28 and 4-1BB or Ox40. The most current generation CAR T cells, T cells redirected for universal cytokine-mediated killing (TRUCKS), have co-stimulatory molecules and are armed with transgenes to express a synthetic protein of interest such as immune stimulatory cytokines of IL-2, IL-5, IL-12 to exhibit an improved anti-tumor function and resistance to immunosuppressive tumor microenvironment (22, 23).

Two FDA approved CAR T cell therapies are available for treatment of acute lymphoblastic leukemia (ALL) and diffuse large B cell lymphoma (DLBCL), Tisagenlecleucel (CTL019, Kymriah©) and axicabtagene ciloleucel (Yescarta©). Three single antigen CAR T cell therapies are under investigation for GBM targeting EGFRvIII, IL13Rα2, and HER2. A single infusion of EGFRvIII CAR T cells was tested in 10 patients with recurrent GBM in a phase I study (NCT01454596) that required EGFRvIII expression in tumor samples (15). Patients did not receive conditioning with chemotherapy prior to infusion. Cells were detectable by flow cytometry or PCR but declined significantly (2-10 fold) within 14 days post infusion. The level of existing lymphopenia did not correlate with peak engraftment. EGFRvIII CAR T cells were detectable in the tumor specimens of patients who had early surgery after infusion (within two weeks). However, some of the specimens also had infiltration of immunosuppressive regulatory T cells and upregulation of IDO1, PD-L1, and IL-10, suggesting that the infiltration of EGFRvIII cells within the tumor incited a compensatory immunosuppressive response.

IL13Rα2 targeting CAR T cells are also being tested in patients with recurrent GBM either as monotherapy (NCT02208362) or in combination with immune checkpoint blockade (NCT 04003649). A report of a single patient with multiple intracranial and spinal lesions of recurrent, wide-spread GBM demonstrated regression when treated with intrathecal delivery of IL13Rα2 CAR T cells developed from autologous cells (16). The patient eventually succumbed to disease progression. Similarly, HER2 CAR T cells were tested in a phase I study in patients with recurrent GBM with HER2 expression (24). No conditioning regimen was given prior to infusion. Most patients had the highest concentrations of detectable HER2 CAR T cells in the peripheral blood within two weeks of infusion. Six weeks after infusion, detectable CAR T cells declined significantly. The median overall survival was 24.5 months after diagnosis and was 11.1 months after T cell infusion.



Barriers to T Cell-Based Therapy


Engraftment

A major hurdle for T cell therapy is the engraftment of cells. Engraftment for T cell therapy in brain tumors refers to presence of the cells in the peripheral blood and migration within the tumor microenvironment for sustained anti-tumor responses. This definition is different from the traditional concept of engraftment of hematopoietic stem cells, which are expected to take residence in the bone marrow for cellular production. The kinetics of autologous T cells after the infusion is a decline as they distribute in the tissues, an increase as they proliferate, and a subsequent decline that persists (25, 26). As discussed in the previous section, most patients do not have detectable levels of infused T cells within two weeks after infusion. Approaches to improve engraftment are pre-conditioning with chemotherapy to induce lymphopenia. This allows for the infused T cells to have less “competition” for cytokines and also to leverage the homeostatic lymphoproliferation that results from the lymphopenia (27–29). Another alternative strategy is the use of DC vaccination following T cell infusion. In a pilot study, 17 patients with newly diagnosed GBM were randomized to receive CMV targeting T cells alone or with DC vaccines (14). The patients who received vaccines had significant increases (~1.5-fold, p=0.04) in T cells that expressed IFN gamma, TNF alpha, and CCL3. However, this analysis was performed only seven days after T cell infusion. Therefore, the persistence of cells after DC vaccination was not evaluated.

Another method to overcome issues with loss of T cell frequency in the circulation is to force cells to accumulate in the tumor microenvironment. This technique was utilized successfully in pre-clinical models testing a CD70 CAR T cell (30). The CD70 CAR T cell was modified to express IL-8 receptors (CXCR-1 and CXCR-2) (31). In the setting of CD70 expressing tumors treated with radiotherapy (RT), the modified CD70 CAR T cells had much greater trafficking to the tumors due to IL-8 upregulation after RT. The improved CAR T cell tumor infiltration resulted in long term survivors compared to only 35 days of survival in untreated animals, and a strong memory T cell response that prevented regrowth of tumors on re-challenge.



Potency

One of the limiting factor of transferred T cells’ potency is exhaustion. Exhaustion is a T cell state that develops gradually in both transferred and host T cells due to repeated stimulation of the T cell from persistent antigen exposure (32). Exhaustion has distinct signatures but one of the most important characteristics of exhausted T cells is persistent over-expression of inhibitory checkpoints. The over-expression of immune checkpoints is also present in activated T cells. However, activated T cells experience a transient upregulation of immune checkpoints while exhausted T cells have a persistent upregulation of immune checkpoints.

Exhausted T cells are heterogeneous and include two different cell populations: progenitor exhausted T cells and terminally differentiated exhausted T cells. Progenitor exhausted T cells can be generated from both effector T cells or directly from naïve T cells. Progenitor exhausted T cells have some stem cell like characters similar to central memory T cells as they have the potential to proliferate and expand and also reverse to effector T cells after vaccination or PD-1 blockade (33, 34). Although these cells have a high expression of PD-1 and T cell factor-1(TCF-1), which is a self-renewal marker, they have a limited expression of other inhibitory molecules and lack expression of markers like Tim-3 (35).

Terminally differentiated exhausted T cells are generated from high PD-1 expressing cells with expression of multiple immune checkpoints and lack of responsiveness to immune checkpoint blockade (36). Persistent antigen exposure leads to upregulation of transcription factor TOX and alterations of nuclear factor activated T cells (NFAT), which is required for formation of exhausted T cells (37, 38). In GBM, TILs expressing high levels of Tim-3, Lag-3 and PD-1 that fail to secrete IFN-g, IL-2 and TNF-α are considered terminally exhausted (9).

Exhaustion can also be seen in transferred CAR T cells that results in reduced anti-tumor efficacy. In elegant experiments performed by Dr. Rao’s group, CD19 reactive CAR T cells were found to have gene expression and chromatin accessibility associated with NFAT pathway including activation of NR4A1-3 (37). When the three NR4A binding motifs were knocked out in the CAR T cells, the gene expression profiles and chromatin regions of effector CD8 T cells were characterized, and they caused tumor regression and prolonged survival in tumor bearing mice (75% in triple knockout CAR T cells versus <5% wild type CAR T cells, p<0.0001).

Other potential strategies to avoid exhaustion of CAR T cells include combining with immune checkpoint blockade (39). Pre-clinical models have demonstrated enhanced anti-tumor efficacy when PD-1 blockade is added to CAR T cells in murine models of lung cancer and breast cancer (40–42). In a small study of patients with neuroblastoma, the addition of PD-1 blockade to lymphodepletive chemotherapy did not enhance the expansion or persistence of third generation GD2 CAR T cells (17). Administration of PD-1 blockade in 10 adult patients with high grade gliomas resulted in blockade of PD-1 on both host T cells and intracranial injected CAR T cells with reduction of PD-1 on T cell surface from 39.3% to 3.8% (18). In this study the effect of PD-1 blockade on T cell function and phenotype were not evaluated. Therefore, T cells engineered to secrete immune checkpoint antibodies are being developed (43, 44).

Another strategy is having the CAR induced only when the antigen is present. Choe et al. developed a CAR T cell that has CAR activation only when a synNotch receptor interacts with the tumor antigen (45). They utilized EGRvIII and myelin oligodendrocyte glycoprotein (MOG) targeting CARs to demonstrate that these particular CAR T cells were more likely to be in a naïve/stem cell memory state. This correlated with better anti-tumor efficacy. NCG mice implanted with GBM6 PDX GBM were treated with α-EGFRvIII synNotch–α-EphA2/IL13Rα2 CAR T cells which resulted in long-term remission of all tumors. In other studies, CAR T cells targeting alkaline phosphatase placental-like 2 (ALPPL2) in murine models of human ovarian and mesotheliomas tumors had longer persistence and better tumor control when synNotch was added (46). Animals bearing M28 mesotheliomas tumors were treated with ALPPL2-synNotch-MCAM CAR T cells and demonstrated complete responses in the majority of animals with less PD-1+/CD39+ exhausted CD8 T cells (~60%) compared to MCAM CAR T cells (~75%).

T cell-based therapies have been limited thus far due to the inability to target all antigen-expressing tumor cells. Strategies to overcome issues with T cell effector function began with the development of 2nd and 3rd generation CAR T cells. First generation CAR T cells only had CD3ζ intracellular domain signaling, which limited the ability of complete activation signaling and secretion of cytokines long-term as the signaling diminished over time (47). Second and third generation CAR T cells added 4-1BB and CD28, which are co-stimulatory factors that improved activation and expansion (22). Fourth generation CAR T cells provide the ability to secrete a protein of interest such as cytokines and chemokines with enhanced T cell persistence and anti-tumor function (23).

In GBM, CAR T cells have also been modified to improve activation. IL13Rα2-CAR T cells were engineered to overexpress IL-15 to enhance effector function (48). Transgenic IL-15 expressing IL13Rα2-CAR T cells had greater expansion and enhanced anti-tumor effector function as measured by cytokine production. IL-15 secreting CAR T cells showed enhanced intracranial persistence with resultant tumor regression in the U373 human glioblastoma orthotopic xenograft mouse GBM model. However, tumors recurred after 40 days due to IL13Rα2 antigen loss (48).



Antigen Loss

Tandem and trivalent CAR T cells have been developed in an attempt to overcome the issue of antigen loss post CAR T cell therapies that has been seen with both EGFRvIII CAR T cell therapy in patients with GBM (15) and IL13Rα2 CAR T cell therapy in a xenograft GBM mouse model (48). In a murine GBM model, tandem CAR T cells targeting HER2 and IL13Rα (two specific antigen targeting domains within one CAR construct) displayed enhanced activation and anti-tumor function without being more exhaustible than co-expressed HER2 and IL13Rα CAR T cells (biCAR T cells) or pool of single antigen HER2 or IL13Rα CAR T cells (49) (Figure 3). These tandem CAR T cells had moderate increases in IFN-gamma and IL-2 secretion and improved tumor-killing capacity (~60% in tandem CAR vs~20% in biCAR in U373 model, p<0.05). The animals treated with tandem CAR T cells had a survival of >140 days compared to biCAR (85 days) (p<0.0001).




Figure 3 | Engineered CAR T cells specific for multiple tumor antigens.



Due to the heterogeneity of GBM tumor cells, the expression of surface antigens significantly varies between patients, and targeting two antigens may not be an effective treatment for all patients. CAR T cells targeting HER2, IL13Rα2, and ephrin-A2 (EphA2) have been developed to provide antigenic “coverage” for almost all patients (50). This trivalent CAR T cell demonstrated improved anti-tumor activity and survival in GBM patient derived xenografts compared to biCAR (IL13Rα2, andEphA2) and single IL13Rα2 CAR T cells, while lower T cell doses were required to control tumor growth. The ability of the trivalent CAR to overcome tumor antigen loss is still unknown.

Peptide based CAR T cells exploit the binding potential of the peptides to target diverse heterogeneous tumor cells without a shared specific antigen. Researchers complexed a peptide [chlorotoxin (CLTX) extracted from the scorpion’s venom] to the CD28 end of the CAR (51). Although the specific tumor cell surface receptor for CLTX has not been identified, this study found that the CLTX CAR T cells tumor recognition was mediated by expression of membrane-bound matrix metalloproteinase-2 (MMP-2) on the tumor cells. These peptide targeting CAR T cells resulted in anti-tumor effects in orthotopic xenograft models including tumors that did not express typical GBM associated tumor antigens such as IL13Rα2. Therefore, CARs targeting peptides have the potential to overcome the limitations of CARs that target 1 or 2 antigens with recurrence of tumors due to antigen loss.



Immunosuppressive Microenvironment

In addition to intrinsic problems with infused T cell function, these cells are limited by the immunosuppressive tumor microenvironment (TME). Macrophages and microglia within the murine GBM tumor microenvironment produce CCL2 cytokine to recruit CCR4+ Tregs and CCR2+ Ly6C+ myeloid cells (52). Overexpression of immunosuppressive cytokines and the recruitment of Tregs and myeloid derived suppressor cells (MDSCs) create a hostile environment for engraftment or effector function of cytotoxic T cells (53, 54). This environment is hostile not only locally but also peripherally as T cells have been shown to be sequestered within the bone marrow of patients with GBM (53). These data suggest that T cell egress and trafficking into intracranial malignancies are additional inhibitory mechanisms that must be overcome to initiate and perpetuate a cycle of self-sustaining cancer immunotherapy.

Myeloid cells compose 30-50% of GBM tumor mass and accumulate in the peripheral blood sabotaging the efficacy of T cells (54, 55). Tumor associated myeloid cells express high levels of PD-L1 (55). The majority of PD-L1 expression in the tumor microenvironment results from myeloid cells and not tumor cells (56). In a murine study, radiation therapy was used to upregulate the expression of PD-L1 on myeloid cells to produce synergy when combined with PD-L1 blockade (55). Targeting of myeloid cells and PD-1 expression on T cells leads to reversal of immune resistance to DC vaccination and abundance of T cell infiltration within the tumor with resultant long-term survival in GL-261 GBM bearing mice (56). However, these strategies have not yet been tested in combination with T cell infusion therapies.

Other signaling pathways except than PD-1/PD-L1 are also involved in the dysfunction of T cells mediated by tumor associated myeloid cells. B7 superfamily membrane 1 (B7S1), also known as B7-H4, is an inhibitory molecule expressed by tumor associated myeloid cells that negatively regulates activation of T cells and promotes exhaustion of tumor infiltrating CD8 T cells (57). Inhibition of B7S1 on tumor infiltrating myeloid cells and PD-1 on T cells improves CD8 T cell anti-tumor immune responses in murine cancer models (57). In phase II randomized trial investigating DCs loaded with lysates from GBM cells cultured in stem cell media, patients with low B7-H4 expression had prolonged survival (58). This increase in survival was associated with higher T cell infiltration in the tumors.

Adoptive transfer of autologous T cells is also limited by immunosuppression from circulating Tregs (59–61). Patients with GBM have natural, or thymus derived Tregs and induced Tregs (62, 63). Tregs are associated with reduced survival and are linked to tumor recurrence in patients with GBM (64). IDO expression on tumor cells and CCL-2 secretion from microglia and macrophages in the tumor microenvironment contribute to recruiting Tregs (CD4+CD25+ FOXP3+) (52, 60, 65). Targeting Tregs may have the potential to be synergistic with T cell infusions, but this has not been tested. Treatment targeting Tregs has thus far only been tested alone or in combination with standard chemotherapy or radiation. For example, glucocorticoid-induced TNFR-related protein (GITR) are receptors expressed on Tregs, and antibody blockade of GITR has been shown to have efficacy in murine models (66). Intratumoral treatment with an antibody against GITR was found to have a survival benefit in a murine GBM model (30 days compare to 19 days in control, p<0.01, and 10% of mice being long-term survivors). However, this benefit was only seen when treatment was delivered within the tumor through FcγR-mediated destruction of Tregs. Systemic delivery did not deplete intratumoral Tregs and did not extend survival significantly. Anti-GITR, non-depleting antibodies combined with stereotactic radiation also increases overall survival in murine GL-261 Luc glioma model (67). In GBM patients, selective depletion of Tregs with anti-IL-2Rα mAb during lymphopenia, enhanced response to an EGFRVIII peptide vaccine and improve anti-tumor humoral immunity (68). The effects of anti-Treg therapy in combination with infusion of cytotoxic T cells has not been tested.




Optimizing Expansion, Engraftment, and Function of T Cells

Current treatment strategies for GBM all have effects on the host immune system. Although many of these effects are immunosuppressive, some of the immune-related changes can be leveraged for improved efficacy of immunotherapy. Experimental data of cancer models and results from metastatic cancer patients suggest addition of radiotherapy to immunotherapy contributes to systemic anti-tumor immunity (69). In murine models, GL261 tumor bearing mice had a median survival of 53 days when treated with PD-1 blockade combined with stereotactic radiosurgery compared to 25-28 days in control animals or those treated with monotherapy (70). In a pre-clinical study evaluating a second generation NKG2D targeting CAR T cell, investigators found that the addition of a single dose of 4 Gy radiation to the tumor resulted in significantly more intra-tumor T cell migration (71). This was associated with increased long-term survival in the SMA-560 glioma model (42% versus 14% with CAR alone, p<0.001). In patients with newly diagnosed high grade glioma, radiation was given 9 days after intra-tumoral administration of adenoviral vector (ADV-TK) as preclinical studies suggest increased efficacy with the combination (72). Twelve patients were treated and 4/4 tumors were found to have CD3 T cell infiltrates on H&E analysis. This was a phase IB study and further investigation is ongoing.

Chemotherapy has also been described to improve engraftment after T cell infusions. Using a murine melanoma tumor model treated with OT-1 T cell infusion followed by OVA peptide vaccination, myeloablation using temozolomide led to a 70-fold expansion of antigen specific T cells compared to controls (28). In the same model, temozolomide-induced lymphopenia increased antigen specific T cell expansion in a dose dependent fashion (73). Interestingly, the immune effects of temozolomide vary based on the dosing schedule. When combined with PD-1 blockade, standard dosing of temozolomide abrogated the survival benefit of PD-1 blockade in murine GL-261 glioma models (74). When the same total dose was delivered in smaller individual doses over a longer period of time (metronomic schedule), the survival benefit of PD-1 blockade was preserved due to avoidance of T cell dysfunction. In a phase II study of DCs loaded with GBM lysate combined with adjuvant temozolomide, CD8 T cells expanded, but the effector memory (CCR7 low, CD45RO high) decreased after the first adjuvant temozolomide dose (75).

The ideal conditioning chemotherapy regimen prior to T cell infusion is controversial. Myeloablative dosing has been shown to increase T cell engraftment. However, myeloablation requires stem cell rescue and is more toxic. A myeloablative dose of temozolomide was tested in B16 F10-OVA melanoma model, in combination with T cell transfer and OVA peptide vaccine improved survival by 10 days compare to non-myeloablative dose (28). The improved survival was mediated by elevated levels of IL-2 post chemotherapy. Higher levels of IL-2 contributed to a significant expansion of transferred T cells and differentiation of naïve T cells to effector T cells with a higher capacity for pro inflammatory cytokine secretion.

Lymphodepletion without myeloablation may be enough. Lymphodepletion prior to CAR T cells targeting EGFRvIII was found to cause regression of tumors and resulted in 50% long term survivors (over 200 days) (29). Animals that received higher temozolomide doses (dose intensified) had enhanced proliferation and persistence of CAR T cells compared to animals receiving the standard dose. Based on this study, phase I clinical trial had been designed to evaluate the anti-tumor efficacy of EGFRvIII CAR T cells after host precondition with dose intensified temozolomide for newly diagnosed GBM patients (NCT02664363). In another phase I clinical trial for patients with recurrent central PNETs, the efficacy of T cell transfer targeting total tumor RNA combined with DC vaccine was evaluated post non myeloablative doses of cyclophosphamide and fludarabine (19). Massive clonal expansion of T cells were found using TCR sequencing. However, the function of these expanded T cells has not been described.

T cell dysfunction is a major limitation of any T cell-based therapy. One strategy to avoid T cell dysfunction is replacement of exhausted and senescent T cells with effector and memory T cells. This replacement can be performed by promoting apoptosis by targeting FOXO4/p53 peptide in senescent T cells (76) and substituting the exhausted T cells with effector and memory T cells using stem cell transplantation (77). Alternatively, dysfunctional T cells can be replaced by T cells recruited by hematopoietic stem cell (HSC) infusion. In a murine GBM model, HSCs were shown migrate to the tumor microenvironment (78). Secretion of chemoattractants such as growth factors and cytokines from tumor cells attract HSCs where HSCs can recruit tumor-specific T cells. A study by Flores et al. demonstrated that HSC infusion after myeloablative RT resulted in homing of tumor specific lymphocytes to the tumor (KR158) via CCL3 secretion and tumor control with improved survival (doubling of median survival compared to control) (79).

An alternative is use of induced pluripotent stem cells (iPS) which differentiate into functional T cells (80). For example, murine embryonic fibroblasts were used to create iPS cells using Flt-3 and IL-7 (81). These iPS cells were used to create T cells which were able to reconstitute a normal pool of T cells in a T cell deficient mouse model. Differentiation of T cells from iPS cells can be used as a strategy to produce “rejuvenated” T cells with high proliferative capacity and elongated telomeres (82). Moreover, iPS grown T cells can be transduced with CARs or engineered TCRs specific for tumor antigens (83).

Restoration strategy is another novel area of research. This technique requires harvesting of a functional thymus from cadaveric donor, isolation of thymus organoids and bioengineering them with growth promoting factors and thymo-stimulatory cytokines such as IL-21 (84). These thymic organoids can be transduced with recipient HLA molecules followed by recellularization of bioengineered organoid scaffold to be prepared for transplanting into the recipients (85, 86). These strategies are still experimental and require further study to determine their role in the treatment of patients with GBM.

Preventing or reversing T cell dysfunction will be the key to the future of immunotherapy in the treatment of GBM. Importantly, the effects of standard treatment modalities on the host and exogenously derived T cells will be critical. Manipulation of the peripheral and intra-tumoral immune microenvironment, optimizing the timing and duration of T cell antigen exposure, and providing sufficient T cell activation have the potential to improve responses to immunotherapy. Furthermore, adoptive T cell therapy with antigen specific T cells including CAR T cells or hematopoietic stem cells, are promising approaches to replace dysfunctional T cells in patients with GBM.



Conclusion

Patients with GBM present with several mechanisms of immunosuppression and T cell dysfunction. Targeted efforts to improve T cell function will result in greater efficacy of platforms such as adoptive T cell transfer and CAR T cell infusion. These efforts include designing T cells that target the major tumor antigens, improving persistence and effector function of T cells, and optimization of tumor microenvironment for the efficacious T cell response in the immunosuppressive tumor setting. The efficacy of immunotherapy for GBM rests on the ability to overcome T cell dysfunction.
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Glioblastoma (GBM) is the most common and devastating malignant brain tumor in adults. The mortality rate is very high despite different treatments. New therapeutic targets are therefore highly needed. Cell-surface proteins represent attractive targets due to their accessibility, their involvement in essential signaling pathways, and their dysregulated expression in cancer. Moreover, they are potential targets for CAR-based immunotherapy or mRNA vaccine strategies. In this context, we investigated the GBM-associated surfaceome by comparing it to astrocytes cell line surfaceome to identify new specific targets for GBM. For this purpose, biotinylation of cell surface proteins has been carried out in GBM and astrocytes cell lines. Biotinylated proteins were purified on streptavidin beads and analyzed by shotgun proteomics. Cell surface proteins were identified with Cell Surface Proteins Atlas (CSPA) and Gene Ontology enrichment. Among all the surface proteins identified in the different cell lines we have confirmed the expression of 66 of these in patient’s glioblastoma using spatial proteomic guided by MALDI-mass spectrometry. Moreover, 87 surface proteins overexpressed or exclusive in GBM cell lines have been identified. Among these, we found 11 specific potential targets for GBM including 5 mutated proteins such as RELL1, CYBA, EGFR, and MHC I proteins. Matching with drugs and clinical trials databases revealed that 7 proteins were druggable and under evaluation, 3 proteins have no known drug interaction yet and none of them are the mutated form of the identified proteins. Taken together, we discovered potential targets for immune therapy strategies in GBM.




Keywords: surfaceome proteomic, glioblastoma, immune therapy, surface proteins, mutated proteins, drugs, clinical trials





Graphical Abstract | Glioblastoma (GBM) cell line surface proteome was compared to healthy astrocytes cell line surface proteome. A total of 78 surface proteins are identified as over-expressed or exclusive to the GBM cell line. According to Human Protein Atlas, 25 of these surface proteins are not found in healthy brain tissues. Among these 25 surface proteins, 6 are already described in (GBM) and could be potential therapeutic target. Some of the proteins described above have also been found in a cohort of 50 GBM patients. Moreover, we identified 9 mutated proteins only expressed by GBM cell lines in which 5 are mutated in their extracellular domains which is interesting for targeted therapy. Thus, these 11 proteins could be potential therapeutic targets for CAR-based immunotherapy or mRNA vaccine strategies.




Introduction

Glioblastoma represents the main malignant primary brain tumor with an incidence of 3.22 per 100,000 population (1). The prognosis is poor with median survival estimated at 16 months in clinical studies if treated with at least a near-total resection (QTR) and followed by the Stupp protocol (SP) (2–8) and around 12 months in contemporary population-based studies (9). Approximately 7% of patients survive more than 5 years after diagnosis (1). Favorable therapy-independent prognostic factors include lower age and higher neurological performance status at diagnosis. Furthermore, low postoperative residual tumor volume has been associated with improved outcomes. Moreover, GBM treatment options such as oncogenic signaling pathways including RTK/Ras/PI3K (88%), p53 (87%) and pRB signaling pathways (78%), or VEGF-targeting monoclonal antibody Bevacizumab, DNA alkylating agents such as lomustine and carmustine implants, and the checkpoint blockade inhibitor have been underwhelming in GBM (10, 11). For immunotherapy, resistance is due to strong local immunosuppression and to the difficulty of identifying highly specific tumor antigens. Very few GBM-specific antigens have been identified so far and they show a very limited potential as targets for immunotherapy.

In this context, several strategies tried to identify surface protein targets. In fact, 10 to 20% of all genes in the human genome encode cell surface proteins and due to their subcellular localization, these proteins represent excellent targets for cancer diagnosis and therapeutics. Recent studies have integrated transcriptomic and proteomic data for such a purpose in GBM (12). 395 genes were classified as coding for surface proteins and 6 were identified with high confidence i.e. HLA-DRA, CD44, SLC1A5, EGFR, ITGB2, PTPRJ, which are upregulated in GBM (12). Bausch-Fluck et al. (13) have developed a mass spectrometric-derived cell surface Atlas (CSPA) integrating GBM cell lines (13, 14). Thus, it is now possible to compare new surfaceome proteomic dataset provided experimentally to CSPA database and from mutated peptides from XMan v.2 database (15). In this context, we compared astrocytoma GBM cell lines to normal astrocytes cell line. We could identify 11 specific potential targets for GBM including 5 mutated proteins (PLAUR, ITGB3, and MHC I proteins). The specificity of these proteins to GBM has been validated using the human protein atlas and a cohort of 50 GBM patients.



Materials and Methods


Experimental Design and Statistical Rationale

Shotgun proteomics experiments were conducted in biological triplicates (n=3). For the proteomics statistical analysis, extracted proteins presenting as significant by the ANOVA test analysis were used (p-value < 0.05). Normalization was achieved using a Z-score with matrix access by rows.



Chemicals and Reagents

Water (H2O), formic acid (FA), acetonitrile (ACN), and trifluoroacetic acid (TFA) were obtained from Biosolve B. V. (Valkenswaard, Netherlands). DL-dithiothreitol (DTT), Hydrochloric acid (HCl), and Triton X-114 were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Trypsin was purchased from Promega (Charbonnieres, France). Tris was purchased from Interchim (Montluçon, France). EZ-Link Sulfo-NHS-SS-Biotin, Streptavidin UltraLink Resin (Pierce), Sodium chloride (NaCl), Dulbecco’s Modified Eagle’s Medium (DMEM), DMEM high glucose GlutaMAX™ Supplement, heat-inactivated fetal bovine serum (FBS), trypsin, phosphate buffer saline (PBS), penicillin and streptomycin were purchased from Thermo Fisher Scientific (Massachusetts, USA). U-87 MG (ATCC® HTB-14™) cell lines were purchased from ATTC (Manassas, Virginia, USA). Immortalized Human Astrocytes (Ref: P10251-IM) and astrocyte medium were obtained from Innoprot (Derio, Spain). Human NCH82 stage IV glioma cells were obtained from Dr Regnier-Vigouroux.



Cell Culture

Human glioma cell line NCH82 and U-87 MG were grown in DMEM and DMEM high glucose GlutaMAX™ Supplement respectively supplemented with 10% FBS, 1% L-glutamine (2 mM), and 1% penicillin/streptomycin (100 units per ml). Immortalized human astrocytes were grown in an appropriate medium purchased from Innoprot. All cell lines were cultured at 37°C in a humidified atmosphere (5% CO2).



Cell Surface Protein Biotinylation and Triton X-114 Phase Partitioning

The same amount of cells (20.106) were plated on sterile 15 cm dish and cultured until they reached ≃ 80% confluence. Cells were washed three times with ice-cold PBS and incubate 30 min at room temperature with 0.25 mg/ml EZ-Link Sulfo-NHS-SS-Biotin with gentle agitation. The reaction was quenched with 50 mM Tris-HCl and cells were washed two times with ice-cold PBS. Cells were then scraped and resuspended in aqueous 2% (w/v) Triton X-114, containing 10 mM Tris–HCl, pH 7.5, and 150 mM NaCl and incubated 30 min at 4°C with frequent vortexing. Cell debris was removed with centrifugation at 10,000 x g at 4°C for 10 min. Supernatants were collected and incubated for 15 min at 37°C to achieve phase partitioning. The suspension was then centrifuged at 5,000 x g at 25°C for 30 min. The upper aqueous phase was discarded, and the lower detergent phase was carefully collected.



Purification of Biotinylated Proteins

Prior to experiments, the beads were pre-equilibrated with lysis buffer. The lower detergent phase was incubated with 40 μl of a 50% slurry of pre-equilibrated Streptavidin UltraLink Resin (Pierce) for 3 hrs at 4°C on a rotating well. After 6 washes with 50 mM ammonium bicarbonate buffer, biotinylated proteins were eluted with 50mM DTT 30 minutes at 50°C.



Protein Digestion

The proteins were digested with 1 µg Trypsin (Promega) overnight at 37°C. The digestion was stopped with 0.5% TFA. The samples were desalted using ZipTip C-18 (Millipore) and eluted with a solution of ACN/0.1% TFA (7:3, v/v). The samples were dried with SpeedVac and resuspended in 20 µL of ACN/0.1% formic acid (0.2:9.8, v/v) just before processing using LC-MS/MS. Experiments were done in biological triplicate (n=3).



LC-MS/MS Analysis

Mass spectrometry proteomics analysis of digested proteins was performed using a nano Acquity UPLC system (Waters) coupled with the Q-Exactive Orbitrap mass spectrometer (Thermo Scientific) via a nanoelectrospray source. The samples were separated using online reversed-phase, using a preconcentration column (nanoAcquity Symmetry C18, 5 µm, 180 µm x 20 mm) and an analytical column (nanoAcquity BEH C18, 1.7 µm, 75 µm x 250 mm). The peptides were separated by applying a linear gradient of acetonitrile in 0.1% formic acid (5%-35%) for 2h, at a flow rate of 300 nl/min. The Q- Exactive was operated in data-dependent mode defined to analyze the ten most intense ions of MS analysis (Top 10). The MS analysis was performed with an m/z mass range between 300 to 1 600, resolution of 70,000 FWHM, AGC of 3e6 ions, and maximum injection time of 120ms. The MS/MS analysis was performed with an m/z mass range between 200 to 2,000; AGC of 5e4 ion; maximum injection time of 60 ms and resolution set at 17,500 FWHM.



Protein ID and Data Analysis

Proteins were identified by comparing all MS/MS data with the proteome database of the complete reviewed proteome of Homo sapiens (Uniprot, release November 2020; 20,370 entries), using the MaxQuant software version 1.6.10.43 (16, 17). Trypsin specificity was used for the digestion mode with two missed cleavages. N-terminal acetylation and methionine oxidation were selected as the variable modifications. For MS spectra, an initial mass tolerance of 6 ppm was selected, and the MS/MS tolerance was set to 20 ppm for HCD data (18). For identification, the FDR at the peptide spectrum matches (PSMs) and protein level was set to 0.01, and a minimum of 2 peptides per protein in which 1 was unique. Relative, label-free quantification of proteins was performed using the MaxLFQ algorithm integrated into MaxQuant with the default parameters. This algorithm performed the normalization of the MS-data in the total peptide ion signals. The normalization factors is calculated between the different cell condition and replicates (19). Analysis of the proteins identified was performed using Perseus software (http://www.perseus-framework.org/) (version 1.6.5.0) (20). The file containing the information from identification was used with hits to the reverse database, and proteins identified with modified peptides and potential contaminants were removed. Then, the LFQ intensity was logarithmized (log2[x]). Categorical annotation of rows was used to define different groups depending on the cell line. Multiple-samples tests were performed using an ANOVA test with a p-value of 0.05 and preserved grouping in randomization. The results were normalized by Z-score and represented as hierarchical clustering. Functional annotation and characterization of identified proteins were obtained using STRING (version 11.0, http://string-db.org). Surface proteins were then identified with the lists of surface proteins provided by the cell surface protein atlas (CSPA) (13) and the list of predicted surfaceome proteins (14). Gene Ontology enrichment allows the identification of some additional surface proteins. To identify surface protein already described in GBM we grouped the surface proteins described in the CSPA of primary brain tumor and GBM cells and in the CSPA of GBM cell lines LN18, LN229, U251-MG, U87-MG, and T98G GBM cell line (13). Venn diagram analysis was performed using “the InteractiVenn” (21).



Sub-Network Enrichment Pathway Analysis

Using Elsevier’s Pathway Studio (version 11.0//Elsevier), all relationships between the differentially expressed proteins among all conditions were depicted based on the Ariadne ResNet (22) For proteins identified in the shotgun analysis, the Subnetwork Enrichment Analysis (SNEA) algorithm was used to detect the statistically significant altered biological pathways in which the identified proteins are involved. This algorithm uses Fisher’s statistical test to detect any non-random associations between two categorical variables organized by a specific relationship. Also, this algorithm starts by creating a central “seed” from all the relevant identities in the database and builds connections with associated entities based on their relationship with the seed. SNEA compares the sub-network distribution to the background distribution using one-sided Mann-Whitney U- Test and calculates a p-value; thus, representing a statistical significance between different distributions. In all analyses that we performed, the GenBank ID was used to form experimental groups based on the different conditions present for analysis. The pathway networks were reconstructed based on biological processes and molecular functions for every single protein, along with its associated targets.



Mutation Identification

Protein identification was also performed using the mutation-specific database.32 XMan v2 database contains 2 539 031 mutated peptide sequences from 17 599 Homo sapiens proteins (2 377 103 are missense and 161 928 are nonsense mutations). The interrogation was performed with Proteome Discoverer 2.3 software and Sequest HT package, using an iterative method. The precursor mass tolerance was set to 15 ppm and the fragment mass tolerance was set to 0.02 Da. For high confidence results, the false discovery rate (FDR) values were specified to 1%. A filter with a minimum Xcorr of 2 was applied. The generated result file was filtered using a Python script to remove unmutated peptides. All mutations were then manually checked based on MSMS spectra profile. The structure of mutated proteins was constructed with PremPS (https://lilab.jysw.suda.edu.cn/research/PremPS/) (23).



Druggable Genome Database and Clinical Trials

To identify drug candidates targeting the surfaceome proteins specific to GBM, the relationship between protein-coding genes and drugs was analyzed from different sources including Drug Central (https://drugcentral.org), DrugBank (https://go.drugbank.com/), ApexBio (https://www.apexbt.com/), DGIdb (https://www.dgidb.org/), FDA Approved Drugs (https://www.accessdata.fda.gov/scripts/cder/daf/), ClinicalTrials.gov, and/or PharmGKB (https://www.pharmgkb.org/).

To determine whether drug candidates were investigated in therapeutic trials for GBM patients, ClinicalTrials.gov web-based resource was used (https://clinicaltrials.gov/ct2/home). This resource provides information on publicly and privately supported clinical studies on a wide range of diseases and conditions and is maintained by the National Library of Medicine at the National Institutes of Health (US). Information on ClinicalTrials.gov is provided and updated by the sponsor or principal investigator of the clinical study. Among the clinical trials conducted in patients, children, and adults, with glioblastoma, the search was conducted among the trials corresponding to interventional studies with a status recruiting, not yet recruiting, active, not recruiting, enrolling by invitation, or completed, which represented a list of 1750 clinical trials.



Patient Samples and Consent

Patients with newly diagnosed glioblastoma were prospectively enrolled between September 2014 and November 2018 at Lille University Hospital, France. Patients were adult, had no medical history of other cancers or previous cancer treatment, no known genetic disease potentially leading to cancer and no neurodegenerative disease. Tumors samples were processed within 2 hours after sample extraction in the surgery room to limit the risk of degradation of proteins. Characteristic of the cohort has been published in (24) (Supplementary Table 1). Approval was obtained from the research ethics committee (ID-RCB 2014-A00185-42) before initiation of the study. The study adhered to the principles of the Declaration of Helsinki and the Guidelines for Good Clinical Practice and is registered at NCT02473484. Informed consent was obtained from patients.




Results

Malignant cells adopt a complete proteomic makeover, especially on their surface. Surfaceome study allows emphasizing the changes in the interactions between cells and with their environment. Here, we compared the surfaceome of two different human glioblastoma cell lines, U87 and NCH82, with a human astrocyte cell line. Cell-surface proteins were labelled and captured with membrane-impermeable EZ-Link Sulfo-NHS-SS-Biotin from intact cells. Shotgun proteomic analysis of these three cell lines yielded 2,920 protein identifications across all the samples (Supplementary Data 1). We applied a filter to retain only the proteins found in at least two of the three replicates. Then, the variations in protein expression were analyzed between the three cell lines. As a criterion of significance, we applied an ANOVA test with a significance threshold of p < 0.05. A heatmap was created from which 190 proteins showed a significant difference in LFQ expression between astrocytes, NCH82, and U87 cell lines (Figure 1A, Supplementary Data 2, 3). Surface proteins were then identified by cross-checking the total list of heatmap proteins with the lists of surface proteins provided by the cell surface protein atlas (CSPA) (13) and the list of predicted surfaceome proteins (14). Gene Ontology enrichment allowed the identification of some additional surface proteins. We found 57 surface proteins thanks to CSPA and in silico databases and 14 additional proteins being described as membrane proteins for a total of 71 surface proteins with differential expression between the three cell lines (Figure 1B). Four clusters were highlighted, cluster 1 regroups under-expressed surface proteins in the two GBM cell lines and cluster 2 overexpressed proteins (Figure 1A). The cluster 3 represents NCH82 over-expressed proteins and the U87 over-expressed proteins are in the cluster 4 (Figure 1A).




Figure 1 | Healthy astrocyte cell line, U87 and NCH82 GBM cell lines were biotinylated and lysed. Biotinylated surface proteins were purified on streptavidin beads, digested, and analyzed with LC-MS/MS. MaxQuant and Perseus software were used for the statistical analysis. (A) A heatmap was generated to show proteins with expression significantly different between cell lines. Two clusters are highlighted (1 and 2). (B) Venn diagram was performed between the 190 proteins of the heatmap and the surface proteins from CSPA and in silico CSPA databases to identify 57 surface proteins. Analysis of Gene Ontology of the different proteins allowed the discovery of 14 additional surface proteins. (C) Proteins from cluster 1 and cluster 2 were compared to surface proteins described for different GBM cell lines in CSPA (GBM CSPA).




Over-Expressed and Exclusive Surface Proteins in Immortalized Astrocyte Cell Line

We were first interested in the proteins under-expressed or unexpressed in GBM cells compared to astrocytes. On the heatmap (Figure 1A), cluster 1 includes 21 proteins that are under-expressed in NCH82 and U87 compared to the astrocyte cell line (Supplementary Data 2). Among these proteins, 12 are known to be expressed at the plasma membrane. We compared these proteins to the surface proteins described in GBM cell line and primary culture in CSPA (GBM CSPA) database. Four proteins were found in GBM CSPA databases and 8 additional proteins were found in astrocyte cell line (Figure 1C, Supplementary Data 2). Among these proteins, we found Cell adhesion molecule 3 (cadm3) involved in intercellular adhesion and Fibrillin-2 (fbn2), an extracellular matrix component. Stomatin (stom) which regulates ion transport was also found in this cluster of under-expressed surface proteins. We then examined the proteins exclusive to each cell line and among the 15 proteins only expressed by astrocytes cell line, 11 were membrane-bound and so, unexpressed in GBM cell lines (Figure 2A). 7 of these 11 surface proteins are described in GBM CSPA databases (Supplementary Data 4, Figure 2B). In addition to these proteins, we also found 4 more cell surface proteins not described in the lists above (Supplementary Data 4). Among these proteins, we found the desmosomal protein plakoglobin (jup) which plays a central role in the structure and function of submembranous plaques (25). We have also identified NHE-RF1 (slc9a3r1), known to be localized to the plasma membrane in normal astrocytes and showing a cytoplasmic shift within GBM tumor cells (26).




Figure 2 | (A) Proteins identified in all cell lines are compared in Venn diagram to highlight exclusive proteins to each cell line and common proteins to GBM cell lines. (B) Exclusive surface proteins from each cell line were compared to surface proteins from GBM cell lines in CSPA (CSPA GBM). (C) Common proteins to NCH82 and U87 GBM cell lines were compared to surface proteins from GBM cell lines in CSPA (CSPA GBM).





Over-Expressed and Exclusive Surface Proteins in GBM Cell Lines

Overexpressed and exclusive proteins to GBM cell lines were abundant in our data. Indeed, cluster 2 of the heatmap includes 47 proteins overexpressed in GBM cell lines compared to astrocytes cell line. Among these proteins, we counted 15 proteins described to localize at the plasma membrane including 13 proteins already described in GBM CSPA and 2 additional surface proteins (Figure 1C, Supplementary Data 2). Some of these membrane proteins are involved in tumor progression such as Neurogenic locus notch homolog protein 2 (notch2) (27), Aspartyl/asparaginyl beta-hydroxylase (asph) (28) and Procathepsin L (ctsl) for which high expression is unfavorable in glioma (29). We also found the proteins Prostaglandin F2 receptor negative regulator (ptgfrn) and Collagen alpha-1(VI) chain (col6a1), which correlate with a poor prognosis in GBM (30, 31). Two more clusters of over-expressed proteins in each GBM cell line are highlighted. In the cluster 3, we found 15 surface proteins over-expressed in NCH82 cell line (Figure 1A) in which 5 are not described in GBM CSPA (Supplementary Data 2). Finally, cluster 4 contains 10 surface proteins over-expressed in U87 cell line among which one protein is not found in GBM CSPA (Figure 1A, Supplementary Data 2). We have also identified 21 surface proteins only expressed by NCH82 among the 55 proteins identified (Supplementary Data 4, Figure 2B). Among these cell surface proteins, 13 were already described in GBM CSPA (Supplementary Data 4).

We identified 8 additional surface proteins in NCH82 cell line. Among these proteins we found, Guanylate-binding protein 1 (gbp1) and Pro-neuregulin-1 (nrg1) which are key players in glioblastoma progression (32, 33). We have also identified Raftlin (rftn1) which is involved in the cell entry of poly(I:C), ligand of TLR3 (34). It could therefore be a target in therapies involving TLRs (35).

Regarding the 76 proteins only expressed by U87 cell line, 30 surface proteins have been identified (Supplementary Data 4, Figure 2B). 13 of these proteins are found in GBM CSPA. We have also identified 17 other proteins that are described as membrane-bound in the literature (Supplementary Data 4). Among these proteins, we found Calpain-5 (capn5) which is already described in surgical biopsies of glioblastoma (36). We also found Paxillin (pxn) which is associated with a poor prognosis of glioblastoma (37). Sodium-dependent phosphate transporter 1 (slc20a1) is described to be over-expressed in high grade gliomas (38) and Integrin-linked protein kinase (ilk) to promote glioblastoma invasion (39). Finally, Caveolin-1 (cav1) could serve as a biomarker to predict response to chemotherapy. Indeed, its over-expression seems to confer sensitivity to the most commonly used chemotherapy for glioblastoma, temozolomide (40). Moreover, 69 proteins described as membrane proteins were found among the 241 proteins common to both NCH82 and U87 glioblastoma cell lines and not expressed by astrocyte cell line (Supplementary Data 4, Figure 2C). Among these proteins, 43 are found in the GBM CSPA database. We found 26 additional surface proteins that are not included in the lists of surface proteins previously mentioned (Supplementary Data 4). Among them, we found Glioma pathogenesis-related protein 1 (glipr1), Receptor of activated protein C kinase 1 (rack1 or gnb2l1), Protein disulfide-isomerase (p4hb), and Carbonic anhydrase 9 (ca9) known to be over-expressed in glioblastoma and to promote tumor growth (41–44). We also find Microtubule-actin cross-linking factor 1 (macf1) recently described as a novel radiosensitization target in glioblastomas (45) and Protein NDRG1 (ndrg1) which is over-expressed in glioma resistant to antiangiogenic therapy (46).



Most of GBM cell Surface Proteins Are Linked to Tumor Growth and Immune Regulation

As described before, several surface proteins identified in GBM cell lines are involved in tumor growth. Biological pathways analyses highlighted several proteins only expressed by NCH82 or U87 cell line linked to cell invasion or cell spreading, two key processes for GBM development and drug resistance (Figure 3, Supplementary Figure 1). Moreover, most of the cell surface proteins are related to cell contact and cell adhesion pathway, another main process for tumor growth (Figure 3, Supplementary Figure 1). The two GBM cell lines also over-expressed surface proteins linked to the vascularization and proliferation pathways (Supplementary Figure 1). Biological pathways analyses also established that several common proteins for GBM cell line and proteins only expressed by U87 (Figure 3) are involved in immune regulation processes such as negative regulation of CD8-positive, alpha-beta T cell activation (hfe), negative regulation of activated T cell proliferation (pdcd11g2, cd274) or negative regulation of interferon-gamma production (c1qbp).




Figure 3 | Global pathway analyses of proteins only expressed by NCH82 and U87 GBM cell lines.





Expression of Mutated Surface Proteins in the Glioblastoma Cell Lines

Several studies have reported the high number of protein mutations related to tumor progression in GBM (47–49). In this context, we investigated the mutations of surface proteins in GBM cell lines. For that purpose, we used a human database combined with the XMan v.2 database (15). This database contains information about mutated peptides that can be found in some cancers, extracted from the COSMIC database. After applying statistic filters, 114 mutations were identified. The MSMS spectra of these 114 mutations were manually checked for specific fragmentation of the mutated amino acid. Thus, thirty-three mutated peptides were identified among which 9 are only detected in both NCH82 and U87 GBM cell lines compared to astrocyte cell line. Among the proteins from which mutated peptides were identified, we retrieved RELT-like protein 1 (rell1), Cytochrome b-245 light chain (cyba), Epidermal growth factor receptor (egfr) and Cytochrome b reductase 1 (cybrd1) for which missense mutations are found in their intracellular domains. Other proteins mutated this time in their extracellular domain have been identified such as Urokinase plasminogen activator surface receptor (plaur), Integrin beta-3 (itgb3), and different subunit of HLA class I and II histocompatibility antigen such as B-41 alpha chain (hla-b), A-24 alpha chain (hla-a) and DP beta 1 chain (hla-dpb1) (Figure 4).




Figure 4 | Structure of mutated proteins according to PremPS.





Tracking Identified Surface Proteins in Patients

In this study, proteomic analyses were performed on three different replicates of cell samples. Some variation in the protein expression can be observed between replicates of a same cell sample (Figure 1A). Since the number of replicates was limited, we wanted to validate the expression in GBM patients of all the surface proteins identified in this study. To do so, we compared the proteins of each heatmap clusters (Figure 1A, Supplementary Data 2) as well as the proteins exclusive to each cell line and the proteins common to both NCH82 and U87 cell line (Figure 2A, Supplementary Data 4) to the ones identified in patient’s glioblastoma using spatial proteomic guided by MALDI-mass spectrometry (24). Characteristics of the GBM cohort are presented in (Supplementary Table 1). It has allowed to identify 66 of our surface proteins expressed in at least 70% patient’s GBM from this cohort.

Of all the surface proteins we identified in this study (Supplementary Data 2 and 4), 67 are not described in the GBM cell lines in the CSPA database. It was therefore necessary to confirm the expression of these additional surface proteins in patient’s GBMs. Thus, we can confirm the expression of 32 surface proteins in 70% of the GBM patients cohort (24) among the 67 additional proteins not founded in the GBM CSPA data (Supplementary Data 2 and 4). Finally, among the surface proteins identified in the GBM cell lines and in the patient’s GBM we found 5 proteins not described in healthy brain tissues according to human protein atlas (Table 1, Supplementary Table 3). In which we have HSPD1 already used in clinical trials as described before and LGALS3BP which have no known drug interaction yet. The two proteins are associated with a bad overall survival (Supplementary Figure 2).


Table 1 | Expression of surface proteins in GBM patients.



Moreover, the mutation of HLA class I histocompatibility antigen A and B are also found in several patient’s GBM (50) (Table 1).



Clinical Investigation for the Selected Specific Glioblastoma Targets

We selected 78 surface proteins only found in each GBM cell lines (Figure 2C) or overexpressed (Cluster 2, Figure 1A) in both NCH82 and U87 GBM cell lines (Supplementary Table 2) and the 9 mutated surface proteins only expressed by NCH82 or U87. We analyzed the expression of these proteins inside healthy tissues and cancers thanks to Human Protein Atlas and Catalogue Of Somatic Mutation In Cancer (COSMIC) databases. Thus we highlighted 25 proteins not expressed in healthy brain tissues (Supplementary Table 3). The druggability of the selected surface proteins specific to GBM was assessed using drug and compound databases as described in methods. Our approach identified among targetable proteins CPM, CYBA, EGFR, HLA-A, HLA-B, HSPD-1, P4HA2 which were druggable with either chemotherapy, tyrosine kinase inhibitors, vaccines, anti-CTLA4 or vitamins. A non-exhaustive list of clinical studies detailing the trials investigating the antitumor efficacy of these strategies in GBM patients is in Supplementary Table 3. These proteins also had interactions with other drugs or compounds not yet under clinical investigation such as antiepileptics to target CPM or HLA, lipid-lowering drugs to target CYBA, or antibiotics to target HSPD1, thus showing the potential for drug repurposing to treat GBM. Moreover, our approach identified C1orf159, CD151, and LGALS3BP which have no known drug interaction yet.




Discussion

In this work, we compared the surfaceome of glioblastoma cell lines to an immortalized astrocyte cell line. We were able to highlight the different changes in the surface proteins expressed in cancer cells. Among these changes, we found an under-expression of proteins involved in cell adhesion in glioblastoma cell lines compared to immortalized astrocytes. Indeed, NCH82 and U87 underexpress proteins such as CADM3, CADM4, or NRCAM involved in intercellular adhesion. Impairment of cell-cell adhesion is one of the processes allowing tumor escape and metastasis. Alteration of adhesion protein expression is a common event in many types of cancer. Many of these proteins are being studied as potential biomarkers or therapeutic targets (51). The extracellular matrix organization and integrity is another crucial aspect of the metastasis process. Several proteins related to the extracellular matrix organization are overexpressed in GBM cell lines compared to astrocytes cell line. These results suggest a complete extracellular matrix reorganization by cancer cells. On the other hand, some surface proteins overexpressed in GBM cells compared to immortalized astrocytes are involved in the generation of metabolic energy. The immune system regulation by cancer cells can also be investigated by surfaceome study. Indeed, some proteins expressed only in GBM cells are involved in the negative regulation of the immune response. Moreover, we highlight changes in protein localization within cancer cells. NHE-RF1 previously described as showing a cytoplasmic shift within GBM tumor cells compared to healthy cells (26), is only found in the membrane of immortalized astrocytes. Thus, this protein known to be membrane-bound shows intracellular localization in glioblastoma cells. This suggests that commonly intracellular proteins may be expressed at the cell surface within cancer cells. In fact, protein mislocalization is known to be a less emphasized mechanism in cancer (52). We also identified several mutations in surface proteins only expressed by GBM cell lines. Among these mutated proteins we find RELT-like protein 1 (rell1), Cytochrome b-245 light chain (cyba), Epidermal growth factor receptor (egfr), and Cytochrome b reductase 1 (cybrd1). These mutations are found in the cytoplasmic domain and could alter the signaling pathways in which these proteins are involved. Thus, we have demonstrated that the study of surface proteins allows us to highlight different processes used by cancer cells to modify their environment and metabolism to increase tumor growth. It is a new tool to explore specific tumor development mechanisms through a non-traditional approach.

The surfaceome study is a useful tool for fundamental research to understand the mechanisms of tumor growth. It also enables the discovery of new biomarkers for clinical purposes. Indeed, in this data, we found 78 surface proteins over-expressed or exclusive to GBM cell lines compared to astrocyte cell lines (Cluster 2, Figures 1A, 2C, and Figure 2C). Among these proteins, 28 are not described in GBM CSPA database. It may be an opportunity to complete databases after localization validation of these proteins with the literature. On the other hand, we screened the human protein atlas for these 78 surface proteins to highlight potential therapeutic targets for immunotherapy. Thus, 25 surface proteins showed low expression on brain-healthy tissues (Table S1, proteins highlighted in blue), and 6 of these proteins are described in GBM tissues (Table S1, proteins highlighted in purple) according to the human protein atlas. Moreover, among mutated surface proteins identified, some are mutated in their extracellular domain (Table S1, proteins highlighted in red). Among these proteins we found Urokinase plasminogen activator surface receptor (plaur), Integrin beta-3 (itgb3) and the different subunits of HLA class I and II histocompatibility antigen such as B-41 alpha chain (hla-b), A-24 alpha chain (hla-a) and DP beta 1 chain (hla-dpb1). These 5 proteins present extracellular mutations unique to GBM cell lines and described in the literature in very few cancers. As it is the case for mutated HLA-B and HLA-A previously described within GBM tissues (50). Thus, we identified 11 surface proteins which could be used as a therapeutic target in immunotherapy against GBM. Among these 11 targets, 7 are already used in clinical trials (Table S2), for example, HSPD1 is also described in GBM tissues (24). Moreover, C1orf159, CD151, LGALS3BP, and mutated proteins described above are not yet used in clinical trials but worth interest, notably LGALS3BP also found in GBM tissue (24) like mutated HLA-A and HLA-B (50). We also identified from spatial proteomic studies of 50 GBM patients, twelve proteins in common with our data including LGALS3BP and HLA-A2. Nine of the twelve have been associated with worse overall survival (50). LGALS3BP is included in the nine proteins which is in line with other data observed in breast cancer. LGALS3BP inhibits the differentiation of monocyte-derived fibrocytes through CD209/SIGN-R1 in mouse spleen and is secreted from breast cancer for metastasis (53).

Taken together, our data suggest that these surface proteins could be candidate targets for alternative therapeutic strategies such as new CARs against mutated GBM-specific proteins, which would reduce the immune response and off-target effect. This work showed that exploring the surfaceome of GBM cells has the potential to identify new therapeutic targets including mutated surface proteins exclusive to GBM. However, it is important to be aware that these results are derived from surfaceome analyses of immortalized cell lines in a limited range of replicates. The cross-validation of our results with GBM patients proteomics data and with the Human Protein Atlas data helped us to select the more specific potential targets which still need to be validated on a more relevant study model such as patients’-derived organoids and an increased number of replicates. Using patients’ derived tumoroids in order to select the right antigens expressed by the tumor cells could help to translate this kind of approach into the clinic in order to perform personalized therapies.



Data Availability Statement

Proteomics data including MaxQuant files and annotated MS/MS have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD027110.



Ethics Statement

The studies involving human participants were reviewed and approved by ID-RCB 2014-A00185-42. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Conceptualization, IF and MS. Methodology, MR. Software, FK, NH, MR, TC, and SA. Validation, MR, TC, and SA. Formal analysis, MR and MS. Investigation, IF, NH, MD, MR, and MS. Resources, IF and MS. Data curation, MR. Writing—original draft preparation, MR and MS. Writing—review and editing, IF, FK, MD, MR, and MS. Visualization, MR. Supervision, IF and MS. Project administration, MD and MS. Funding acquisition, IF, NH, MS, and TC. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by Institut national de la Santé et de la recherche Médicale (Inserm), Canceropole Nord.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.746168/full#supplementary-material


Supplementary Table 1 | Expression in healthy and cancers tissues of surface proteins over-expressed or exclusive to GBM cell lines according to Human Protein Atlas.


Supplementary Table 2 | Drug candidates targeting genes specific to glioma and existing therapeutic clinical trials in glioma patients.


Supplementary Data Sheet 1 | Raw data before the application of any filters.


Supplementary Data Sheet 2 | Proteins list for the clusters of the heatmap Figure 1.


Supplementary Data Sheet 3 | p-value of proteins presented on the heatmap.


Supplementary Data Sheet 4 | Exclusive proteins list for each cell line.

Supplementary Figure 1 | Global pathways analyses for clusters 1, 2, 3 & 4.

Supplementary Figure 2 | Overall survival studies and HIS results for LGALS3BP and HSPD1.



References

1. Ostrom, QT, Cioffi, G, Gittleman, H, Patil, N, Waite, K, Kruchko, C, et al. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21:v1–100. doi: 10.1093/neuonc/noz150

2. Chinot, O, Wick, W, Mason, W, Henriksson, R, Saran, F, Nishikawa, R, et al. Bevacizumab Plus Radiotherapy-Temozolomide for Newly Diagnosed Glioblastoma. N Engl J Med (2014) 370:709–22. doi: 10.1056/NEJMOA1308345

3. Gilbert, M, Liu, Y, Neltner, J, Pu, H, Morris, A, Sunkara, M, et al. Autophagy and Oxidative Stress in Gliomas With IDH1 Mutations. Acta Neuropathol (2014) 127:221–33. doi: 10.1007/S00401-013-1194-6

4. Stupp, R, Roila, F, and ESMO Guidelines Working Group. Malignant Glioma: ESMO Clinical Recommendations for Diagnosis, Treatment and Follow-Up. Ann Oncol (2009) 20 Suppl 4:iv126–8. doi: 10.1093/ANNONC/MDP151

5. Stupp, R, Taillibert, S, Kanner, A, Read, W, Steinberg, D, Lhermitte, B, et al. Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients With Glioblastoma: A Randomized Clinical Trial. JAMA (2017) 318:2306–16. doi: 10.1001/JAMA.2017.18718

6. Stupp, R, Hegi, M, Mason, W, Van Den Bent, M, Taphoorn, M, Janzer, R, et al. Effects of Radiotherapy With Concomitant and Adjuvant Temozolomide Versus Radiotherapy Alone on Survival in Glioblastoma in a Randomised Phase III Study: 5-Year Analysis of the EORTC-NCIC Trial. Lancet Oncol (2009) 10:459–66. doi: 10.1016/S1470-2045(09)70025-7

7. Weller, M, Van Den Bent, M, Tonn, J, Stupp, R, Preusser, M, Cohen-Jonathan-Moyal, E, et al. European Association for Neuro-Oncology (EANO) Guideline on the Diagnosis and Treatment of Adult Astrocytic and Oligodendroglial Gliomas. Lancet Oncol (2017) 18:e315–29. doi: 10.1016/S1470-2045(17)30194-8

8. Weller, M, Roth, P, Preusser, M, Wick, W, Reardon, DA, Platten, M, et al. Vaccine-Based Immunotherapeutic Approaches to Gliomas and Beyond. Nat Rev Neurol (2017) 13:363–74. doi: 10.1038/NRNEUROL.2017.64

9. Gramatzki, D, Dehler, S, Rushing, EJ, Zaugg, K, Hofer, S, Yonekawa, Y, et al. Glioblastoma in the Canton of Zurich, Switzerland Revisited: 2005 to 2009. Cancer (2016) 122:2206–15. doi: 10.1002/CNCR.30023

10. Ito, H, Nakashima, H, and Chiocca, EA. Molecular Responses to Immune Checkpoint Blockade in Glioblastoma. Nat Med (2019) 25:359–61. doi: 10.1038/s41591-019-0385-7

11. Roth, P, Mason, WP, Richardson, PG, and Weller, M. Proteasome Inhibition for the Treatment of Glioblastoma. Expert Opin Investig Drugs (2020) 29:1133–41. doi: 10.1080/13543784.2020.1803827

12. Effendi Syafruddin, S, Fahmi Wan Mohamad Nazarie, W, Ashikin Moidu, N, Hong Soon, B, and Aiman Mohtar, M. Integration of RNA-Seq and Proteomics Data Identies Glioblastoma Multiforme Surfaceome Signature. BMC Cancer (2021) 21:1–13. doi: 10.21203/rs.3.rs-46071/v2

13. Bausch-Fluck, D, Hofmann, A, Bock, T, Frei, AP, Cerciello, F, Jacobs, A, et al. A Mass Spectrometric-Derived Cell Surface Protein Atlas. PLoS One (2015) 10:121314. doi: 10.1371/journal.pone.0121314

14. Bausch-Fluck, D, Goldmann, U, Müller, S, van Oostrum, M, Müller, M, Schubert, OT, et al. The in Silico Human Surfaceome. Proc Natl Acad Sci USA (2018) 115:E10988–97. doi: 10.1073/pnas.1808790115

15. Flores, MA, and Lazar, IM. XMAn V2-A Database of Homo Sapiens Mutated Peptides. Bioinformatics (2020) 36:1311–3. doi: 10.1093/bioinformatics/btz693

16. Cox, J, and Mann, M. MaxQuant Enables High Peptide Identification Rates, Individualized P.P.B.-Range Mass Accuracies and Proteome-Wide Protein Quantification. Nat Biotechnol (2008) 26:1367–72. doi: 10.1038/nbt.1511

17. Tyanova, S, Temu, T, and Cox, J. The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics. Nat Protoc (2016) 11:2301–19. doi: 10.1038/nprot.2016.136

18. Cox, J, Neuhauser, N, Michalski, A, Scheltema, RA, Olsen, JV, and Mann, M. Andromeda: A Peptide Search Engine Integrated Into the MaxQuant Environment. J Proteome Res (2011) 10:1794–805. doi: 10.1021/pr101065j

19. Cox, J, Hein, MY, Luber, CA, Paron, I, Nagaraj, N, and Mann, M. Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ. Mol Cell Proteomics (2014) 13:2513–26. doi: 10.1074/mcp.M113.031591

20. Tyanova, S, Temu, T, Sinitcyn, P, Carlson, A, Hein, MY, Geiger, T, et al. The Perseus Computational Platform for Comprehensive Analysis of (Prote)Omics Data. Nat Methods (2016) 13:731–40. doi: 10.1038/nmeth.3901

21. Heberle, H, Meirelles, VG, da Silva, FR, Telles, GP, and Minghim, R. InteractiVenn: A Web-Based Tool for the Analysis of Sets Through Venn Diagrams. BMC Bioinf (2015) 16:1–7. doi: 10.1186/s12859-015-0611-3

22. Yuryev, A, Kotelnikova, E, and Daraselia, N. Ariadne’s ChemEffect and Pathway Studio Knowledge Base. Expert Opin Drug Discov (2009) 4:1307–18. doi: 10.1517/17460440903413488

23. Chen, Y, Lu, H, Ning, Z, Zhu, Z, Wang, S, and Li, M. PremPS: Predicting the Impact of Missense Mutations on Protein Stability. PLoS Comput Biol (2020) 16:1–22. doi: 10.1371/JOURNAL.PCBI.1008543

24. Drelich, L, Duhamel, M, Wisztorski, M, Aboulouard, S, Gimeno, J-P, Caux, P-D, et al. Overall Patient’s Survival of Glioblastoma Associated to Molecular Markers: A Pan-Proteomic Prospective Study. bioRxiv (2020) 2020.11.24.397117:1–38. doi: 10.1101/2020.11.24.397117

25. Kirchner, F, Schuetz, A, Boldt, LH, Martens, K, Dittmar, G, Haverkamp, W, et al. Molecular Insights Into Arrhythmogenic Right Ventricular Cardiomyopathy Caused by Plakophilin-2 Missense Mutations. Circ Cardiovasc Genet (2012) 5:400–11. doi: 10.1161/CIRCGENETICS.111.961854

26. Molina, JR, Morales, FC, Hayashi, Y, Aldape, KD, and Georgescu, MM. Loss of PTEN Binding Adapter Protein NHERF1 From Plasma Membrane in Glioblastoma Contributes to PTEN Inactivation. Cancer Res (2010) 70:6697–703. doi: 10.1158/0008-5472.CAN-10-1271

27. Bazzoni, R, and Bentivegna, A. Role of Notch Signaling Pathway in Glioblastoma Pathogenesis. Cancers (Basel) (2019) 11:1–25. doi: 10.3390/cancers11030292

28. Sturla, LM, Tong, M, Hebda, N, Gao, J, Thomas, JM, Olsen, M, et al. Aspartate-β-Hydroxylase (ASPH): A Potential Therapeutic Target in Human Malignant Gliomas. Heliyon (2016) 2:1–31. doi: 10.1016/j.heliyon.2016.e00203

29. Fei, Y, Xiong, Y, Shen, X, Zhao, Y, Zhu, Y, Wang, L, et al. Cathepsin L Promotes Ionizing Radiation-Induced U251 Glioma Cell Migration and Invasion Through Regulating the GSK-3β/CUX1 Pathway. Cell Signal (2018) 44:62–71. doi: 10.1016/j.cellsig.2018.01.012

30. Aguila, B, Morris, AB, Spina, R, Bar, E, Schraner, J, Vinkler, R, et al. The Ig Superfamily Protein PTGFRN Coordinates Survival Signaling in Glioblastoma Multiforme. Cancer Lett (2019) 462:33–42. doi: 10.1016/j.canlet.2019.07.018

31. Turtoi, A, Blomme, A, Bianchi, E, Maris, P, Vannozzi, R, Naccarato, AG, et al. Accessibilome of Human Glioblastoma: Collagen-VI-Alpha-1 Is a New Target and a Marker of Poor Outcome. J Proteome Res (2014) 13:5660–9. doi: 10.1021/pr500657w

32. Ji, X, Zhu, H, Dai, X, Xi, Y, Sheng, Y, Gao, C, et al. Overexpression of GBP1 Predicts Poor Prognosis and Promotes Tumor Growth in Human Glioblastoma Multiforme. Cancer Biomarkers (2019) 25:275–90. doi: 10.3233/CBM-171177

33. Lin, WW, Ou, GY, Lin, JZ, Yi, SJ, Yao, WC, Pan, HC, et al. Neuregulin 1 Enhances Cell Adhesion Molecule L1 Like Expression Levels and Promotes Malignancy in Human Glioma. Oncol Lett (2020) 20:326–36. doi: 10.3892/ol.2020.11548

34. Watanabe, A, Tatematsu, M, Saeki, K, Shibata, S, Shime, H, Yoshimura, A, et al. Raftlin Is Involved in the Nucleocapture Complex to Induce Poly(I:C)-Mediated TLR3 Activation. J Biol Chem (2011) 286:10702–11. doi: 10.1074/jbc.M110.185793

35. Rose, M, Duhamel, M, Aboulouard, S, Kobeissy, F, Tierny, D, Fournier, I, et al. Therapeutic Anti-Glioma Effect of the Combined Action of PCSK Inhibitor With the Anti-Tumoral Factors Secreted by Poly (I:C)-Stimulated Macrophages. Cancer Gene Ther (2021) 1–15. doi: 10.1038/s41417-020-00286-1

36. Polisetty, RV, Gautam, P, Sharma, R, Harsha, HC, Nair, SC, Gupta, MK, et al. LC-MS/MS Analysis of Differentially Expressed Glioblastoma Membrane Proteome Reveals Altered Calcium Signaling and Other Protein Groups of Regulatory Functions. Mol Cell Proteomics (2012) 11:1–15. doi: 10.1074/mcp.M111.013565

37. Sun, LH, Yang, FQ, Zhang, CB, Wu, YP, Liang, JS, Jin, S, et al. Overexpression of Paxillin Correlates With Tumor Progression and Predicts Poor Survival in Glioblastoma. CNS Neurosci Ther (2017) 23:69–75. doi: 10.1111/cns.12606

38. Pan, YB, Wang, S, Yang, B, Jiang, Z, Lenahan, C, Wang, J, et al. Transcriptome Analyses Reveal Molecular Mechanisms Underlying Phenotypic Differences Among Transcriptional Subtypes of Glioblastoma. J Cell Mol Med (2020) 24:3901–16. doi: 10.1111/jcmm.14976

39. Louca, M, Zaravinos, A, Stylianopoulos, T, and Gkretsi, V. ILK Silencing Inhibits Migration and Invasion of More Invasive Glioblastoma Cells by Downregulating ROCK1 and Fascin-1. Mol Cell Biochem (2020) 471:143–53. doi: 10.1007/s11010-020-03774-y

40. Quann, K, Gonzales, DM, Mercier, I, Wang, C, Sotgia, F, Pestell, RG, et al. Caveolin-1 Is a Negative Regulator of Tumor Growth in Glioblastoma and Modulates Chemosensitivity to Temozolomide. Cell Cycle (2013) 12:1510–20. doi: 10.4161/cc.24497

41. Scheuring, UJ, Ritter, S, Martin, D, Schackert, G, Temme, A, and Tietze, S. GliPR1 Knockdown by RNA Interference Exerts Anti-Glioma Effects In Vitro and In Vivo. J Neurooncol (2021) 1:1–10. doi: 10.1007/s11060-021-03737-3

42. Yan, Y, and Jiang, Y. RACK1 Affects Glioma Cell Growth and Differentiation Through the CNTN2-Mediated RTK/Ras/MAPK Pathway. Int J Mol Med (2016) 37:251–7. doi: 10.3892/ijmm.2015.2421

43. Zou, H, Wen, C, Peng, Z, Shao, YY, Hu, L, Li, S, et al. P4HB and PDIA3 Are Associated With Tumor Progression and Therapeutic Outcome of Diffuse Gliomas. Oncol Rep (2018) 39:501–10. doi: 10.3892/or.2017.6134

44. Proescholdt, MA, Merrill, MJ, Stoerr, EM, Lohmeier, A, Pohl, F, and Brawanski, A. Function of Carbonic Anhydrase IX in Glioblastoma Multiforme. Neuro Oncol (2012) 14:1357–66. doi: 10.1093/neuonc/nos216

45. Bonner, K, Borlay, D, Kutten, O, and Quick, QA. Inhibition of the Spectraplakin Protein Microtubule Actin Crosslinking Factor 1 Sensitizes Glioblastomas to Radiation. Brain Tumor Res Treat (2020) 8:43. doi: 10.14791/btrt.2020.8.e1

46. Broggini, T, Wüstner, M, Harms, C, Stange, L, Blaes, J, Thomé, C, et al. NDRG1 Overexpressing Gliomas Are Characterized by Reduced Tumor Vascularization and Resistance to Antiangiogenic Treatment. Cancer Lett (2016) 380:568–76. doi: 10.1016/j.canlet.2015.06.026

47. Masica, DL, and Karchin, R. Correlation of Somatic Mutation and Expression Identifies Genes Important in Human Glioblastoma Progression and Survival. Cancer Res (2011) 71:4550–61. doi: 10.1158/0008-5472.CAN-11-0180

48. Yan, W, Zhang, W, You, G, Bao, Z, Wang, Y, Liu, Y, et al. Correlation of IDH1 Mutation With Clinicopathologic Factors and Prognosis in Primary Glioblastoma: A Report of 118 Patients From China. PLoS One (2012) 7:30339. doi: 10.1371/journal.pone.0030339

49. Xu, J, Li, Z, Wang, J, Chen, H, and Fang, JY. Combined PTEN Mutation and Protein Expression Associate With Overall and Disease-Free Survival of Glioblastoma Patients. Transl Oncol (2014) 7:196–205.e1. doi: 10.1016/j.tranon.2014.02.004

50. Shankar, GM, Lelic, N, Gill, CM, Thorner, AR, Van Hummelen, P, Wisoff, JH, et al. BRAF Alteration Status and the Histone H3F3A Gene K27M Mutation Segregate Spinal Cord Astrocytoma Histology. Acta Neuropathol (2016) 131:147–50. doi: 10.1007/s00401-015-1492-2

51. Makrilia, N, Kollias, A, Manolopoulos, L, and Syrigos, K. Cell Adhesion Molecules: Role and Clinical Significance in Cancer. Cancer Invest (2009) 27:1023–37. doi: 10.3109/07357900902769749

52. Wang, X, and Li, S. Protein Mislocalization: Mechanisms, Functions and Clinical Applications in Cancer. Biochim Biophys Acta - Rev Cancer (2014) 1846:13–25. doi: 10.1016/j.bbcan.2014.03.006

53. White, MJV, Roife, D, and Gomer, RH. Galectin-3 Binding Protein Secreted by Breast Cancer Cells Inhibits Monocyte-Derived Fibrocyte Differentiation. J Immunol (2015) 195:1858–67. doi: 10.4049/JIMMUNOL.1500365




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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

Copyright © 2021 Rose, Cardon, Aboulouard, Hajjaji, Kobeissy, Duhamel, Fournier and Salzet. 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.




ORIGINAL RESEARCH

published: 02 March 2022

doi: 10.3389/fimmu.2022.820673

[image: image2]


Comprehensive Analysis of the Tumor Immune Microenvironment Landscape in Glioblastoma Reveals Tumor Heterogeneity and Implications for Prognosis and Immunotherapy


Rongrong Zhao 1,2†, Ziwen Pan 1,2†, Boyan Li 1,2, Shulin Zhao 1,2, Shouji Zhang 1,2, Yanhua Qi 1,2, Jiawei Qiu 1,2, Zijie Gao 1,2, Yang Fan 1,2, Qindong Guo 1,2, Wei Qiu 1,2, Shaobo Wang 1,2, Qingtong Wang 1,2, Ping Zhang 1,2, Xing Guo 1,2, Lin Deng 1,2, Hao Xue 1,2* and Gang Li 1,2*


1 Department of Neurosurgery, Qilu Hospital, Cheeloo College of Medicine and Institute of Brain and Brain-Inspired Science, Shandong University, Jinan, China, 2 Shandong Key Laboratory of Brain Function Remodeling, Qilu Hospital, Shandong University, Jinan, China




Edited by: 

Eiichi Ishikawa, University of Tsukuba, Japan

Reviewed by: 

Ming Yi, Huazhong University of Science and Technology, China

Dan Liu, Tianjin Medical University, China

*Correspondence: 

Gang Li
 dr.ligang@sdu.edu.cn
Hao Xue
xuehao@sdu.edu.cn


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology








Received: 23 November 2021

Accepted: 14 February 2022

Published: 02 March 2022

Citation:
Zhao R, Pan Z, Li B, Zhao S, Zhang S, Qi Y, Qiu J, Gao Z, Fan Y, Guo Q, Qiu W, Wang S, Wang Q, Zhang P, Guo X, Deng L, Xue H and Li G (2022) Comprehensive Analysis of the Tumor Immune Microenvironment Landscape in Glioblastoma Reveals Tumor Heterogeneity and Implications for Prognosis and Immunotherapy. Front. Immunol. 13:820673. doi: 10.3389/fimmu.2022.820673




Background

Glioblastoma (GBM) is a fatal brain tumor with no effective treatment. The specific GBM tumor immune microenvironment (TIME) may contribute to resistance to immunotherapy, a tumor therapy with great potential. Thus, an in-depth understanding of the characteristics of tumor-infiltrating immune cells is essential for exploring biomarkers in GBM pathogenesis and immunotherapy.



Methods

We estimated the relative abundances of 25 immune cell types in 796 GBM samples using single sample gene set enrichment analysis (ssGSEA). Unsupervised clustering was used to identify different GBM-associated TIME immune cell infiltration (GTMEI) patterns. The GTMEIscore system was constructed with principal component analysis (PCA) to determine the immune infiltration pattern of individual tumors.



Results

We revealed three distinct GTMEI patterns with different clinical outcomes and modulated biological pathways. We developed a scoring system (GTMEIscore) to determine the immune infiltration pattern of individual tumors. We comprehensively analyzed the genomic characteristics, molecular subtypes and clinicopathological features as well as proteomic, phosphoproteomic, acetylomic, lipidomic and metabolomic properties associated with the GTMEIscore and revealed many novel dysregulated pathways and precise targets in GBM. Moreover, the GTMEIscore accurately quantified the immune status of many other cancer types. Clinically, the GTMEIscore was found to have significant potential therapeutic value for chemotherapy/radiotherapy, immune checkpoint inhibitor (ICI) therapy and targeted therapy.



Conclusions

For the first time, we employed a multilevel and multiplatform strategy to construct a multidimensional molecular map of tumors with different immune infiltration patterns. These results may provide theoretical basises for identifying more effective predictive biomarkers and developing more effective drug combination strategies or novel immunotherapeutic agents for GBM.





Keywords: glioblastoma, tumor immune microenvironment, proteomics, metabolomics, immunotherapy, target therapy



Introduction

Glioblastomas (GBMs) are the most common aggressive primary brain tumors and the most lethal central nervous system (CNS) tumors due to their high proliferation rate, high aggressiveness, highly heterogeneous immunosuppressive microenvironment, and resistance to chemotherapy and targeted therapies (1, 2). Recently, immune checkpoint blockade (ICB) therapy has made outstanding achievements in improving the treatment of certain types of tumors. However, the unique immune microenvironment of the brain makes immunotherapy for GBM more challenging than that for other cancers (3). The tumor microenvironment (TME) is a key mediator of tumor malignant progression, plays an important role in clinical survival and response to therapy. In the TME, immune cells infiltrating into tumor tissue form the tumor immune microenvironment (TIME), which helps tumor cells achieve immune escape and promote tumor malignancy and is closely related to the response rate of immunotherapy (4, 5). Therefore, characteristics of the GBM immune microenvironment are expected to serve as biomarkers to guide clinical treatment and to identify GBM patients who can benefit from immunotherapy.

Mounting evidence suggests that cancer patients who receive personalized therapy show better clinical outcomes, and precision medicine promises to revolutionize universal therapy for oncology, but numerous studies still focus on abnormal changes in the genome (6, 7). As the understanding of tumor mechanisms deepens, the focus on tumor treatment is gradually shifting from tumor cells to the interaction between the tumor and the surrounding tissues. The TME is a key mediator of tumor progression and therapeutic outcome. Tumor cells are able to escape surveillance and recognition of the immune system and the killing of T cells without the combined effect of the immune microenvironment (8–11). The present classification schemes used for the TIME and the establishment of immune scoring systems in multiple tumors have greatly improved the current understanding of TIME subtypes (12–15). Strategies to further identify the ideal population and optimize immune combination strategies for specific populations are urgently needed in the era of precision medicine, and such strategies are popular areas of research in the field of immunotherapy at present. However, the recent integrated genomic and transcriptomic analyses and overall assessments of the GBM immune microenvironment have often been unsystematic, and effective immune models are lacking.

In this study, we integrated transcriptome information from 796 GBM samples, used single sample gene-set enrichment analysis (ssGSEA) to estimate the relative abundances of 25 immune cell types based on annotated immune cell gene expression profiles (16–18), and provided a comprehensive outlook on the immune landscape within GBM tumors. We revealed three distinct GTMEI patterns with different clinical outcomes and modulated biological pathways. In addition, we developed a scoring system to quantify the immune infiltration pattern of individual tumors, termed GTMEIscore. To understand the intrinsic tumor characteristics and tumor immune infiltration patterns associated with the GTMEIscore, we comprehensively analyzed the genomic characteristics, molecular subtypes and clinicopathological features as well as proteomic, phosphoproteomic, acetylomic, lipidomic and metabolomic properties associated with the GTMEIscore, revealing lots of novel dysregulated pathways and precise targets in GBM. Moreover, GTMEIscore accurately quantified the immune status of many other cancer types. Clinically, GTMEIscore was found to have significant potential therapeutic value for chemotherapy/radiotherapy, immune checkpoint inhibitor (ICI) therapy and targeted therapy. These findings might provide a theoretical basis for identifying more effective GBM predictive biomarkers and developing more effective, targeted clinical treatment strategies, ultimately guiding GBM clinical treatment and achieving precision medicine.



Methods


Collection and Preprocessing of Publicly Available Expression Datasets

A total of 796 GBM patients with clinical prognostic information from 6 cohorts, including 153 from the TCGA RNA-seq dataset, 374 from 2 CGGA RNA-seq datasets (237 from one cohort and 137 from the other cohort), 155 from the Gravendeel microarray dataset, 97 from the Wang RNA-seq dataset (19) and 17 patients treated with anti-PD1 therapy from the Zhao/PD1 RNA-seq dataset (20), were included in this study. TCGA RNA-seq data (FPKM format) and clinical information were downloaded from the TCGA database (https://portal.gdc.cancer.gov/repository) and transformed into TPM format. The 2 CGGA RNA-seq datasets and their clinical information were downloaded from the CGGA database (http://www.cgga.org.cn/), the Gravendeel microarray dataset and clinical information were downloaded from the GlioVis database (http://gliovis.bioinfo.cnio.es/), the Wang RNA-seq dataset (FPKM format) and clinical information were extracted from the supplemental data of the article, and the missing data were obtained with the K-nearest neighbor (KNN) method and transformed into TPM format. For the Zhao/PD1 RNA-seq dataset, we downloaded the raw data from SRA PRJNA482620 and then processed them into TPM format, and clinical information was obtained from the supplemental data of the article. The ComBat method from the ‘SVA’ R package was used to remove the batch effects among these different datasets (21). The basic information of all enrolled datasets is summarized in Supplementary Table S1.

For ICB data, RNA-seq data and clinical information from the IMvigor210 cohort, were obtained from http://research-pub.Gene.com/imvigor210corebiologies based on the Creative Commons Attribution 3.0 license. The metastatic melanoma RNA-seq data from patients treated with nivolumab were obtained from GSE78220 (22) and GSE91061 (23) datasets, and the clinical information were obtained from the supplemental data of the article, respectively.



Estimation of TME Immune Cell Infiltration

We used the ssGSEA algorithm to quantify the relative abundances of 25 infiltrating immune cells in the GBM TME. Gene sets for BMDM TAMs and MG TAMs were obtained from Bowman, R. et al. (18), and those for 23 other infiltrating immune cell types were obtained from Charoentong P. et al. (24, 25). The relative abundance of each infiltrating immune cell in each sample was represented by the enrichment score calculated by the ssGSEA algorithm. The ESTIMATE algorithm was used to assess the immune and stromal scores and tumor purity of each GBM sample.



Statistical Analysis

Spearman and distance correlations were used to calculate the correlation coefficient of 25 immune cell types. Student’s t-test was used for two-group comparisons. For comparisons among more than two groups, the Kruskal-Wallis test and one-way ANOVA were used for nonparametric and parametric data. The cutoff values of each dataset (other than the TCGA dataset) were evaluated based on the association between survival time and the GTMEIscore using the “survminer” package, and the TCGA dataset was grouped according to the median GTMEIscore. The Kaplan-Meier method was used to generate survival curves for the subgroups in each dataset, and the log-rank (Mantel-Cox) test was used to determine if they were significantly different. The hazard ratios (HRs) for the univariate analyses were calculated using a univariate Cox proportional hazards regression model. Univariate prognostic analysis results were visualized using the “forestplot” R package. The specificity and sensitivity of the GTMEIscore in predicting response to anti-PD1 therapy were assessed by receiver operating characteristic (ROC) curves, and the area under the curve (AUC) was quantified using the “pROC” R package. P>0.05 was considered to indicate nonsignificance (ns), and P<0.05 was considered to indicate statistical significance (*P<0.05; **P <0.01; ***P<0.001, ****P<0.0001). All data processing with R packages was performed using R Studio (version 3.6.3).




Results


Landscape of Immune Cell Infiltration and Clinicopathological Characteristics of TME Subtypes in GBM

The overview workflow of our research is shown in Figure 1A. First, we combined six GBM datasets (a TCGA dataset, two CGGA datasets, The Gravendeel dataset, the Wang dataset and the Zhao/PD1 dataset) with available survival data and clinical information into one meta-cohort, including 796 samples (Supplementary Table S1). We then performed ssGSEA and employed the ESTIMATE algorithm to quantify the abundances of immune cells in and the immune and stromal scores of GBM tumor tissues (Supplementary Table S1) and depicted a comprehensive landscape of TME immune cell interactions, regulatory connections and their prognostic value for patients with GBM (Figure 1A and Supplementary Table S2). We identified three independent GTMEI clusters with significant survival differences (Figure 1B, P = 0.004; Supplementary Figure S1A and Table S1). We then explored the specific differences in the abundances of immune/stromal score, tumorpurity and 25 TME-infiltrating immune cells and their intrinsic biological differences among GTMEI clusters. We found that GTMEI cluster B, which had the worst prognosis, presented significantly increased immune cell infiltration and immune and stromal scores and enrichment of both immune and stromal activation-related pathways; GTMEI cluster A, which showed survival times between those of GTMEI cluster B and GTMEI cluster C and was characterized by moderate immune cell infiltration, was prominently associated with activation of carcinogenic and stromal pathways; However, GTMEI cluster C, which was associated with a favorable prognosis and was characterized by suppression of immunity, was prominently associated with activation of the cell cycle and DNA repair pathways (Figures 1C–F).




Figure 1 | Landscape of immune cell infiltration and clinicopathological characteristics of TME subtypes in GBM. (A) Overview of the workflow of our research. (B) Cellular interactions of 25 immune cell types in the GBM microenvironment. The size of each immune cell represents its effect on the survival of GBM patients, as calculated using a log10 formula (log-rank test P value). Green indicates that the immune cell is a protective factor for overall survival (OS), while black indicates a risk factor. The lines connecting the immune cells indicate cell-cell interactions, the thickness of which indicates the strength of the correlation estimated by Spearman correlation analysis. Positive correlations are indicated in red, and negative correlations are indicated in blue. (C) Kaplan-Meier curves for the OS of 796 GBM patients from 6 GBM cohorts with three GTMEI clusters. The numbers of patients in GTMEI clusters A, B and C were 374, 300 and 122, respectively, and the log-rank test showed P = 0.004. (D) Abundances of immune/stromal score, tumorpurity and 25 immune cell types in the three GTMEI patterns. The upper and lower ends of the boxes indicate the interquartile range of the values. The lines in the boxes represent the median values, and black dots show outliers. The significance of differences between the three clusters were determined by the Kruskal-Wallis test. *P < 0.05; **P < 0.01; ***P < 0.001. (E) Unsupervised clustering of 25 immune cell types in the cohort of 796 GBM patients. A heatmap was used to visualize immune cell infiltration. Yellow represents high immune cell abundance, black represents moderate immune cell abundance, and blue represents low immune cell abundance. (F) GSVA revealed the activation status of biological pathways in different GTMEI patterns. A heatmap was used to visualize these biological pathways. Yellow represents activated pathways, and blue represents inhibited pathways.





Generation of the GTMEI Gene Signature and Functional Annotation

To further investigate the underlying genetic alterations and biological behavior of each GTMEI pattern, we identified 2288 GTMEI pattern phenotype-related DEGs using the “limma” package (Supplementary Figure S1B and Table S3). Further enrichment analysis of the DEGs via the Metascape database showed that they were significantly involved in the cell cycle, DNA repair and immune-related pathways (Supplementary Figure S1C and Table S3). Furthermore, enrichment analysis via PaGenBase showed that these genes were almost exclusively expressed in the blood, spleen, bone marrow, and thymus and some other tissues where peripheral immune cells gather (Supplementary Figure S1D). We further used the random forest algorithm for 2288 GTMEI phenotype-related DEGs to dimensionality reduction, and then extracted 135 genes with significant prognostic value (P<0.001) as the most representative GTMEI pattern DEGs (we call them as GTMEI phenotype signature), which were significantly enriched in immune and metabolism-related signaling pathways (Supplementary Figure S1E and Supplementary Table S4). Consistent with the clustering groups of GTMEI patterns, unsupervised hierarchical clustering analysis also identified three distinct GTMEI pattern-related genomic phenotypes based on the expression of the GTMEI phenotype signature, and we named these three clusters as GTMEI gene clusters A-C (Figure 2A and Supplementary Figures S1F, G). Furthermore, we found that patients in gene cluster A, who showed immune suppression, had a better prognosis, whereas patients in gene cluster B, who showed high immune cell infiltration and activation of immune, stromal and carcinogenic pathways, had the most unfavorable outcomes (Figures 2B–D), which was consistent with the expected outcomes of the GTMEI patterns.




Figure 2 | Generation of the GTMEI gene signature and functional annotation. (A) Based on the expression data of 796 GBM patients, unsupervised clustering of representative DEGs associated with the GTMEI patterns was performed to classify patients into three groups, called GTMEI gene clusters A-C. A heatmap was used to visualize the gene expression. Yellow represents high expression, black represents moderate expression, and blue represents low expression. (B) Kaplan-Meier curves for the OS of 796 GBM patients within the three GTMEI gene clusters. The numbers of patients in GTMEI gene clusters (A–C) were 261, 111 and 424, respectively, and the log-rank test showed P < 0.001. C GSVA revealed the activation status of biological pathways in different GTMEI gene clusters. A heatmap was used to visualize these biological pathways. Yellow represents activated pathways, and blue represents inhibited pathways. (D) Abundances of immune/stromal score, tumorpurity and 25 immune cell types in the three GTMEI gene clusters. The upper and lower ends of the boxes indicate the interquartile range of values. The lines in the boxes represent the median values, and black dots show outliers. The significance of differences between the three clusters were assessed by the Kruskal-Wallis test. *P < 0.05; **P < 0.01; ***P < 0.001. (E) Kaplan-Meier curves for the OS of 796 GBM with a high GTMEIscore (n = 573) and a low GTMEIscore (n = 223), and the log-rank test showed P < 0.001. (F) CircGroup plot showing the relationships between GTMEI clusters, GTMEI gene clusters, the GTMEIscore, and survival status. (G) Differences in the GTMEIscore among the three (left) GTMEI clusters and (right) GTMEI gene clusters in 796 GBM patients. (H) Univariate Cox analysis of the prognostic value of the GTMEIscore for survival in the combined GBM cohort as well as in the independent GBM cohorts. A hazard ratio (HR) > 1.0 indicated that a high GTMEIscore was an adverse prognostic biomarker. (I) Spearman correlation analysis of the GTMEIscore and classical signaling pathways in independent GBM cohorts. Blue indicates negative correlations, and red indicates positive correlations. The size of the circle represents the statistical P value, with larger circles representing greater statistical significance. (J) Spearman analysis of the correlation of the GTMEIscore with (J) the abundances of 25 immune cells and (K) immunomodulators (immunoinhibitory, immunostimulatory and MHC molecules). Colors indicate correlation coefficients, with yellow indicating a negative correlation and red indicating a positive correlation. Asterisks indicate statistically significant P values calculated using Spearman correlation analysis. *P < 0.05; **P < 0.01; ***P < 0.001.



Given the heterogeneity and complexity of the GTMEI patterns, we constructed a DEG-based scoring system, termed the GTMEI phenotype score (GTMEIscore), based on the GTMEI phenotype signature to quantify the GTMEI pattern of individual patients using PCA. The patients were grouped into high or low GTMEIscore groups using the cutoff value obtained with the “survminer” package, and patients with a low GTMEIscore exhibited a significant survival benefit (Figure 2E, P < 0.001). And GTMEI gene clusters B and C were linked to a higher GTMEIscore, whereas GTMEI gene cluster A exhibited a lower GTMEIscore (Figure 2F). Further analysis showed that both GTMEI cluster B and gene cluster B had the highest GTMEIscore (Figure 2G). We then tested whether the GTMEIscore could serve as an independent prognostic biomarker for GBM patients. As shown in Figure 2H, the robust prognostic value of the GTMEIscore was validated in six independent datasets. To further evaluate the biological relevance of the GTMEIscore system, we explored the correlation of the GTMEIscore with immune-related pathways as well as known carcinogenic signatures and found that it was positively correlated with the immune activation process, oncogenic activation and stromal activation signaling but negatively correlated with the cell cycle and DNA repair process (Figure 2I). A heatmap of the correlation matrix demonstrated that the GTMEIscore was markedly positively correlated with the immune and stromal scores but negatively correlated with tumor purity. Regarding immune cells, the GTMEIscore was positively correlated with most infiltrating immune cells, as well as with fibroblasts (Figure 2J). The expression levels of most MHC, immunostimulatory, and immunoinhibitory molecules were also positively associated with the GTMEIscore (Figure 2K). These results implied that the GTMEIscore can reflect immune cell infiltration and can be a reliable prognostic biomarker.



Molecular Subtypes and Tumor Somatic Mutations Associated With and Chemotherapy/Radiotherapy Prognostic Value of the GTMEIscore

To better understand the determinants of GBM tumor evolution and treatment resistance, we then evaluated the differences in GTMEIscore among TCGA molecular subtypes in the TCGA, Gravendeel and Wang datasets, in which clinical information was available. Survival analysis showed that the high GTMEIscore group in the TCGA dataset had shorter survival (Figure 3A, P = 0.013), which was further validated in the Gravendeel dataset (Figure 3B, P = 0.006) and Wang dataset (Figure 3C, P = 0.006). Samples with a higher GTMEIscore were clearly concentrated in the MES subtype, which had a poor prognosis (Figure 3D), and samples with the MES subtype were also mainly concentrated in the high GTMEIscore group in the TCGA dataset (Figure 3E); the same patterns were observed in the Gravendeel and Wang datasets (Supplementary Figures 2A–D).




Figure 3 | Molecular subtypes and tumor somatic mutations associated with and the chemotherapy/radiotherapy prognostic value of the GTMEIscore. Kaplan-Meier curves showing OS for the high (red) and low (blue) GTMEIscore groups in the (A) TCGA dataset, (B) Gravendeel dataset, and (C) Wang dataset, and the log-rank test showed P = 0.013, P<0.001 and P=0.006, respectively. (D) Differences in GTMEIscore among different GBM molecular subtypes. The Kruskal-Wallis test was used to determine the significance of differences between the three GBM molecular subtypes. (E) Stacked bar plot of GBM molecular subtypes in the high and low GTMEIscore groups. (F) Waterfall plot of the tumor somatic mutation landscape in the low GTMEIscore (left) and high GTMEIscore (right) groups. Each bar represents the mutation information for an individual patient. The top bar plot shows TMB, and the numbers on the right indicate the mutation frequency of each gene. The bar plot on the right shows the proportion of each mutation type. (G) Spearman analysis was used to determine the correlation of the GTMEIscore with the expression of immunosuppression-related genes (checkpoint molecule genes, macrophage immunosuppressive genes, ECM-related genes and MES representative genes) in the combined GBM dataset. Colors indicate correlation coefficients, with blue indicating a negative correlation and red indicating a positive correlation. The size of the sector represents the correlation coefficient, and a larger angle means a stronger correlation. (H) Spearman analysis of the correlation of the GTMEIscore with the expression of immunosuppression-related genes molecules (checkpoint molecule genes, macrophage immunosuppressive genes, ECM-related genes and MES representative genes) in six independent GBM datasets. (I) Kaplan-Meier curves for the OS of 796 GBM patients in the high MES score (n = 533) and low MES score (n = 263) groups, and the log-rank test showed P < 0.001. (J) Survival analysis was performed using Kaplan-Meier curves for the subgroup of patients stratified according to GTMEIscore combined with MES score, and the log-rank test showed P < 0.001. H: High; L: Low. (K) Kaplan-Meier curves for the OS of the high GTMEIscore (n = 293) and low GTMEIscore (n=81) groups in 2 CGGA GBM datasets, and the log-rank test showed P = 0.010. Survival analysis was performed using Kaplan-Meier curves for subgroups of patients stratified by GTMEIscore (L) and treatment with adjuvant chemotherapy (chemo) (the log-rank test showed P < 0.001) by GTMEIscore (M) and treatment with adjuvant radiotherapy (radio) (the log-rank test showed P = 0.001).



We then analyzed the differences in the distribution of somatic mutations between the high and low GTMEIscore groups in the TCGA-GBM cohort and Wang cohort using the “maftools” package and found that the PTEN mutation rate (low: 22%, high: 35%) was significantly increased in the high GTMEIscore group compared to the low GTMEIscore group (Figure 3F and Supplementary Figure 2E). Chen et al. (26) found that PTEN deficiency in GBM increases macrophage infiltration, and the infiltrated macrophages in turn secrete SPP1 to support GBM survival via activating YAP1 signaling. Moreover, NF1 mutation, a MES subtype marker that drives recruitment of TAMs (27), was also remarkably more prevalent in the high GTMEIscore group (13%) than in the low GTMEIscore group (5%). In our study, we showed that there was a significant positive correlation between the GTMEIscore and macrophages, especially BMDM TAMs (hereafter also called macrophages), indicating the presence of a large group of infiltrating mononuclear-derived macrophages in the tumor tissues of GBM samples with a high GTMEIscore (Figure 2J). We also found a significant positive correlation between the GTMEIscore and the expression of myeloid cell-derived macrophage-restricted chemokines, representative MES genes, genes encoding ECM and immune checkpoint molecules in both the combined and independent datasets (Figures 3G, H). In addition, GSEA also showed that YAP1 signaling (CORDENONSI_YAP_CONSERVED_SIGNATURE) and MES signature was significantly upregulated in the high GTMEIscore group compared to the low GTMEIscore group (Supplementary Figures S2F, G). We next calculated the enrichment scores of individual GBM samples according to the MES gene signature (27) and found that the high MES expression group had a significantly worse prognosis than the low MES expression group (Figure 3I, P < 0.001). Further analysis revealed a significant survival advantage for patients with both a low GTMEIscore and low MES score (Figure 3J, P < 0.001). Next, we explored the relationship between the GTMEIscore and GBM chemotherapy/radiotherapy sensitivity in the CGGA dataset, for which chemotherapy/radiotherapy data were available. We further demonstrated that the prognosis of the group with a high GTMEIscore was significantly worse than that of the low GTMEIscore group (Figure 3K, P = 0.010). Further analysis showed that patients in the low GTMEIscore group and those treated with chemotherapy/radiotherapy had a significant survival advantage, while patients in the high GTMEIscore group and those not treated with chemotherapy/radiotherapy had the worst prognosis (Figures 3L, M).



Correlation Between the GTMEIscore and Proteomic Characteristics

Understanding the proteomic characteristics of the GTMEIscore can help us better understand the GBM TME pattern. By integrating proteomic and metabolomic data from up to 10 platforms, Wang et al. (19) identified new multi-omics subtypes. We then analyzed the relationship between the GTMEIscore and clinical features as well as the identified molecular subtypes and found that the high GTMEIscore group tended to have more nmf2-subtype samples (mesenchymal-like, which mainly showed enrichment of immune response and extracellular matrix organization pathways), MES-subtype samples, fewer IDH mutations, and worse pathological features (Figure 4A). In addition, we found that the high GTMEIscore group mainly showed enrichment of the im1 and im2 subtypes, which was characterized by high enrichment of immune cells (Figure 4B, P=0.001, chi-square test). To explore the underlying mechanisms that led to the different results in the low and high GTMEIscore groups, we annotated the protein data with the hallmark dataset and performed differential analysis; we found that pathways related to the cell cycle were enriched in the low GTMEIscore group, while pathways related to the immune response and ECM remodeling were enriched in the high GTMEIscore group, consistent with the RNA results (Figure 4C). Further GSEA also showed consistent results (Figure 4D). In addition, Metascape database (28) analysis revealed that genes with a significant positive association with the GTMEIscore (Supplementary Table S5, Pearson r > 0.3, P < 0.05) were significantly enriched in pathways related to the regulation of cell biological functions, stromal activation and immunity(Supplementary Figure S3A and Table S6). Further PaGenBase (29) enrichment analysis showed that these genes were mainly specifically expressed in peripheral immune organs such as the spleen, blood and bone marrow (Figure 4E). The coanalysis of proteomic and transcriptomic alterations helped us to further decipher the mechanism by which the TIME in GBM is formed. We analyzed the differences between the high and low GTMEIscore groups based on RNA-seq data and found that compared with the low GTMEIscore group, the high GTMEIscore group had 183 DEGs (FC>2 and P value<0.05) (Supplementary Table S7). For the protein data, we found 2758 DEGs (FC>1.2 and P value<0.05) in the high GTMEIscore group compared with the low GTMEIscore group (Supplementary Table S8). As shown in Figure 4F and Supplementary Table S9, via joint analysis of the protein and RNA-seq data, we found a moderately strong positive correlation (Pearson r = 0.2615, P value <0.001) between the differences in mRNA and protein expression levels, and all genes were divided into four main groups: 87 genes that were simultaneously upregulated (Hyper-Up), 27 genes that were simultaneously downregulated (Hypo-Down). KEGG functional enrichment analysis showed that the Hyper-Up genes were mainly enriched in some classical oncogenic pathways, metabolic pathways and immune response-related pathways (Figure 4G). Further enrichment analysis via the GO database showed that the DEGs were notably enriched in the hypoxia, immune cell migration, angiogenesis, matrix remodeling, and macrophage activation pathways (Figure 4H). We then performed a univariate Cox prognostic analysis of the proteins and identified 13 proteins with significant prognostic significance (Supplementary Figure 3B). We obtained the list of transcription factors (TFs) from the Cistrome database, and subsequently, we examined the coexpression relationships between these prognosis-related proteins and TFs. We used the criteria of Pearson |r|>0.5 and P < 0.05 to obtain the coexpressed genes. Finally, we visualized the coexpression network information using alluvial plots (Figure 4I). The results suggested that the expression of the proteins may be regulated by these TFs. We further analyzed the relationship between nmf2-subtype genes and the GTMEIscore. As shown in Supplementary Figure 3C, as the GTMEIscore increased, the protein expression levels of these genes also showed a gradual increase. Similar to results from the RNA-seq data, the results of GSEA of the protein data also showed that the MES signature was significantly enriched in the high GTMEIscore group (Figure 4J, FDR=0.02). Moreover, the GTMEIscore showed a remarkable positive correlation with the expression of the MES markers CD44 and CHI3L1 (YKL40) at the protein level (Figure 4K). Our analysis revealed that, consistent with the mRNA data, the GTMEIscore was significantly and positively correlated with the expression level of immune checkpoint proteins, myeloid cell-derived macrophage-restricted chemokines, and MES-representative and ECM-related proteins (Figure 4L). These results facilitate the identification of important proteins associated with the formation of GBM TME patterns.




Figure 4 | Correlation between the GTMEIscore and proteomic characteristics. (A) Heatmap describing the relationship between the GTMEIscore and various clinical features in the Wang cohort. miRNA, DNA methylation, multiomics, immune cell molecular, TCGA molecular subtype, age, sex, MGMT and IDH mutation status annotations are provided as examples. (B) Heatmap and table of the distribution of GBM immune subtypes (im1, im2, im3 and im4) between the high and low GTMEIscore groups, chi-square test showed P = 0.001. (C) GSVA showing differences in hallmark biological pathways between the high and low GTMEIscore groups. Scatter plots were used to visualize these differences in pathways. The size of the circle indicates the size of the fold change (FC), and the color indicates the statistical significance of the difference. The color red indicates statistical significance, and blue indicates statistical insignificance. (D) GSEA showing the gene sets enriched in high GTMEIscore subgroup (P < 0.05, FDR < 0.25). (E) Summary enriched genes positively correlated with the GTMEIscore at the protein level in the PaGenBase database. (F) Dot plot of log2FC (mRNA expression) versus log2FC (protein expression) values showing a positive correlation between the overall mRNA expression and protein expression levels (Pearson’s r = 0.2615; P < 0.001) and the distribution of genes with significant changes in both the mRNA (|FC| > 2, P < 0.05) and corresponding protein expression (|FC| > 1.2, P < 0.05) levels in the high GTMEIscore group compared with the low GTMEIscore group. Colored circles indicate significant changes in at least the mRNA or the protein expression of the gene. (G) KEGG enrichment analysis of 87 genes (Hyper-Up) and 27 genes (Hypo-Down) that were significantly differentially expressed at both the mRNA and protein levels. (H) GO BP enrichment analysis of 87 genes that were significantly upregulated at both the mRNA and protein levels. (I) Alluvial plot showing regulatory network relationships between proteins with prognostic significance and transcription factors (TFs). (J) GSEA of mesenchymal signatures showing that GBM samples from the high GTMEIscore group were enriched in the MES-subtype group compared to GBM samples from the low GTMEIscore group. NES, normalized enrichment score; FDR, false discovery rate. (K) Correlation scatter plot showing that the GTMEIscore was positively correlated with the expression of CD44 and CHI3L1, markers of the MES subtype. (L) Spearman analysis of the correlation between the GTMEIscore and the protein expression of immunosuppression-related genes (checkpoint molecule genes, macrophage immunosuppressive genes, ECM-related genes and MES representative genes). Colors indicate correlation coefficients, with blue indicating a negative correlation and red indicating a positive correlation. The size of the sector represents the correlation coefficient, and a larger angle means a stronger correlation.





Correlation Between the GTMEIscore and Protein Phosphorylation and Acetylation

The proteomic phosphorylation differential analysis data showed that 3811 phosphorylation sites of 1438 proteins were dramatically upregulated and 4873 phosphorylation sites of 1529 proteins were significantly downregulated in the high GTMEIscore group (Supplementary Table S10, FC > 1.2, P value < 0.05). KEGG enrichment analysis showed that proteins with upregulated phosphorylation were significantly enriched in oncogenic signaling pathways, stromal activation pathways and immune-related signaling pathways (Figure 5A). Downregulated proteins were mainly involved in the neuronal system, mitotic cell cycle processes, and so on (Supplementary Figure S4A). Further analysis of the combined protein quantitative data showed a significant positive correlation between phosphorylation level and protein expression levels (Figure 5B and Supplementary Table S11, Pearson r = 0.6527). Analysis of mutation distribution in the TCGA and Wang datasets showed that the PTEN and NF1 mutation rates were greatly increased in both datasets, while the BRAF mutation rate was significantly increased in the Wang dataset (Figure 3E and Supplementary Figure 2C). Next, we explored specific signaling pathways based on somatic mutations and their downstream alterations (Figure 5C). As shown in the heatmap, with increasing GTMEIscore, the expression levels of the tumor suppressor proteins PTEN and NF1 showed a decreasing trend, and we also observed that the phosphorylation levels of the downstream signaling pathway proteins gradually increased (Figure 5D). In addition, the tumor mutation distribution analysis showed that the EGFR mutation rate was slightly downregulated in the high GTMEIscore group, and the pathway enrichment analysis showed that proteins with upregulated levels of phosphorylation were significantly enriched in the EGFR tyrosine kinase inhibitor resistance pathway (Figure 5A). The gene and protein expression levels of EGFR were also significantly downregulated in the high GTMEIscore group (Supplementary Table S9). We next analyzed the relationship between EGFR protein and phosphorylation levels and the GTMEIscore, as shown in Supplementary Figure S4B. The phosphorylation levels of EGFR and its downstream proteins were downregulated in the high GTMEIscore group, suggesting that EGFR activation may inhibit the infiltration of immune cells into tumor tissue and that GBM patients with a high GTMEIscore are insensitive to EGFR inhibitors. These results contribute to our understanding of the mechanisms underlying dysregulated protein expression and phosphorylation, pathway dysregulation.




Figure 5 | Correlation between the GTMEIscore and protein phosphorylation and acetylation. (A) KEGG enrichment analysis of proteins with upregulated phosphorylation levels. (B) Dot plot of log2 fold change (FC) (protein phosphorylation level) versus log2FC (protein expression) values showing a positive correlation between the overall protein phosphorylation level and protein expression level (Pearson’s r = 0.6527) and the distribution of genes with significant changes in both the phosphorylation level (|FC| > 1.2, P < 0.05) and corresponding protein expression (|FC| > 1.2, P < 0.05) in the high GTMEIscore group compared with the low GTMEIscore group. (C) Schematic diagram showing specific proteins and their downstream alterations based on somatic mutations. (D) Heatmap showing somatic mutation-based alterations in specific proteins and their downstream protein phosphorylation sites. (E) Dot plot of log2FC (protein acetylation level) versus log2FC (protein expression) values showing a positive correlation between the overall protein phosphorylation level and protein expression level (Pearson’s r = 0.6527) and the distribution of genes with significant changes in both the acetylation level (|FC| > 1.2, P < 0.05) and corresponding protein expression (|FC| > 1.2, P < 0.05) in the high GTMEIscore group compared with the low GTMEIscore group. (F) KEGG enrichment analysis of proteins with significantly altered acetylation levels (|FC| > 1.2, P < 0.05). (G) (Upper) Correlation of the GTMEIscore with histone acetylation sites and histone acetyltransferase, deacetylase, and reader levels. The size of the circle represents the significance, and the color represents the correlation coefficient. (Lower) Correlation of the GTMEIscore with histone acetyltransferase, deacetylase, and reader levels; the color represents the correlation coefficient. (H) Lollipop chart showing metabolites with a significant correlation with the GTMEIscore (Pearson r > 0.3, P value <0.05). I Metabolites with a significant correlation with the GTMEIscore (Pearson |r| > 0.3, P value < 0.05). (I) Bubble plots showing significant correlations of the GTMEIscore with lipids (Pearson |r| > 0.3, P value < 0.05).



The proteome differential acetylation analysis data showed that compared to the low GTMEIscore group, the high GTMEIscore group showed 459 significantly upregulated acetylation sites in 207 proteins and 605 significantly downregulated acetylation sites in 288 proteins (Supplementary Table S12). KEGG and GO biological process (BP) functional annotation analysis revealed that the proteins with different acetylation levels were mainly enriched in metabolism-related signaling pathways, the HIF-1 signaling pathway and immune-related signaling pathways (Supplementary Figure S4C). Further correlation analysis with proteomics data showed that the acetylation levels were positively correlated with the protein expression levels (Pearson r = 0.6626), with the levels of acetylation at 317 acetylation sites in 107 proteins being simultaneously upregulated with protein expression levels, the levels of acetylation at 214 acetylation sites in 106 proteins being simultaneously downregulated with protein expression levels (Figure 5E, Supplementary Table S13). Further KEGG enrichment analysis of these two fractions of altered proteins revealed that they were mainly enriched in metabolism-related and apoptosis-related signaling pathways (Figure 5F). Researchers detected more than 30 modified acetylation sites in histones (H1, H2A, H2B, H3.3, and H4) in GBM, and further differential analysis showed that two acetylation sites were significantly upregulated in H4 histones and 25 acetylation sites were significantly downregulated in H2B histones (Supplementary Table S14). Further correlation analysis showed that the GTMEIscore was significantly positively correlated with the acetylation level of H4 group proteins and negatively correlated with the acetylation level of H2 group proteins. Notably, some of the H2B acetylation modification levels were positively correlated with the protein expression of CREBBP/EP300 acetyltransferases and some proteins of the BDR family (BRD3/4) and negatively correlated with the GTMEIscore at both the RNA and protein levels; on the other hand, these modification levels were negatively correlated with the expression of the deacetylases HDAC10/11, the expression of which was positively correlated with the GTMEIscore at both the RNA and protein levels (Figure 5G, Supplementary Table S15). Further survival analysis based on the protein expression levels of these proteins revealed that CREBBP and BRD3 were protective prognostic genes in GBM, while the deacetylase HDAC10 was a prognostic risk factor (Supplementary 4D). These data suggest that increased levels of H2B acetylation modification may depend on the activities of CREBBP, BRD3 and HDAC10, which regulate some protective genes to inhibit the infiltration of immune cells.



Correlation Between the GTMEIscore and Metabolomic and Lipidomic Characteristics

The results of the above analysis revealed that some of the genes and proteins associated with the GTMEIscore might be involved in metabolic pathways (Figures 4G, 5A, F). We thus performed a correlation analysis between the GTMEIscore and tumor metabolite abundance and identified four metabolites that were positively correlated and three metabolites that were negatively correlated with the GTMEIscore (Figure 5H and Supplementary Table S16, Pearson |r| > 0.3, P value <0.05). Further survival analysis showed that leucine and DL-2-aminoadipic acid (spectral match) were adverse prognostic factors for GBM patients (Supplementary Figure 5A), suggesting that they may play an essential role in the TIME.

Next, we analyzed the correlation of the abundances of 582 lipids with the GTMEI score in 75 GBM tumor tissues and found a large number of lipids that were correlated with the GTMEI score (Supplementary Table S17, Pearson |r| > 0.3, P value <0.05). As shown in Figure 5I, the triacylglycerol (TG) content showed a significant positive correlation with the GTMEIscore and a significant negative correlation with the content of most phosphatidylcholines (PCs) and sphingomyelin (SM).

To further explore the molecules mediating these metabolic changes, we performed a correlation analysis of the GTMEIscore with 29 metabolic regulatory genes previously reported to be associated with GBM prognosis (30) and further performed a survival analysis of these genes based on their protein expression levels. As shown in Supplementary Figures S5B, C, ALDH3A1, PSME1 and RUFY1 were adverse prognostic factors that had a significant positive correlation with the GTMEIscore. In contrast, CHD9, PON1 and PON2 were protective prognostic factors. Our results provide valuable insights into the lipid metabolic characteristics of different immune microenvironment patterns in GBM, and reveal possible metabolite targets, regulating the immune microenvironment.



Correlation of the GTMEIscore With the Efficacy of Immunotherapy and Drug Sensitivity in GBM

We further evaluated its ability to predict patient response to ICB therapy. Improved response to anti-PD-1 therapy has been found to be associated with higher TMB in tumors across multiple cancer types, including GBM (31). Survival analysis showed that patients with high TMB in the TCGA dataset had significantly better survival than those with low TMB (Figure 6A), and further combined GTMEIscore analysis showed that patients with a high GTMEIscore and low TMB had a significant survival disadvantage (Figure 6B). Touat et al. (32) recently found that mismatch repair (MMR)-deficient gliomas were characterized by poor patient survival and a low rate of response to anti-PD-1 therapy. Our data also showed that patients with low microsatellite instability (MSI) had significantly better survival than those with high MSI (Figure 6C), and further combined GTMEIscore analysis showed a significant survival advantage for patients with a low GTMEIscore and low MSI (Figure 6D), suggesting that GTMEIscore combined with markers such as TMB and MSI significantly improved the sensitivity and accuracy, and may be a more effective way to screen the immune beneficiary GBM population. In addition, the GTMEIscore showed a significant positive correlation with immunochekpoint expression in GBM patients at both the RNA and protein levels (Figures 3F, G, Figure 4L). And survival analysis found that patients with a low GTMEIscore showed a significant clinical advantage and significantly prolonged survival (Figure 6E, P=0.007). Similarly, survival, as measured from the start of treatment with anti-PD1 therapy, was slightly increased in GBM patients with a low GTMEIscore (Figure 6F, P=0.250). Patients with a low GTMEIscore had significantly increased efficacy of ICI treatment compared to those with a high GTMEIscore (Figure 6G, response rate to anti-PD1 therapy: 70% vs. 43%). ROC curve analysis demonstrated good predictive capability of the GTMEIscore in predicting the effectiveness of immunotherapy in GBM patients (Figure 6H, AUC=0.740).




Figure 6 | Correlation of the GTMEIscore with the efficacy of immunotherapy and drug sensitivity in GBM. Kaplan-Meier curves for the OS of TCGA GBM patients with (A) TMB (log-rank test P = 0.062); (B) stratified by GTMEIscore and TMB (log-rank test P < 0.001); (C) MSI (log-rank test P < 0.001); and (D) GTMEIscore and MSI (log-rank test P = 0.001). Kaplan-Meier curves for (E) the OS of GBM patients (log-rank test P = 0.007) and (F) survival duration after anti-PD1 treatment (log-rank test P = 0.250 in the PD1 dataset). (G) Proportions of patients who responded to anti-PD1 immunotherapy in the low and high GTMEIscore groups. (H) ROC curve quantifying the predictive value of the GTMEIscore in GBM patients treated with anti-PD1 therapy (AUC, 0.740). (I) A personalized scoring nomogram was constructed to predict the OS probability for 9 parameters at 0.5, 1, and 1.5 years, an example of which is shown by the arrows. (J) Time-dependent ROC analysis demonstrated that the nomogram exhibited a powerful capacity for survival prediction. (K) Calibration curves showing that the predicted 0.5-year (green dashed line), 1-year (blue dashed line) and 1.5-year (red dashed line) OS values were close to the ideal values (45-degree line). (L) CMap mode of action (MoA) analysis revealed a total of 38 mechanisms of action for the 54 compounds significantly related to GTMEIscore, sorted by descending number.



To quantify the risk assessment of individual GBM patients, we proposed a comprehensive prognostic nom model using a combination of GTMEIscore combined with other clinicopathological characteristics, an example of which is shown by the arrow (Figure 6I). Calibration curves and time-dependent ROC analysis of 0.5, 1 and 1.5-year OS prediction demonstrated the nomogram exhibited much more powerful capacity of survival prediction (Figures 6J, K).

Finally, we used the CMap database to predict potential drugs for patients with high GTMEIscore. CMap mode of action (MoA) analysis revealed a total of 38 mechanisms of action for the 54 compounds with significant enrichment (Figure 6L and Supplementary Table S18). These results provide potential drugs that can be used for patients with a high GTMEIscore.



Overview of the GTMEIscore Across Human 32 Cancers Types

We further assessed the differences in the GTMEIscore across 33 tumors, and as shown in Figure 7A, we found that the GTMEIscore was highest in LAML, followed by KIRP, and lowest in LIHC. Pancancer survival analysis showed that overall survival was significantly shorter in the high GTMEIscore group than in the low group (Figure 7B). Differences in the GTMEIscore between different immune subtypes were further investigated. Expression was significantly different between the C1 (wound healing), C2 (IFN-γ dominant, inflammatory), C3 (lymphocyte depleted), C4 (lymphocyte depletion), C5 (immunologically quiet) and C6 (TGF-β dominant) subtypes, which are characterized by differences in macrophage or lymphocyte signatures, and was higher in C2 and C6 subtypes, with poorer prognosis (Figure 7C and Supplementary Figure S6A). Additionally, Chen et al. (33) proposed three immunophenotypes, namely immune-inflamed, immune-excluded and immune-desert, which are more comparable to the subtypes we obtained (Supplementary Figures S6B, C). As shown in Figure 7D, the proportion of immune-excluded samples was almost equally distributed between the two groups, but there were more immune-inflamed samples and fewer immune-desert samples in the GTMEI-high group than in the GTMEI -low group (p = 0.001, chi-square test). Further Spearman correlation analysis showed that GTMEIscore was positively correlated with infiltrating immune cells, immune/stromal score and immunomodulatory molecules, while negatively correlated with tumor purity in most tumor types (Figure 7E). As shown in Figure 7F, we also found that GTMEIscore was positively correlated with in most tumors, indicating that the GTMEIscore is associated with enrichment scores of typical cancer hallmarks in a wide range of cancer types. The cancer-specific survival analysis also revealed a significant association between the GTMEIscore and overall survival in multiple cancer types: the GTMEIscore was a risk factor in 17 cancer types, and a protective factor in 7 cancer types (Figure 7G and Supplementary Figure S7). These results demonstrated the characteristics of the GTMEIscore in a broad range of cancer types and highlight its potential value as a predictor of immune cell infiltration and prognosis.




Figure 7 | Overview of the GTMEIscore across 32 human cancer types. (A) The GTMEIscore for all samples grouped by cancer type, ranked from lowest to highest. (B) Kaplan-Meier curves for the OS of 10067 patients with a high GTMEIscore (n = 4327) and a low GTMEIscore (n = 5740), and the log-rank test showed P < 0.001. (C) Differences in the GTMEIscore between six different immune molecular subtypes. The Kruskal-Wallis test was used to determine the significance of differences between the six immune molecular subtypes. (D) Heatmap and table of the distribution of three immune molecular subtypes between the high and low GTMEIscore groups, chi-square test showed P=0.001. (E) Spearman analysis of the correlation of the GTMEIscore with immunomodulators, 28 immune cell types, immune and stromal scores, and tumor purity. Colors indicate correlation coefficients, with yellow indicating a negative correlation and red indicating a positive correlation. Asterisks indicate statistically significant P values calculated using Spearman correlation analysis. *P < 0.05; **P < 0.01; ***P < 0.001. (F) Bubble plots showing the correlation between the GTMEIscore and classical cancer pathways. The color of the circle represented the correlation coefficient, and the size represent the p value. (G) Summary of the correlation between expression of GTMEIscore and 32 cancer type patients survival. Red represents a higher expression of GTMEIscore associated with worse survival, and blue represents an association with better survival. Only p values < 0.05 are shown.



We further investigated the predictive power of GTMEIscore for other cancer types of ICB therapy. Thus, we used urothelial cancer cohorts of patients (IMvigor210) and two cohorts of melanoma patients who received anti-PD1 therapy (22, 23) to perform a complementary evaluation of the ability of GTMEIscore to predict the immunotherapy response. GTMEIscore was a risky factor in Urothelial Carcinoma, while was a protective factor in melanoma (Figure 7G). And survival analysis found that urothelial cancer patients with a low GTMEIscore showed a significant clinical advantage and significantly prolonged survival (Figure 8A, P=0.015), and had significantly increased efficacy of ICI treatment compared to those with a high GTMEIscore (Figure 8B, response rate to anti-PD1 therapy: 27% vs. 14%). However, survival analysis found that melanoma patients with a high GTMEIscore showed a significant clinical advantage and significantly prolonged survival (Figure 8C, E, G, P=0.015, 0.006 and 0.012, respectively), and had significantly increased efficacy of ICI treatment compared to those with a low GTMEIscore (Figure 8D, F, H, response rate to anti-PD1 therapy: 64% vs. 0%, 32% vs. 17% and 37% vs. 12%, respectively).




Figure 8 | Correlation of the GTMEIscore with the efficacy of immunotherapy and drug sensitivity in other 32 cancer types. (A) The Kaplan–Meier survival curves showed that GTMEIscore was a prognostic risk factor in the urothelial cancer patients in IMvigor210 dataset that received anti-PD1 therapy(log-rank test P = 0.015). (B) Proportions of urothelial cancer patients who responded to anti-PD1 immunotherapy in the low and high GTMEIscore groups in IMvigor210 dataset. (C) The Kaplan–Meier survival curves showed that GTMEIscore was a prognostic protective factor in the melanoma patients in GSE78220 dataset that received anti-PD1 therapy(log-rank test P = 0.004). (D) Proportions of melanoma patients who responded to anti-PD1 immunotherapy in the low and high GTMEIscore groups in GSE78220 dataset. (E) The Kaplan–Meier survival curves showed that GTMEIscore was a prognostic protective factor in the melanoma patients in GSE91061 dataset that had not received anti-PD1 therapy (log-rank test P = 0.006). (F) Proportions of melanoma patients who responded to anti-PD1 immunotherapy in the low and high GTMEIscore groups in GSE91061 dataset that had not received anti-PD1 therap. (G) The Kaplan–Meier survival curves showed that GTMEIscore was a prognostic protective factor in the melanoma patients in GSE91061 dataset that received anti-PD1 therapy (log-rank test P = 0.012). (H) Proportions of melanoma patients who responded to anti-PD1 immunotherapy in the low and high GTMEIscore groups in GSE91061 dataset received anti-PD1 therapy. (I) The left heatmap showing the summary of the correlation between expression of GTMEIscore and other 32 cancer type patients survival. Pink represents a higher expression of GTMEIscore associated with worse survival, and green represents an association with better survival. Only p values < 0.05 are shown. The right heatmap showing the enrichment fraction of each compound in CMap for other 32 cancer types (positive in blue, negative in red). Compounds are sorted from right to left by decreasing number of significantly enriched cancer types.



To further understand the impact of the GTMEIscore on drug response in 32 cancer types, we obtained the differential genes for each cancer type in GTMEIscore high group by grouping according to the optimal survival cut value (Supplementary Table S19), and further predicted the relevant compounds by inputting the most significantly up- and down-regulated 1000 genes to the cmap database. We show only the compounds found to be significantly associated with GTMEIscore in at least ten cancer types (Figure 8I and Supplementary Table S20A). Tumors with a better prognosis are sensitive to drugs with a high enrichscore and conversely tumors with a poor prognosis are sensitive to drugs with a low enrichscore. Further, we demonstrated the targeting mechanism of these drugs using MOA analysis of cmap (Supplementary Figure S8A and Table S20B). These results provide potential drugs that can be used for patients with a high GTMEIscore, offering potential therapeutic prospects for improving the prognosis of cancer patients.




Discussion

Recent advances in tumor immunotherapy have created great enthusiasm and anticipation for the effective treatment of GBM (20, 34). The TME, especially the TIME, plays an important role in clinical survival and response to therapy as a key mediator of tumor progression and treatment outcome (9–11, 35). Analyzing the TIME of GBM patients may provide new insights into the development of immunotherapeutic strategies for GBM. In this study, we integrated transcriptome information from 796 GBM samples, used single sample gene-set enrichment analysis (ssGSEA) to estimate the relative abundances of 25 immune cell types, and provided a comprehensive outlook on the immune landscape within GBM tumors. We revealed three distinct GTMEI patterns with different clinical outcomes and modulated biological pathways. Moreover, we developed a scoring system to quantify the immune infiltration pattern of individual GBM sample, termed GTMEIscore. To understand the intrinsic tumor characteristics and tumor immune infiltration patterns associated with the GTMEIscore, we comprehensively analyzed the genomic characteristics, molecular subtypes and clinicopathological features as well as proteomic, phosphoproteomic, acetylomic, lipidomic and metabolomic properties associated with the GTMEIscore, revealing lots of novel dysregulated pathways and precise targets in GBM. Moreover, GTMEIscore accurately quantified the immune status of many other cancer types. Clinically, GTMEIscore was found to have significant potential therapeutic value for chemotherapy/radiotherapy, immune checkpoint inhibitor (ICI) therapy and targeted therapy. Our systematic identification and characterization of molecular subtypes of the immune microenvironment of GBM revealed many novel dysregulated signaling pathways and precise targets in GBM and provides a theoretical basis for identifying more effective predictive biomarkers and developing more effective and targeted clinical treatment strategies for GBM.

This paper highlights the important role of TME, particularly macrophages, in shaping the MES-like cellular state. Several immune microenvironment studies for other tumors display better prognosis for immune inflamed subtype which more effective immune infiltration in tumor stroma (12, 17). However, the result of immune infiltration in GBM, the GTMEI cluster C which had better prognosis did not show the increased immune infiltration and the activated immune state, which may be due to the special intracranial microenvironment. Recently, using scRNA-seq, malignant cells in GBM were classified into four potentially plastic cell states: neural progenitor cell-like (NPC-like), oligodendrocyte progenitor cell-like (OPC-like), astrocyte-like (AC-like), and mesenchymal-like (MES-like) (35). Hara et al. (36) further showed striking similarities between the MES-like state and the TCGA-MES subtype; both were rich in macrophages, and the GBM MES-like state was also associated with increased abundance and cytotoxicity of T cells. Our study showed that the characteristics of the immunoinflammatory subtypes (GTMEI clusterA) identified in our study are also highly similar to those of the previously reported MES subtypes. Whereas Ester Gangoso et al. (10) recently found that a key component of the previously reported “mesenchymal” signature is the transcriptional module acquired in GBM cells after immune attack, the observed transformation of GBM tumor subtypes can be explained by the extent to which the tumor immune microenvironment encroaches on their epigenetic landscape and alters the regulatory network of transcription factors. However, these results suggest that, at least in glioblastoma, the MES-like status of macrophages and cancer cells may also represent a therapeutic opportunity, as they are associated with high levels T cells that tend to be in a cytotoxic state, which may affect the response to immunotherapy. Thus, induction of MES-like states by safe and effective means and in combination with immunotherapeutic approaches may provide a new therapeutic option.

Genomic alterations and alterations in downstream oncogenic signaling pathways in tumors have been shown to affect antitumor immunity and TME activity (18, 20, 26). As such, we investigated the link between tumor mutations and the GTMEIscore and found that compared to the low GTMEIscore group, the GTMEIscore group had significantly higher PTEN and NF1 mutation rates (Figure 3E and Supplementary Figure 2C), and PTEN and NF1 mutations have been shown to cause increased infiltration of TAMs into tumor tissue (26, 27, 35). Single-cell sequencing studies have shown that TAMs are the most abundant component of the GBM immune microenvironment, originating from two independent sources (BMDM TAMs and MG TAMs) (9, 11), and they respond differently at different stages of tumor progression and perform different functions (37). These differences may be partly explained by the fact that the two cell populations are derived from different progenitor cells, which are selectively distributed in different locations, and employ different TFs for gene regulation (37). Numerous studies have demonstrated that the macrophage population that exerts immunosuppressive and proangiogenic effects is generally of bone marrow origin (9, 10, 26, 27), and our study found that the GTMEIscore was positively correlated with TAM BMDMs and negatively correlated with TAM MGs (Figure 2J). We also identified and validated a significant positive correlation between the GTMEIscore and myeloid-derived macrophage-restricted chemokines and genes encoding ECM and matricellular proteins (Figures 2F, G, 4L). Our results showed that the GTMEIscore predicted GBM heterogeneity as well as the functional status of macrophages. Therefore, considering the significant differences in biological functions, TAM components and T cell abundance among GBM infiltrating immune cell subtypes, this study may provide more ideas for the future development of subtype-specific combination immunotherapy strategies.

Proteomic analysis revealed a large number of differentially expressed proteins in GBM tumors with different immune infiltration patterns, and some tumors showed significant downregulation of cell cycle- and DNA repair-related proteins and upregulation of apoptosis-, EMT-, metabolism- and immune response-related proteins (Figure 4), in line with the transcriptomic analysis results (Figure 3). Furthermore, phosphoproteomics analysis also identified a large number of dysregulated protein phosphorylation sites in GBM tumors with different immune infiltration patterns, revealing a number of proteins associated with apoptosis, ECM, metabolism, and the immune response and further providing candidates for targeted therapy of GBM (Figures 5A, B). In addition, somatic mutation analysis of the high GTMEIscore group revealed significantly increased rates of PTEN, NF1 and BRAF mutation, and subsequent proteomics and phosphoproteomics analysis revealed dysregulation of downstream signaling pathway proteins and phosphorylation sites (Figures 5C, D). We also characterized the acetylation patterns of tumors with different immune infiltration patterns, revealing a large number of proteins with dysregulated acetylation, which were mainly involved in metabolic pathways (Figures 5E, F). In addition, analysis of histone modifications revealed significant downregulation of multiple acetylation site modification levels in H2B histones in the high GTMEIscore group, which may be dependent on CREBBP/EP300/BRD3/BRD4 activity (Figure 5G). For the first time, we employed a multilevel and multiplatform strategy to construct a multidimensional molecular map of tumors with different immune infiltration patterns. The results will help comprehensively reveal the molecular mechanisms of GBM development and immune microenvironment dysregulation, and provide an important scientific basis for improving the clinical treatment and prognosis of GBM.

In addition, we also demonstrated the immunomodulatory landscape in other 32 cancer types with a TCGA dataset and found significant correlations of the GTMEIscore with the immune status and biological functions of most tumors (Figure 7). We demonstrated that the GTMEIscore can be used not only as an independent prognostic biomarker for predicting survival in GBM, BLCA and SKCM patients but also for predicting the response to anti-PD1 antibody immunotherapy in these cancers. Drug sensitivity is a constant factor at the core of individualized cancer chemotherapy, we also predicted potential drugs that can be used for patients with a high GTMEIscore for 33 cancer types (Figure 8). TGF-beta is an important factor contributing to PD-L1/PD-1 antibody resistance by limiting T cell infiltration in the TME. Therefore, blocking TGF-beta significantly enhanced the efficacy of anti-PD-1/PD-L1. Recently, bispecific antibodies targeting TGF-Beta and PD-L1 exhibited superior antitumor activity (38–40), indicating that the combination of these drugs with ICIs, as well as antibodies targeting TGF-Beta may have better therapeutic effects for patients.

In conclusion, our systematic identification and characterization of molecular subtypes of immune microenvironments in GBM revealed many novel dysregulated signaling pathways and precise targets in GBM. Based on this multiomics data study, we found that the GTMEIscore is a reliable prognostic biomarker that can robustly predict the effect of ICIs and combination therapy with chemotherapy/radiotherapy. These findings might provide a theoretical basis for identifying more effective GBM predictive biomarkers and developing more effective and targeted clinical treatment strategies, ultimately guiding GBM clinical treatment and achieving precision medicine.
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Glioblastoma (GBM) is the most common and malignant primary brain tumor, resulting in poor survival despite aggressive therapies. GBM is characterized in part by a highly heterogeneous and immunosuppressive tumor microenvironment (TME) made up predominantly of infiltrating peripheral immune cells. One significant immune cell type that contributes to glioma immune evasion is a population of immunosuppressive, hematopoietic cells, termed myeloid-derived suppressor cells (MDSCs). Previous studies suggest that a potent subset of myeloid cells, expressing monocytic (M)-MDSC markers, distinguished by dual expression of chemokine receptors CCR2 and CX3CR1, utilize CCR2 to infiltrate into the TME. This study evaluated the T cell suppressive function and migratory properties of CCR2+/CX3CR1+ MDSCs. Bone marrow-derived CCR2+/CX3CR1+ cells adopt an immune suppressive cell phenotype when cultured with glioma-derived factors. Recombinant and glioma-derived CCL2 and CCL7 induce the migration of CCR2+/CX3CR1+ MDSCs with similar efficacy. KR158B-CCL2 and -CCL7 knockdown murine gliomas contain equivalent percentages of CCR2+/CX3CR1+ MDSCs compared to KR158B gliomas. Combined neutralization of CCL2 and CCL7 completely blocks CCR2-expressing cell migration to KR158B cell conditioned media. CCR2+/CX3CR1+ cells are also reduced within KR158B gliomas upon combination targeting of CCL2 and CCL7. High levels of CCL2 and CCL7 are also associated with negative prognostic outcomes in GBM patients. These data provide a more comprehensive understanding of the function of CCR2+/CX3CR1+ MDSCs and the role of CCL2 and CCL7 in the recruitment of these immune suppressive cells and further support the significance of targeting this chemokine axis in GBM.
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Introduction

Glioblastoma (GBM) is a highly aggressive and recurrent primary brain tumor that continues to challenge patients and oncologists as current interventions are minimally effective (1, 2). Currently, standard of care therapy relies on surgical resection of the tumor mass followed by focal radiation and chemotherapy (temozolomide) (3–5). Foremost in GBM patients, the immune suppressive tumor microenvironment contributes to immune evasion, disease progression, and poor overall survival (6–9). Attempts at harnessing anti-tumor immune responses to overcome the immunosuppressive microenvironment have been made in cancer therapy (10–12). For example, clinically successful immunotherapy has targeted immune checkpoint systems, including the programmed cell death protein-1, i.e., PD-L1/PD-1, pathway. Unfortunately, to date targeting the PD-L1/PD-1 axis in human gliomas has not demonstrated efficacy as an adjuvant monotherapy (13, 14). While the mechanism by which gliomas are resistant to PD-1 blockade is not entirely resolved, mounting evidence suggests that infiltrating immune suppressive cells contribute significantly to the resistant phenotype (15–17).

Chief amongst the immune suppressive cells which gain access to the glioma microenvironment are a subset of myeloid cells termed myeloid-derived suppressor cells (MDSCs) (15). In humans, MDSCs represent a heterogeneous cell population that are delineated into three major classes based on phenotypic and morphological features: early-stage (e), polymorphonuclear (PMN/G)-, and monocytic (M)-MDSCs (18, 19). M-MDSCs suppress lymphocytes via production of free radicals and enzymes that deplete essential lymphocyte metabolites (20–23). In murine gliomas (i.e., GL261, CT-2A, 005 GSC, and KR158B), M-MDSCs characterized by lineage markers CD45+, CD11b+, Ly6Chi, and Ly6G– (19, 24, 25), are the predominant subset present in the TME, with little to no PMN-MDSC infiltration (26–28).

We have previously reported that three populations of myeloid cells are identified in the glioma microenvironment according to their expression of chemokine receptors CCR2 and CX3CR1. One of these populations, co-expressing chemokine receptors CCR2 and CX3CR1 (denoted as CCR2+/CX3CR1+), express markers consistent with M-MDSCs (CD45+, CD11b+, Ly6Chi, and Ly6G–) and shows poor overlap with the mature macrophage marker F4/80 (28). Pharmacologic or genetic targeting of CCR2-expressing cells via a CCR2 antagonist or gene deletion limited the presence of these cells within the tumor and promoted their sequestration within the bone marrow. In combination with the immune checkpoint inhibitor, αPD-1, CCR2 antagonism unmasked an effect of PD-1 blockade in slowing the tumor progression of two immune checkpoint inhibitor-resistant murine gliomas (KR158B and 005 GSC) (28). While these previous findings established that CCR2+/CX3CR1+ MDSCs utilize CCR2 to traffic into the glioma microenvironment, it is unclear what chemokines drive this CCR2-dependent migration. This study investigated the T cell suppressive function and chemokine ligand dependency by which CCR2+/CX3CR1+ M-MDSCs traffic into the glioma microenvironment. Using a preclinical glioma model, we demonstrate that CCR2+/CX3CR1+ cells are sourced from the bone marrow, suppress both CD4+ and CD8+ T cells, migrate to CCL2 and/or CCL7 in a CCR2-dependent manner, and are reduced in the glioma microenvironment through combination targeting of CCL2 and CCL7. We also identify CCL2 and CCL7 as predictors of survival in human glioblastoma. These data establish the immune suppressive and migratory properties of CCR2+/CX3CR1+ myeloid cells and confirm their role as glioma-associated M-MDSCs.



Methods


Animals

Ccr2RFP/WT/Cx3cr1GFP/WT mice were generated through the breeding of Ccr2-deficient (Ccr2RFP/RFP[B6.129(Cg)-Ccr2tm2.1Ifc/J]), and Cx3cr1-deficient (Cx3cr1GFP/GFP[B6.129P-Cx3cr1tm1Litt/J]) mice. Wildtype C57BL/6, Ccr2-deficient, and Cx3cr1-deficient mice were purchased from The Jackson Laboratory. All procedures involving animal housing and surgical protocols were followed according to the guidelines of the University of Florida Institutional Animal Care and Use Committee.



Generation of chimeric mice

Chimeric mice were generated through a bone marrow transplant of Ccr2WT/RFP/Cx3cr1WT/GFP donor mice into wildtype C57BL/6 recipient mice. Wildtype mice were placed under anesthesia (Xylazine 0.5mL, Ketamine 0.7mL, Saline 5.6mL) through intra peritoneal injection (100μL/20g mouse). Subsequently, wildtype mice received 900 cGy x-ray radiation (X-RAD 350 irradiator). Bone marrow was prepared from Ccr2WT/RFP/Cx3cr1WT/GFP mice as described below. Cells were diluted to a final concentration of 10,000 cells/μL. After irradiation (~4hrs), whole bone marrow from Ccr2WT/RFP/Cx3cr1WT/GFP donor mice was tail vein injected (100 μL) into irradiated wildtype C57BL/6 recipient mice. Seven days post-irradiation, Baytril (fluoroquinolone antibiotic) was added to the drinking water at 0.5 mg/ml for two weeks. Following recovery, chimeric mice were implanted with KR158B gliomas (see “Orthotopic Brain Tumor Model”) and evaluated via flow cytometry (see “Flow Cytometry Analysis”)



Orthotopic brain tumor model

Animals were anesthetized using isoflurane and administered analgesia prior to cell injection. While under anesthesia, the surgical site was prepared and a 2- to 3-mm incision was made at the midline of the skull. Using a stereotaxic apparatus (Stoelting), the mice were secured, and a Hamilton syringe was positioned 2-mm lateral from the bregma. KR158B, KR158B CCL2 knockdown, or KR158B CCL7 knockdown glioma cells (3.5 × 104 in a total volume of 2 μL) were injected 3-mm deep into the right cerebral hemisphere using an automated microfluidic injection system (Stoelting) at a rate of 1 μL/min; cells were suspended in a 1:1 ratio of methylcellulose to PBS. Post-injection, the needle was retracted slowly, and the surgical site was closed via suture and bone wax. Animals were then placed into a warm cage for postsurgical monitoring.



Tissue isolation

Mice were euthanized at experimental endpoint. Right atrium was severed, and blood was collected using an EDTA coated 1mL syringe without a needle. 200uL of blood was placed in a 1.5mL tube containing 100ul EDTA (0.5M). Transcardial perfusions, using a 10mL syringe with a 25G winged infusion set, of 20mL 0.9% saline solution were administered to remove intra-vasculature associated cells. Blood was centrifuged at 21°C 380 × g for 5 min, plasma was discarded. Femurs, tibiae, and humeri were harvested from the animal. Fat and muscle were removed, and the bones were subsequently cut at one end to expose bone marrow. Bones were placed in microcentrifuge tubes (2 bones per tube) with the bottoms pierced and nested in 1.5mL centrifuge tubes containing 100uL PBS. Tubes were centrifuged at 5,700 x g for 20 seconds to flush the bone marrow. Spleens were harvested and placed on a petri dish. Fat was trimmed from the tissue and spleens were injected with 1mL PBS via 18G needle. Spleens were minced using a razor blade and transferred to 15mL conical tubes containing 5mL PBS. Using a 5mL syringe and 18G needle, the tissue was mechanically dissociated via passage through the needle 20 times. Splenocytes were collected via centrifugation (4°C, 380 × g, 5 min). Bone marrow cells, blood, and splenocytes were resuspended in 1mL Ammonium-Chloride-Potassium (ACK) Lysis buffer (Gibco, Invitrogen) and placed on ice for 5 min to lyse red blood cells. Subsequently, lysis buffer was quenched with 5mL fluorescence-activated cell-sorter (FACS) washing buffer (1% FBS in PBS) and strained through a 40-μm cell strainer. Blood underwent three ACK lysis/quench cycles. Cells were collected via centrifugation (4°C, 380 × g, 5 min) and counted by trypan blue exclusion. Brains were removed and tumors were extracted and mechanically minced using a razor blade. Tumors were placed in 4°C Accumax dissociation solution (Innovative Cell Technologies) and incubated at 37°C for 5 min, followed by 5 min of agitation at room temperature. Cells were then passed through a 40-μm strainer, centrifuged (4°C, 380 × g, 5 min), and resuspended in 4 mL of 70% Percoll (70% Percoll and 1% PBS in RPMI-1640 cell medium). The 70% Percoll/cell solution was then carefully layered beneath 37% Percoll layer (4 mL, 37% Percoll and 1% PBS in RPMI-1640 cell medium) using an 18-gauge needle. Samples were then centrifuged for 30min at room temperature (500 x g). Cells at the interface were collected and transferred into a 1.5 mL microcentrifuge tube. Cells were washed with cold PBS and counted by trypan blue exclusion.



Flow cytometry analysis

Single cell suspensions were prepared from tissues as described above and diluted to 1 x 106 cells/100uL. Subsequently, cells were stained for markers of interest (Supplementary Table 1) for 30 min at 4°C. Cells were then washed twice in ice-cold PBS and stained with a viability dye. Stained samples were analyzed using single-color compensation on a Sony SP6800 spectral analyzer or Beckman Coulter CytoFLEX LX 96-well plate system and quantified using FlowJo V10.8.1 (BD Biosciences).



Cell culture

KR158B, KR158B-Luciferase, KR158B CCL2 knockdown, and KR158B CCL7 knockdown glioma cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS). Cells were grown in a humidified incubator at 37°C with 5% CO2. DMEM and penicillin-streptomycin were purchased through Invitrogen. FBS was purchased through Thermo Scientific.



Generation of CCL2- and CCL7-deficient glioma cells

Plasmids for knockdown of CCL2 (TRCN0000301701 and TRCN0000301702) and CCL7 (TRCN0000317599, TRCN0000068135, and TRCN0000068136) were obtained from Sigma. shRNA control plasmid (SHC002. Sigma) was used as non-targeting control. ShRNA plasmids were purified with QIAprep Spin Miniprep Kit (#27106, Qiagen) after overnight incubation with E-coli bacteria. Packaging 293T/17 cells were co-transfected with the different shRNAs and the packaging plasmids psPAX2 and pMD2.G, to generate viral particles, which were subsequently used to transduce KR158B cells. KR158B CCL2 knockdown were generated using the combination of TRCN0000301701 and TRCN0000301702. TRCN0000317599, TRCN0000068135, and TRCN0000068136 were combined to generate KR158B CCL7 knockdown. Cytokine quantification was completed using mouse CCL2 (Invitrogen# 88-7391-22) and mouse CCL7 (Invitrogen# BMS6006INST) enzyme-linked immunosorbent assay (ELISA) analysis following manufacturer protocols. KR158B, KR158B CCL2 knockdown and KR158B CCL7 knockdown glioma cell lines were cultured to 90% confluency. Cells were counted and plated in a 96-well plate at 50, 100 or 500 cells/uL in 200uL complete DMEM media. Cells were incubated at 37°C, 5% CO2 for 24 hours. Following incubation, well contents were transferred to tubes and centrifuged as previously described. Supernatant was aliquoted and frozen at -80°C until use for ELISA as previously described (Supplementary Figure 1).



Mouse brain fixation and immunohistochemistry

Transcardial perfusions, using a 10mL syringe with a 25G winged infusion set, of 20mL 4.0% paraformaldehyde (PFA) solution were administered. Following fixative perfusion, mouse brains were removed and soaked in 4.0% PFA for 1hr. Brains were subsequently transferred to 30% sucrose solution for 24hrs and snap frozen using liquid nitrogen chilled 2-Methylbutane. Brains were embedded in optimal cutting temperature compound and mounted for cryo-sectioning (Lecia Biosystems Cryostat). 5-10μm thick sections were taken and mounted on microscope slides. Sections were dried overnight at 4°C. Tissue sections were brought to room-temperature and washed 3 times in PBS and counterstained with antifade mounting medium with DAPI (Vectashield). Brain tumor sections were imaged using an inverted Nikon TiE-PFS-A1R confocal microscope. Images were post-processed using Nikon Elements software.



Bone marrow culture

Induction of MDSCs was adapted from previously published work (Alban et al.) (26). Bone marrow-derived cells from wildtype C57BL/6 mice were prepared as previously described. Cells were then plated at a density of 400,000 cells/cm2 and concentration of 1,000 cells/uL in media consisting of 50% complete RPMI (RPMI + 10% FBS + 2mM L-Glutamine) and 50% KR158B conditioned media. Additionally, the media was supplemented with 40ng/mL GM-CSF (R&D 415-ML) and 40ng/mL IL-6 (R&D 406-ML). On day 5, suspended cells were collected, the flask was washed in PBS and scraped using a cell scraper (Fisher), and all contents were joined together in a 50mL conical tube. Cells were collected via centrifugation (4°C, 380 × g, 5 min) and counted by trypan blue exclusion. Cells were then either subjected to flow cytometry (see “Flow Cytometry Analysis”) or utilized for the T cell suppression assay (see “T cell Suppression Assay”).



T cell suppression assay

Following a 5-day culture (see “Bone Marrow Culture”), MDSC enriched bone marrow cells were collected from culture as described above and subjected to M-MDSC magnetic bead isolation (Miltenyi Biotec) according to manufacturer’s protocols. Additionally, fresh splenocytes were isolated as previously described and subjected to Pan-T cell magnetic bead isolation (Miltenyi Biotec) according to manufacturer’s protocols. Following isolation, T cells were collected via centrifugation and resuspended at a density of 1 million cells/mL in PBS. T cells were incubated with 1uL CellTrace FarRed Cell Proliferation dye (ThermoFisher C34564) per 1 million cells for 20 minutes at RT. Following incubation, the dye was quenched in 5 times the present volume of complete RPMI. T cells were collected via centrifugation (4°C, 380 × g, 5 min) and resuspended in complete RPMI at 1,000 cells/uL. Dynabeads Mouse T Activator CD3/CD28 beads (Thermofisher 11452D) were washed in complete RPMI and mixed with stained T cells at a 2:1 (activating bead:T cell) ratio. T cells were retained at each step to ensure for unstained, unstimulated, and stained/unstimulated controls. 100,000 T cells were added per well in a round-bottom 96-well plate and MDSCs were added at ratios of 1:4, 1:2 and 1:1 (MDSCs:T cells). Co-cultures were incubated at 37°C for 3 days. Following incubation, well contents, in addition to 2 subsequent PBS well washes, were transferred to centrifuge tubes. Tubes were then placed on the Dynamag-2 (Thermofisher 12321D) to remove activating beads. Cells were collected by centrifugation and stained for CD3, CD4 and CD8 (Biolegend 100234; 100510; 100708) for flow cytometry analysis. Each biologic and condition were run in triplicate. Technical triplicates were averaged prior to statistical analysis.



In vitro cell migration

Bone marrow cells were isolated from Ccr2WT/RFP/Cx3cr1WT/GFP mice as described previously. Cells were diluted to a final concentration of 2,000 cells/μL in migration buffer consisting of RPMI-1640, 25mM HEPES, 1% penicillin-streptomycin, and 0.1% BSA (>98% quality). In vitro migration of CCR2WT/RFP/CX3CR1WT/GFP cells was assessed using a transwell-96 well plate with 5μm polycarbonate membrane (Corning; product number 3388). Recombinant Mouse CCL2, CCL7, and soluble CX3CL1 chemokines were purchased from R & D Systems (product numbers 479-JE-010; 456-MC-010; 571-MF-025). Recombinant proteins were reconstituted following manufacture preparation and storage guidelines. Recombinant CCL2, CCL7, and soluble CX3CL1 ligands were diluted in migration buffer and seeded at 150μL/well in the bottom chamber. To validate a chemotaxis effect, chemokine was also placed in the top and bottom chambers at equivalent concentrations (i.e., 30ng/mL top chamber and 30ng/mL bottom chamber). Cells were plated at 150μL/well in the top chamber, and the plate was incubated at 37°C, 5% CO2 for 2 hours. After incubation, the membrane insert was lightly shaken to detach migrated cells on the underside of the membrane and then discarded. Wells were analyzed for CCR2WT/RFP and CCR2WT/RFP/CX3CR1WT/GFP populations using single color compensation on Beckman Coulter CytoFLEX LX 96-well plate system. 75uL/well was collected at a flow rate of 150uL/min with 3s shake time and backflush between wells. Gating strategy proceeded as follows: 1. Positive gate for myeloid population according to forward-scatter area (FSC-A) and side-scatter area (SSC-A). 2. Doublet exclusion according to FSC-A and forward-scatter height (FSC-H). 3. CCR2/CX3CR1 co-expression according to PE and FITC channels. Gating strategy was established according to analysis of raw bone marrow samples and applied constantly throughout the analysis. Final gating analysis was conducted using FCS Express software (De Novo) or FlowJo V10.8.1 (BD Biosciences). Control wells containing no chemokine in the bottom well were averaged and normalized as 100% migration. Sample wells are compared relative to control wells for presentation and statistical analyses.

For analysis of migration to conditioned media, KR158B or KR158B CCL2 KD cells were cultured to 90% confluency in a tissue-culture T-75 flask containing complete DMEM (see “Cell Culture” section in methods). Media was washed out and cells were plated in a 6-well plate in 6mL migration buffer at 50, 100, and 500 cells/μL overnight at 37°C, 5% CO2. Contents from wells were extracted and centrifuged at 1,000 RPM for 5 minutes. Supernatant was collected, filtered, and aliquoted in the bottom chamber of the transwell-96 well plate. For neutralization experiments, polyclonal goat IgG antibodies (anti-CCL2, anti-CCL7, and normal goat IgG control) were purchased from R & D Systems (product number AB-479-NA, AF-456-NA, and AB-108-C) and stored following manufacture instructions. All wells that received neutralizing antibodies received equal quantities of exogenous protein (i.e., 8.25 μg/well) through supplementation of normal goat IgG control. Raw bone marrow was seeded in the top chamber as previously mentioned. Each biologic and condition were run in triplicate. Technical triplicates were averaged prior to statistical analysis.



In vivo targeting of CCL2 and CCL7

KR158B and KR158B CCL7 KD glioma cells were orthotopically implanted into Ccr2WT/RFP/Cx3cr1WT/GFP mice. Polyclonal goat IgG antibodies (anti-murine CCL2 and normal goat IgG control) were purchased from R & D Systems (product number AB-479-NA and AB-108-C) and stored following manufacture instructions. Mice received a 100μg loading dose of either anti-CCL2 antibody or normal goat IgG, via intraperitoneal injection, 3 days post implantation of glioma cells. Subsequent maintenance doses of 50μg were administered on days: 6, 10, 13, 17, 20,2 4, 27, 31. After the last treatment, mice were euthanized and processed using flow cytometry. Tumor, peripheral blood, spleen, and bone marrow tissues were analyzed. CCR2+ and CX3CR1+ cells were gated on exclusion of viability dye, CD45, CD11b. Please see “Tissue Isolation”, “Flow Cytometry Analysis”, and (Supplementary Table 1) for additional information.



Survival analysis

The complete human glioblastoma multiforme (GBM) patient dataset was mined from The Cancer Genome Atlas (TCGA Research Network: cancer.gov/tcga) The Georgetown Database of Cancer (G-DOC) platform to extract gene expression and clinical parameters (29–31). G-DOC platform was accessed on February 4, 2022. Gene expression was gathered from the Affymetrix dataset (Affymetrix HT Human Genome U133a microarray platform by the Broad Institute of MIT and Harvard University cancer genomic characterization center) and RNA sequencing dataset (Illumina HiSeq 2000 RNA Sequencing platform by the University of North Carolina TCGA genome characterization center). Patients were stratified into low or high CCL2, CCL7, and CCL2 ∩ CCL7 expressing categories (LOW<25th percentile and HIGH>75th percentile, respectively). Percentiles were generated using descriptive statistics function in GraphPad Prism version 9.3.1 for Windows, GraphPad Software, San Diego, California USA. Survival curve comparisons and numbers at risk were calculated using Log-rank (Mantel-Cox test) and graphically illustrated through GraphPad Prism version 9.3.1. P-values are reported in figures.



Statistical analysis

Multiple t-tests, Log-rank (Mantel-Cox), one-way ANOVA and two-way ANOVA analyses were performed in GraphPad Prism version 9.3.1 to determine statistically significant differences between groups. Multiple comparisons were corrected for with the recommended Dunnett multiple comparison test. A p-value <0.05 was considered significant and is indicated by symbols depicted in the figures, figure legends and text.




Results


CCR2+/CX3CR1+ cells in the glioma microenvironment are sourced from the bone marrow

We previously established that a glioma-associated CCR2+/CX3CR1+ myeloid cell population also expresses markers consistent with M-MDSCs. A CCR2+/CX3CR1+ myeloid cell population, expressing the same MDSC markers, is also present in bone marrow. To examine the T cell suppressive and migratory properties of these CCR2+/CX3CR1+ cells, dual transgenic Ccr2WT/RFP/Cx3cr1WT/GFP mice were utilized in order to facilitate the direct examination of CCR2- and CX3CR1-expressing cells. Fluorescent confocal microscopy of intracranial KR158B tumors confirmed the presence of brain-resident CX3CR1WT/GFP microglia and revealed that CCR2WT/RFP and CCR2WT/RFP/CX3CR1WT/GFP cells were also present within the TME as early as 5 days post-implantation of KR158B tumor cells (Figure 1A). Fluorescent imaging of naïve (non-tumor) brain tissue confirmed the absence of any RFP-expressing cells in non-tumor bearing brain tissue while RFP/GFP positive cells were present in bone marrow (Figure 1A).




Figure 1 | CCR2+/CX3CR1+ cells infiltrate the glioma microenvironment and are derived from the bone marrow. (A) Representative immunofluorescent images of bone marrow, naïve brain, and tumor-implanted brains 5 days post-implantation. Images depict the absence of CCR2WT/RFP cells within normal brain and presence within bone marrow and tumors 5 days post-implantation. (B) Representative flow cytometry plots of tumors and bone-marrow of non-irradiated control and chimeric animals at experimental endpoint. (C) Quantification of CCR2+, CX3CR1+ and CCR2+/CX3CR1+ leukocytes in control and chimeric animals (n=3). GraphPad Prism was used to conduct two-way ANOVA statistics (Dunnett’s multiple comparisons test). Differences are compared to the control (0) condition. p-values: <0.0001(****). ns (not significant).



To directly establish if CCR2+/CX3CR1+ cells present within KR158B gliomas are sourced from the bone marrow we generated chimeric mice harboring Ccr2WT/RFP/Cx3cr1WT/GFP bone marrow cells. Irradiated wildtype C57BL/6 mice (recipient) received whole bone marrow isolated from Ccr2WT/RFP/Cx3cr1WT/GFP mice (donor) and, following immune reconstitution, chimeric mice were orthotopically implanted with KR158B glioma cells. At experimental endpoint, bone marrow and brain tumor tissue were processed for flow cytometry. Flow cytometry analysis identified the presence of CCR2+ and CCR2+/CX3CR1+ cells in the tumors of chimeric mice (p<.0001) (Figures 1B, C) which indicates that these populations were derived from the bone marrow. GFP+ cells were absent from these tumors, suggesting that this population is brain-derived.



CCR2+/CX3CR1+ cells suppress CD8+ and CD4+ T cell proliferation and IFN-γ production

To investigate the functionality of CCR2+/CX3CR1+ cells, the impact on T cell proliferation and function was assessed. Having determined that CCR2+/CX3CR1+ cells are bone marrow-derived, whole bone marrow was harvested and cells were cultured in the presence of KR158B glioma-derived factors (conditioned media) containing soluble GM-CSF and IL-6 to enrich and expand the population of dual-expressing chemokine receptor cells. Following magnetic bead MDSC isolation, flow cytometry analysis confirmed the isolation of cells expressing CD45, CD11b, Ly6C, and chemokine receptors CCR2 and CX3CR1 (Figure 2A); cells were negative for Ly6G. The enriched, bone marrow-derived cells significantly suppressed the proliferation of both CD4+ and CD8+ T cells at ratios 1:2 and 1:1 (Figures 2B–D). In the presence of MDSCs at a 1:2 ratio, CD4+ T cell proliferation decreased from 71% to 39% while CD8+ T cell proliferation decreased from 82% to 50%. When co-cultured at a 1:1 ratio of MDSCs to T cells, CD4+ and CD8+ T cell proliferation was suppressed to 20% and 18%, respectively (Figures 2C, D). To further assess suppression within the co-culture, we analyzed the media from the suppression assay for levels of IFN-γ. Consistent with the results for proliferation, higher ratios of MDSCs:T cells also yielded lower concentrations of IFN-γ within the co-culture (Figure 2E), suggesting functional inhibition of effector T cells by the CCR2+/CX3CR1+ MDSCs. These results establish that bone marrow CCR2+/CX3CR1+ cells, when incubated in glioma-derived factors, acquire a phenotype capable of disrupting the proliferation and function of both CD4- and CD8-expressing T cells.




Figure 2 | CCR2+/CX3CR1+ cells suppress CD8 and CD4 T cell proliferation and IFN-γ production. (A) Representative flow cytometry plot establishing CCR2+/CX3CR1+ cells are enriched using Ly6G and GR-1 magnetic-activated cell sorting (MACS). (B) Representative flow cytometry plot denoting CD4+ and CD8+ proliferating cells in the presence or absence of CCR2+/CX3CR1+ enriched cells. Quantification of (C) CD4+ or (D) CD8+ T cell proliferation in the presence and absence of CD3/CD28 activation beads (stimulated/unstimulated) and stimulated T cells co-cultured with enriched CCR2+/CX3CR1+ cells. Enriched CCR2+/CX3CR1+ cells were plated at varying ratios to dye-loaded T cells (T cell numbers were held constant). After 3 days, proliferation was assessed using flow cytometry (n=3). (E) Supernatant from co-culture T cell suppression assay was collected and analyzed for IFN-γ protein via ELISA (n=3). One-way ANOVA statistical analysis was conducted (Dunnett’s multiple comparisons test). Differences are compared to the stimulated control condition. p-values: 0.0332(*), 0.0021(**).





High CCL2 and CCL7 expression is associated with lower overall survival in human glioblastoma

Of the five known human ligands of CCR2, three are shared with mice, namely CCL2, CCL7 and CCL8. To determine the impact of these chemokines on the clinical prognosis of human GBM, gene expression and survival data from The Cancer Genome Atlas (TCGA) GBM cohort was analyzed. Patients were stratified into “Low” and “High” expressing categories based on the lowest and highest quartiles of expression. Kaplan-Meyer survival curves, derived from Affymetrix and IlluminaHighseq datasets, were generated and Log-rank tests were utilized to compare the survival distributions. Similar to findings of Chang et al., a statistically significant decrease in survival among patients with high expression of CCL2 (MS: 11.7mo), compared to low-expressing patients (MS: 14.5mo), was evident in the Affymetrix gene expression dataset (p<0.0005) (Figure 3A) (32). Similar results based on high (MS: 11.7mo) and low (MS: 13.0mo) CCL7 expression was identified (p=0.0417) (Figure 3B). Upon grouping cohorts of high expression of CCL2 and CCL7 (MS: 11.6mo) and low expression of CCL2 and CCL7 (MS: 14.0mo) (denoted as the intersection sign “∩”), there was a statistically significant decrease in survival among the high expression cohort (p=0.0255) (Figure 3C). More striking results were revealed when analyzing the Illumina Highseq dataset. High CCL2 expression (p=0.0109) (Figure 3D) and high CCL7 (p=0.0319) (Figure 3E) expression among patients correlated with a statistically significant reduction in survival. This survival disadvantage was most pronounced among patients with high expression of both CCL2 and CCL7 (MS: 7.5mo) vs low expression (MS: 15.4mo) (p=0.0018) (Figure 3F). These results indicate that high expression of CCL2 and CCL7 is negatively correlated with survival in the context of human GBM. The Chinese Glioma Genome Atlas (CGGA) was also queried to examine survival and corroborated the TCGA analysis (Supplementary Figure 2). Expression of CCL8, the other shared CCR2 chemokine across species, was not associated with a significant survival disadvantage (Supplementary Figure 3C). CCL13 and CCL16, CCR2 ligands found only in humans, also did not show a significant survival disadvantage (Supplementary Figure 3). The CGGA was also used to investigate correlations between CCL2, CCL7 and markers of M-MDSCs (CD14 and CD33). Positive correlations for each comparison were found: CD14 vs CCL2 (r= 0.753) CD33 vs CCL2 (r= 0.640) CD14 vs CCL7 (r= 0.618) CD33 vs CCL7 (r= 0.481) (Supplementary Figure 5). Taken together with our previous data, we posit that this significant difference in survival between low and high expressors is due in part to an elevated level of recruitment of immunosuppressive CCR2+/CX3CR1+ cells into the glioma microenvironment.




Figure 3 | High CCL2 and CCL7 expression is associated with negative prognosis for patients with glioblastoma. (A–C) Kaplan-Meyer survival curves of GBM patients based on Affymetrix gene expression profiles of (A) CCL2 (B) CCL7 (C) intersection of CCL2 and CCL7 from TCGA database. (D–F) Kaplan-Meyer survival curves of GBM patients based on Illumina Highseq expression profiles of (D) CCL2 (E) CCL7 (F) intersection of CCL2 and CCL7 mined from TCGA database. High and low cohorts are stratified as top and bottom quartiles, respectively. Number at risk indicates surviving patients in each cohort at the respective timepoints of analysis. Log-rank (Mantel-Cox) test was conducted on high vs low expressing cohorts.





CCR2+/CX3CR1+ cells migrate to recombinant CCL2 and CCL7 through CCR2

With evidence that CCR2+/CX3CR1+ cells represent a potent T cell suppressive population and CCR2 ligands (CCL2 and CCL7) confer poor survival in human GBM, we evaluated the impact of CCL2 and CCL7 on cell migration. To determine the migratory capacity of the CCR2+/CX3CR1+ cell population to chemokine ligands, a 96-well 5μm transwell migration assay was employed. Migration of CCR2+/CX3CR1+ cells was determined using flow cytometry, gating for CCR2WT/RFP and CX3CR1WT/GFP double-positive cells (Figure 4A) with results presented as percent migration relative to the control condition i.e., no recombinant chemokine in the bottom chamber.




Figure 4 | Bone marrow-derived CCR2+/CX3CR1+ cells migrate to recombinant CCL2 and CCL7 through CCR2. (A) Experimental design of transwell migration assays. Graphic (Created with BioRender.com) depicting assay preparation in which whole bone marrow is plated in the top chamber of the transwell migration plate (left). The bottom chamber contains either recombinant chemokine protein or conditioned media. Representative flow plot depicting the population of CCR2+/CX3CR1+ cells quantified (right). (B) Migration to recombinant CCL2 (n=7) and CCL7 (n=4) of CCR2+/CX3CR1+ cells derived from tumor-bearing animals. Graph also depicts no migration to recombinant CCL2 of bone marrow-derived RFP-expressing cells from Ccr2RFP/RFP animals. (C) Migration to recombinant CCL2 and CCL7 of CCR2/CX3CR1-expressing cells derived from naïve animals (n=4). A condition in which chemokine was also plated in the top chamber of the transwell plate (30/30) is included to validate that migration is due to chemotaxis rather than chemokinesis. Two-way ANOVA statistical analysis was conducted (Dunnett’s multiple comparisons test). Differences are compared to the control (0) condition. p-values: 0.0332(*), 0.0021(**), 0.0002(***), <0.0001(****).



Flow cytometry analysis revealed statistically significant migration of CCR2+/CX3CR1+ cells to recombinant CCL2 and CCL7 (Figure 4B). Bone marrow-derived cells from tumor-bearing animals 3-week post-implantation displayed statistically significant migration, achieving maximum migration of 500% and 334% at a plating concentration of 10ng/mL and 30ng/mL for CCL2 and CCL7 respectively (p<0.0001) (Figure 4B). Cells derived from naïve animals achieved a maximum percent migration to both ligands at a plating concentration of 30ng/mL (p<0.0001). These cells displayed a higher efficacy for CCL7 relative to CCL2, achieving a mean percent migration of 559% and 366% to CCL7 and CCL2 respectively (Figure 4C). Distinct from the naïve condition, cells from the tumor-bearing animal migrate to CCL2 with a slightly higher potency as compared to CCL7 and achieve near-maximum migration to both ligands at as low as 3ng/mL of recombinant protein plated in the bottom chamber. There was no noticeable difference in migration efficacy when comparing naïve vs tumor bearing conditions.

To establish that the effect shown through these transwell migration assays was due to chemotaxis (directed cell movement in response to a chemokine gradient) as opposed to increased chemokinetic (random cell movement) activity, recombinant chemokine was plated at equal concentrations in both chambers. Disruption of the chemokine gradient, at 30ng/mL concentrations of ligand prevented migration of bone marrow cells derived from either naïve or tumor-bearing animals (Figures 4B, C). To determine if the migration was dependent on functional CCR2, bone marrow-derived cells from tumor-bearing CCR2-deficient mice (Ccr2RFP/RFP) were analyzed for CCL2-dependent migration. RFP-expressing cells from Ccr2RFP/RFP mice did not migrate to any of the CCL2 concentrations tested (Figure 4B). This indicates that CCR2-expressing cells migrate to the chemokines CCL2 and CCL7 in a CCR2-dependent mechanism. Since this cell population also expresses CX3CR1, migration of bone marrow-derived cells from tumor-bearing Ccr2+/RFP/Cx3cr1+/GFP mice to soluble CX3CL1 was assessed. There was no statistically significant migration of CCR2+/CX3CR1+ cells to CX3CL1 (Supplementary Figure 6B). Taken together, these results suggest that bone marrow-derived CCR2+/CX3CR1+ cells from naïve and tumor-bearing animals migrate to CCL2 and CCL7, in a CCR2-dependent manner.



KR158B-CCL2 and -CCL7 knockdown gliomas contain equivalent percentages of CCR2+/CX3CR1+ MDSCs compared to KR158B gliomas

To evaluate whether KR158B tumor cells are active contributors in the recruitment of CCR2+/CX3CR1+ cells, we tested whether glioma cells produced and secreted CCL2 and CCL7. ELISA analysis of the conditioned media of KR158B cells determined that after 24 hours, glioma cells plated at 500 cells/uL had produced 11.1ng/mL of CCL2 and 1.9ng/mL of CCL7. Analysis of KR158B CCL2 knockdown (KR158B CCL2 KD) and KR158B CCL7 knockdown (KR158B CCL7 KD) cell lines revealed a statistically significant decrease in production of CCL2 and CCL7, measured at 2.7ng/mL and 0.8ng/mL respectively (p<0.0001) (Supplementary Figure 1).

KR158B, KR158B CCL2 KD or KR158B CCL7 KD glioma cell lines were implanted in Ccr2+/RFP/Cx3cr1+/GFP mice, and flow cytometry analysis of tumors and bone marrow was conducted 4.5 weeks post-implantation (Supplementary Figure 7). We found no significant differences in infiltrating populations of CCR2+/CX3CR1+ cells, induced by KR158B CCL2 KD and KR158B CCL7 KD glioma cell lines, when compared to KR158B (Supplementary Figure 7B). We also saw no changes in the population of CCR2+/CX3CR1+ cells in the bone marrow of mice harboring chemokine knockdown gliomas (Supplementary Figure 7C). In vitro proliferation of KR158B CCL2 KD and KR158B CCL7 KD glioma cell lines showed no significant difference compared to KR158B parental cells (Supplementary Figure 7D). Survival of C57BL/6 mice orthotopically implanted with KR158B, KR158B CCL2 KD, and KR158B CCL7 KD glioma cells were also assessed. KR158B implanted mice had a median survival of 45.5 days compared to KR158B CCL2 KD (MS=53.5 days p=0.0298), and KR158B CCL7 KD (MS=48 days p=0.3323) (Supplementary Figure 7E). These results suggest that decreased production of a single CCR2 chemokine ligand by glioma cells does not impact recruitment of CCR2+/CX3CR1+ cells to the TME. The lack of effect observed following the implantation of individual CCL2 or CCL7 knockdown gliomas suggested a potential chemokine ligand redundant mechanism utilized by the KR158B cells to recruit CCR2+/CX3CR1+ cells to the TME.



CCR2+/CX3CR1+ cell migration to KR158B conditioned media is inhibited with CCL2 and CCL7 neutralizing antibodies

We next sought to determine whether bone marrow-derived CCR2+/CX3CR1+ cells migrate to KR158B conditioned media. Utilizing the same transwell migration assay and flow cytometry gating strategy as described above, conditioned media was plated as the chemoattractant, and migration was analyzed. These results indicate that CCR2+/CX3CR1+ cells migrate significantly to the conditioned media of both the KR158B and KR158B CCL2 KD glioma cell lines. CCR2+/CX3CR1+ cells migrated to the conditioned media of the KR158B cell line with a maximum percent migration of 266% relative to the migration buffer control condition (p=0.0006) (Figure 5A). Consistent with our in vivo results (Supplementary Figure 7B), this cell population migrated similarly to the conditioned media of the KR158B CCL2 KD cell line, achieving a maximum percent migration of 242% relative to the control (p=0.004). Of note, statistically significant migration was only achieved in conditions in which the conditioned media of KR158B or KR158B CCL2 KD cells was derived from 24-hour cultures plated at a concentration of 500cells/uL. A positive control with recombinant CCL2 at 10ng/mL as the chemoattractant confirmed the migratory potential of the cells.




Figure 5 | Glioma-derived CCL2 or CCL7 is necessary and sufficient for bone marrow-derived CCR2/CX3CR1 cell migration. (A) Graph depicting CCR2+/CX3CR1+ cells migrating to conditioned media of KR158B (n=6) and KR158B CCL2 knockdown (n=6) cells. A condition in which conditioned media was also plated in the top chamber of the transwell plate (100/100) is included to validate that migration is due to chemotaxis rather than chemokinesis. (B) Migration of CCR2+/CX3CR1+ cells to conditioned media in the presence or absence of chemokine-neutralizing antibodies. Migration is disrupted with the addition of high concentrations of single neutralizing antibody. Migration is completely inhibited with a combination of neutralizing antibodies at either low or high concentrations (n=4). No migration was observed to conditioned media of bone marrow-derived RFP-expressing cells from Ccr2RFP/RFP animals (n=3). (C) Graph depicting that migration to exogenous recombinant CCL2 or CCL7 is inhibited through the addition of high concentrations of respective neutralizing antibody (n=4). Two-way ANOVA statistical analysis was conducted (Dunnett’s multiple comparisons test). Differences are compared to the control condition or between cell lines. p-values: 0.0332(*), 0.0021(**), 0.0002(***), <0.0001(****).



Upon validating CCR2+/CX3CR1+ cell migration to the conditioned media of KR158B and KR158B CCL2 KD glioma cell lines, we sought to determine whether the migration was exclusively mediated by CCL2 and/or CCL7. To evaluate this question, we plated KR158B cells at 500cells/uL and collected the conditioned media after 24 hours. The impact of anti-CCL2 or anti-CCL7 neutralizing antibodies or a combination of both was evaluated on migration to the KR158B conditioned media. CCR2+/CX3CR1+ cells migrated significantly to conditioned media containing non-immune IgG with a percent migration of 413% (p<0.0001) (Figure 5B). Neutralizing CCL2 and CCL7 antibodies were validated by inhibiting migration in response to 10ng/mL recombinant protein (Figure 5C). There was no statistically significant difference observed between migration to conditioned media with or without non-immune IgG. In the conditions in which conditioned media was supplemented with a low concentration of neutralizing antibody (10ug/mL αCCL2 or 1ug/mL αCCL7), we observed no significant reduction in overall migration. To determine if migration could be inhibited by supplementing with a higher neutralizing antibody concentration, the conditioned media was supplemented with 50ug/mL αCCL2 or 5ug/mL αCCL7. When supplementing with 50ug/mL αCCL2, a non-significant reduction in percent migration from 413% in the control condition to 240% (p=0.087) was evident. Similarly, when supplementing the conditioned media with the high dose of αCCL7, 5ug/mL, migration was reduced from 413% to 192% (p=0.0085).

As CCR2+/CX3CR1+ cells migrate similarly to CCL2 and CCL7, we then assessed whether there was redundancy between the chemokines that would facilitate cell migration in the event that one ligand was neutralized. To evaluate this, the conditioned media was supplemented with either low combinations (10ug/mL αCCL2 and 1ug/mL αCCL7) or high combinations (50ug/mL αCCL2 and 5ug/mL αCCL7) of neutralizing antibodies. Interestingly, supplementing with either the low or high combination of neutralizing antibodies resulted in complete inhibition of migration. In the case of the low neutralizing antibody combination, CCR2+/CX3CR1+ cells achieved 99% migration, whereas cells in the high neutralizing antibody condition reached only 89% migration compared to the migration buffer control normalized to 100% (p<0.0001) (Figure 5B). There was a significant reduction in migration between 10ug/mL αCCL2 condition and low combination (10ug/mL αCCL2 and 1ug/mL αCCL7) (p=0.0215). There was a non-significant reduction in migration from 274% to 98% between 1ug/mL αCCL7 condition and low combination (10ug/mL αCCL2 and 1ug/mL αCCL7) (p=0.0737) (Figure 5B). Neutralizing CCL2 and CCL7 antibodies were validated by inhibiting migration in response to 10ng/mL recombinant protein (Figure 5C). These results suggest that complete inhibition of migration is a result of combining neutralizing antibodies to CCL2 and CCL7.

To confirm that CCR2 was responsible for the migration of CCR2+/CX3CR1+ cells to KR158B conditioned media, bone marrow cells derived from a Ccr2-deficient mouse were utilized. Using conditioned media as the chemoattractant, no statistically significant migration of RFP-expressing cells to conditioned media, as compared to the buffer control, was seen (Figure 6B). Taken together, these results show that CCR2+/CX3CR1+ cells migrate to CCL2 and CCL7 produced by KR158B cells through CCR2, and this migration can be prevented through pharmacologic or genetic disruption of this chemokine-receptor axis.




Figure 6 | Infiltration of CCR2+/CX3CR1+ cells into the glioma is reduced upon combination targeting of CCL2 and CCL7. (A) Treatment schematic for targeting CCL2 and CCL7 in KR158B or KR158B CCL7 KD gliomas. Anti-CCL2 antibody loading dose of 100μg was administered 3 days post implantation (DPI). Subsequent maintenance doses of 50μg were administered twice weekly. Non-immune IgG was used as a control. A total of 4 arms were evaluated: KR158B treated with IgG control, KR158B CCL7 KD treated with IgG control, KR158B treated with anti-CCL2 antibody, and KR158B CCL7 KD treated with anti-CCL2 antibody. (B) Graph depicting percentage of infiltrating live, CD45+, CD11b+, CCR2+ only cells within the tumor. (C) live, CD45+, CD11b+, CCR2+/CX3CR1+ cells within the tumor (D) live, CD45+, CD11b+, CX3CR1+ only cells within the tumor. (E) Representative flow plot for panels B-D depicting reduction of CCR2+/CX3CR1+ population within the tumor (n=5-6 per arm). Example gating strategy can be found in Supplementary Figure 11A. Two-way ANOVA statistical analysis was conducted (Dunnett’s multiple comparisons test). Differences are compared to the control condition or between cell lines. p-values: 0.0332(*), 0.0021(**), 0.0002(***).





Combination targeting of CCL2 and CCL7 reduced CCR2+/CX3CR1+ cells in the glioma microenvironment

To test the concept that CCL2 and CCL7 drive the recruitment of CCR2+/CX3CR1+ cells into the glioma microenvironment, we took a combinatorial targeting approach in vivo. KR158B and KR158B CCL7 KD glioma cells were orthotopically implanted in Ccr2WT/RFP/Cx3cr1WT/GFP mice. KR158B CCL7 KD cells were confirmed to have lower levels of secreted CCL7 measured by ELISA compared to its parental KR158B counterpart (Supplementary Figure 1). Mice were then administered either non-immune IgG (control) or anti-CCL2 antibody over 4 weeks (Figure 6A) since CCL2 neutralizing antibodies have been widely tested in vivo (33–35). CCR2 and CX3CR1 expressing cell populations were assessed via flow cytometry within the glioma microenvironment as well as non-tumor peripheral tissues: blood, spleen, and bone marrow. KR158B tumors that were administered IgG harbored a mean 12.8 percent infiltrating CCR2+ only cells among the total myeloid population (live, CD45+, CD11b+). KR158B CCL7 KD tumors that were administered anti-CCL2 antibody displayed a non-significant (mean=7.13, p=0.1419) reduction within this CCR2+ population (Figures 6B, E). Conversely, there was a significant reduction (p=0.003) from mean 25.8% to mean 10.8% glioma infiltrating CCR2+/CX3CR1+ cells when comparing KR158B + IgG vs. CCL7 KD + αCCL2 antibody arms (Figures 6C, E). KR158B + αCCL2 vs. CCL7 KD + αCCL2 antibody arms displayed a non-significant reduction of CCR2+/CX3CR1+ cells from mean 17.2% to mean 10.8% (p=0.1477) (Figures 6C, E). There was a significant increase among the CX3CR1+ only population when comparing KR158B + IgG (mean=16.9) vs. CCL7 KD + αCCL2 (mean=34.8) antibody arms (p=0.048) (Figures 6D, E). There were no significant changes among these CCR2- and CX3CR1-expressing populations in the non-tumor peripheral tissues examined (Supplementary Figure 8). These results show that combination targeting the CCR2/CCL2/CCL7 axis in KR158B gliomas reduces infiltrating CCR2+/CX3CR1+ cells.




Discussion

Glioblastoma is a highly aggressive disease which exhibits a significant immune suppressed tumor microenvironment, lending to its poor prognosis (36–40). Although representing a diverse population in itself, infiltrating myeloid cell populations contribute to the suppressed environment and promote tumor growth (7, 8, 41–43). Our earlier studies established that CCR2+/CX3CR1+ myeloid cells, characterized by M-MDSC markers (CD45, CD11b, Ly6Chi, and lack Ly6G), are present in the bone marrow and infiltrate into multiple murine gliomas (KR158B and 005 GSC). Moreover, genetic and pharmacologic inhibition of CCR2 reduces the presence of these CD45+, CD11b+, Ly6Chi, Ly6G- cells in the TME, promotes sequestration of the cells in the bone marrow, and unmasks an effect of an immune checkpoint inhibitor to slow glioma progression (28). While these prior studies clearly support targeting CCR2+/CX3CR1+ cells as a means to treat gliomas, a greater appreciation of the immune suppressive and migratory properties of this CCR2+/CX3CR1+ cell population is needed. Herein, we extend our published results to better understand the functionality of these cells. The principal findings of this study are 1) glioma-associated CCR2+/CX3CR1+ myeloid cells are sourced from the bone marrow, 2) CCR2+/CX3CR1+ cells suppress both CD4+ and CD8+ T cells 3) CCR2+/CX3CR1+ cells migrate to recombinant and glioma-produced CCL2 and CCL7 in a redundant manner 4) and dual targeting CCL2 and CCL7 reduces these cells in the glioma.

Brain tumors, and particularly gliomas, contain mixed populations of myeloid cells (44–48). Our previous report provided a comprehensive analysis of the phenotypic markers expressed by myeloid cells in the glioma microenvironment of both KR158B and 005 GSC intracranial tumors. Glioma-associated myeloid cells can be distinguished by relative CD45 expression, with microglia and peripherally sourced cells expressing mid and high levels of this marker, respectively (28, 49). In addition, forward scatter properties also distinguish microglia from peripheral tumor-associated macrophages. We established that bone marrow and glioma-associated CD45high, CD11b+, Ly6Chi/Ly6G- cells co-express CCR2 and CX3CR1. This bone marrow population expands in tumor bearing mice and pharmacological or genetic disruption of CCR2 promotes the sequestration of these cells in the bone marrow (28). Using a chimeric mouse paradigm, we formally established that the CCR2+/CX3CR1+ population is derived from the bone marrow. These findings suggest an involvement of CCR2, upon stimulation by its ligands, in facilitating the trafficking of CCR2+/CX3CR1+ cells from the bone marrow to the TME.

CCR2+ M-MDSCs represent a prominent infiltrating immune suppressive cell population within murine gliomas (32, 50). Their elevated presence has shown to be correlated with negative prognosis and poor response to prospective immunotherapy approaches such as immune-checkpoint inhibitors (9, 24). Data reported here establish that CCR2+/CX3CR1+ M-MDSCs are directly involved in disrupting the proliferation and activated function of both CD4 and CD8-expressing T cells. CCR2+/CX3CR1+ M-MDSCs suppressed both T cell populations with similar potency. These ex vivo studies are consistent with our prior results where combined PD-1 and CCR2 blockade led to decreased numbers of exhausted CD4+ and CD8+ T cells and increased IFN-γ expression within the gliomas. Further studies will be necessary to better understand direct and indirect mechanisms whereby CCR2+/CX3CR1+ M-MDSCs disrupt T cell function and dampen immune responses in the context of glioma. Nonetheless, these data provide further rationale for preventing the infiltration of these immunosuppressive cells into the TME.

CCR2 is a receptor that, among other functions, is primarily implicated in the chemotaxis of cells on which it is expressed (34, 51). A common feature amongst many chemokine receptors is the ability to be stimulated by multiple structurally similar ligands. CCR2 is no exception with five known ligands: CCL2, CCL7, CCL8, CCL13 and CCL16 (52). This feature facilitates functional redundancy in that multiple ligands may induce similar downstream cellular effects upon signaling through the same receptor. While CCL2 has previously been reported as the most potent inducer of CCR2+ monocyte migration, other CCR2 ligands are likely contributing to migration in a redundant manner to respond to inflammation (53). Brait et al. reported elevated levels of CCL7, in addition to CCL2, in models of ischemia reperfusion (54). These findings suggest that CCL2 and CCL7 may function in a redundant manner to recruit CCR2-expressing cells to sites of inflammation. Additional studies have also reported that the accumulation of myeloid cells within the CNS during inflammation is dependent upon the presence of CCL2 and CCL7. In a CCL2- and CCL7-deficient mouse model, there was a significant reduction in CD45+/CD11b+/Ly6Chi cells that accumulated in the CNS; the markers that characterize this population coincide with CCR2+/CX3CR1+ cells in the model utilized here. This suggests that in addition to having functional CCR2, it is also necessary to maintain sufficient levels of the cognate ligands to ultimately induce accumulation of this cell population in the CNS (55). Other chemokine:chemokine receptor systems appear to have redundant roles, determined from studies in murine glioma models, including CCR1 and CCR5 and their shared ligands (56, 57). While we report redundant roles for CCL2 and CCL7, there may be spatiotemporal regulation of CCR2-expressing cells by these individual ligands. For instance, one chemokine, i.e., CCL2, might be the prominent driver of CCR2+/CX3CR1+ cell recruitment to the tumor, while the second, i.e., CCL7, is more important for homing to specific niches within tumor. It is known that CCL2 and CCL7 are expressed by tumor and non-tumor cells within the glioma microenvironment. For example, macrophages and microglia have been shown to express CCL2 while astrocytes are reported to produce CCL7 (32, 58). Further investigation is needed to distinguish the impact of tumor vs non-neoplastic derived chemokines in the recruitment of immune cell populations. Although soluble CX3CL1 did not stimulate migration of the MDSCs, a role for membrane attached CX3CL1 in firm adhesion of the cells to endothelium within the tumor vasculature remains a possibility (59, 60). Additional studies aimed toward determining specific CCL2-, CCL7-, and CX3CL1-expressing areas and cell types within the tumor would need to be conducted to support these concepts.

In conclusion, we determined that CCR2 and its cognate ligands are prominent regulators of the recruitment of a CCR2+/CX3CR1+ immune suppressive cell to gliomas. The expression and functional characterization of these chemokine receptors further defines the M-MDSC phenotype. CCL2 and CCL7 are produced, at least in part, by glioma cells and our study indicates that CCL2 and CCL7 function in a redundant manner to induce the migration of CCR2+/CX3CR1+ M-MDSCs into the glioma microenvironment. As such, a more effective approach to limiting this population from gaining access to the TME should involve antagonizing CCR2. However, given that high CCL2 and CCL7 expression is associated with poorer prognosis in GBM patients, consideration of the relative expression of these two chemokines may provide predictive value to a therapeutic strategy targeting this chemokine:chemokine receptor axis.
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Despite tremendous efforts to exploit effective therapeutic strategies, most glioblastoma (GBM) inevitably relapse and become resistant to therapies, including radiotherapy and immunotherapy. The tumor microenvironment (TME) of recurrent GBM (rGBM) is highly immunosuppressive, dominated by tumor-associated macrophages (TAMs). TAMs consist of tissue-resident microglia and monocyte-derived macrophages (MDMs), which are essential for favoring tumor growth, invasion, angiogenesis, immune suppression, and therapeutic resistance; however, restricted by the absence of potent methods, the heterogeneity and plasticity of TAMs in rGBM remain incompletely investigated. Recent application of single-cell technologies, such as single-cell RNA-sequencing has enabled us to decipher the unforeseen diversity and dynamics of TAMs and to identify new subsets of TAMs which regulate anti-tumor immunity. Here, we first review hallmarks of the TME, progress and challenges of immunotherapy, and the biology of TAMs in the context of rGBM, including their origins, categories, and functions. Next, from a single-cell perspective, we highlight recent findings regarding the distinctions between tissue-resident microglia and MDMs, the identification and characterization of specific TAM subsets, and the dynamic alterations of TAMs during tumor progression and treatment. Last, we briefly discuss the potential of TAM-targeted strategies for combination immunotherapy in rGBM. We anticipate the comprehensive understanding of the diversity and dynamics of TAMs in rGBM will shed light on further improvement of immunotherapeutic efficacy in rGBM.
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1 Introduction

Glioblastoma (GBM) is the most prevalent and malignant type of brain tumors. Nearly 90% of GBM relapse despite the standard of care involving surgery, radiotherapy, and chemotherapy (1). Recurrent GBM (rGBM) generally differs from primary GBM in their molecular and histological characteristics, intra-tumor heterogeneity, immune microenvironment, and biological behaviors due to the therapeutic pressure and clonal selection, which contributes to the aggressiveness and therapeutic resistance of rGBM (2). Therefore, patients with GBM rapidly succumb to this disease, with a median overall survival of 12-15 months after initial diagnosis and a 5-year survival rate of less than 10% (3, 4); however, due to the lack of abundant high-quality rGBM samples, most current studies focus on primary GBM, while the biology of rGBM remains largely unknown, and practical therapeutic approaches against rGBM are lacking. Therefore, it is instrumental to understand the biology of rGBM for developing effective therapeutic strategies and improving the clinical outcome of patients with GBM.

Recently, emerging immunotherapies, including immune checkpoint blockade (ICB), vaccine, and chimeric antigen receptor (CAR) T-cell therapy, have revolutionized the therapeutic landscape of multiple types of cancers (5); however, several clinical trials have revealed disappointing therapeutic efficacy of immunotherapy in rGBM, and the underlying mechanisms remain incompletely elucidated (6–8). The tumor microenvironment (TME) is pivotal in orchestrating immune activity and modulating response to immunotherapy. GBM is a typically “cold tumor” with an immunosuppressive TME featured by the paucity of cytotoxic T cells (CTLs) and the abundance of immunosuppressive cells such as myeloid cells (8–11). Tumor-associated macrophages (TAMs) are the most predominant non-malignant cells infiltrating GBM, which consist of tissue-resident microglia and monocyte-derived macrophages (MDMs). Growing evidence has suggested pro-tumor functions of TAMs in GBM include aggravating tumor growth and metastasis, angiogenesis, immunosuppression, treatment resistance, etc (12–14). Besides, the level of TAMs is markedly increased in rGBM, which in turn is associated with poor prognosis of patients (8, 15).

TAMs are incredibly plastic and heterogeneous, exhibiting diverse phenotypes and functions when responding to the environment-specific stimuli. Recently, high-resolution methodologies [e.g., single-cell RNA-sequencing (scRNA-seq)] have been instrumental in identifying and characterizing various subsets of TAMs with distinct functions in GBM (13, 16). Interestingly, emerging evidence has revealed the dynamic alterations of TAMs during disease progression and therapeutic resistance in rGBM. Meanwhile, different TAM-targeted therapeutic approaches have been developed, showing promising potential in multiple types of cancers, including rGBM (17, 18). Therefore, an elaborated understanding of the complexity of TAMs and molecular mechanisms underlying the tumor-promoting roles of TAMs in rGBM is vital to facilitating TAM-modulating treatment in order to overcome resistance of rGBM to immunotherapy.

In this review, we first provide a concise overview of characteristics of TME and immunotherapy for patients with rGBM. We then describe the biology of TAMs in rGBM, including their origins, categories and functions. In particular, we review recent advances regarding the phenotypic and functional diversity of TAMs in rGBM at the single-cell resolution, and focus on distinctions between tissue-resident microglia and MDMs, the characterization of specific subsets, and the dynamic changes of TAMs during tumor evolution and treatment in GBM. Finally, we highlight the potential of therapeutically targeting TAM as the basis for combination immunotherapy for patients with rGBM.




2 TME and immunotherapy in rGBM



2.1 TME of rGBM

In the context of cancer, various types of immune cells enter the central nervous system (CNS) by disrupting the blood-brain barrier. The TME of GBM is dominated by immunosuppressive cells, including TAMs, myeloid-derived suppressor cells (MDSC), and regulatory T cells (Treg) (9, 10). Besides, genetic alterations are associated with the immune status of GBM, and diverse immune landscapes in four molecular subtypes of GBM [neural, pro-neural (PN), classical (CL), and mesenchymal (MES)] have been documented (19, 20). For example, tumor-infiltrating CTLs were scarce in the CL subtype but abundant in the MES subtype (21). Also, a preponderance of TAMs was identified in the MES subtype (22). In addition, the IDH-1 mutation, which frequently occurrs in the PN subtype, is correlated with reduced Tregs and monocyte signatures, PD-L1 expression, and a favorable prognosis (23–25). Thus, the heterogeneity of TME that is associated with cancer genetics provides a foundation for tailoring therapies for patients with GBM.

Crucially, the TME altered by the treatment results in a unique TME for rGBM that differs from that of primary GBM. For instance, 82% of rGBM lost the expression of epidermal growth factor receptor variant III (EGFRvIII). EGFRvIII is an immunogenic mutation widely detected and constitutively activated in primary GBM, indicating that immunologic escape occured after a period of progression-free survival in rGBM (26). Recently, it was reported that CD103+ Tregs with upregulated lipid metabolism accumulated in response to ICB therapy and concurrent radiotherapy, which hindered the cytotoxic activity of CTLs in GBM (27). Additionally, rGBM exhibited an increase in the infiltration of CD68+ macrophages following anti-angiogenic therapy, suggestive of the potential role of TAMs in controlling therapeutic resistance and tumor relapse (15). More dynamic changes of TAMs during tumor progression and treatment will be reviewed in the following sessions. Taken together, the highly heterogeneous, dynamic and immunosuppressive TME is a key player contributing to anti-tumor immune evasion in rGBM.




2.2 Progress and challenges of immunotherapy in rGBM

ICB therapy could inhibit the immune checkpoint pathways such as programmed death-1/programmed death-ligand 1 (PD-1/PD-L1) signaling, thus alleviating T cell exhaustion and enhancing CTLs-mediated tumor killing (28). Despite the therapeutic success of anti-PD-1/PD-L1 treatment in multiple types of cancers, the phase III clinical trial Checkmate 143 reported that anti-PD-1 antibody nivolumab failed to achieve survival benefits compared with bevacizumab in rGBM patients (6, 29–31). In contrast, another clinical trial conducted by Cloughesy et al. demonstrated that OS in rGBM patients treated with neoadjuvant anti-PD-1 therapy (surgery following pembrolizumab) was improved compared with adjuvant-only treatment, which was accompanied by increases in the expression levels of genes related to T cells and interferon (IFN)-γ within the tumor (32). Besides, several studies have suggested the promising anti-tumor effects of ICB-based combination therapy in pre-clinical GBM mouse models, but clinical trials are needed to determine the clinical efficacy (33–36). Overall, current evidence hints that a single ICB treatment might be insufficient to revert the immunosuppressive TME of rGBM and elicit satisfactory efficacy. Therefore, it is worth investigating an ICB-based combination treatment against rGBM.

The tumor-specific peptide vaccination provides a promising approach to trigger specific immune responses by targeting tumor-associated antigens (TAAs). rGBM possesses a broad spectrum of TAAs, including CD133, gp100, EGFRvIII, IL-13Rα2, Wilms’ tumor 1 (WT1), HER2, etc (37–40). Several clinical trials have demonstrated the survival benefit of GBM-specific peptide vaccination, but the therapeutic response was hampered by pre-treatment lymphopenia, which highlighted the necessity of more rigorous selection criteria for patient enrollment (41). On the other hand, given the crucial role of dendritic cells (DCs) in antigen presentation and activation of CTLs, DC vaccination therapy has also exhibited an encouraging effect in treating patients with rGBM (42–45); however, it is incredibly time-consuming to isolate and purify autologous DCs, making it challenging to exploit DCs-based immunotherapy for rapidly progressing rGBM.

Recently, CAR-T cell immunotherapy has presented an attractive anti-tumor method and succeeded in treatment of hematological malignancies (46–48). Several studies have demonstrated the safety and feasibility of IL-13Rα2-specific and HER2-specific CAR T cells in patients with rGBM (49–52); however, researchers reported the limited efficacy of EGFRvIII-specific CAR-T cell therapy in patients with rGBM (7). EGFRvIII was highly expressed in primary GBM but exhibited a specific loss or decreased expression in tumors resected after CAR-T cell therapy (7, 53, 54). Apart from EGFRvIII antigen escape, the adaptive immunosuppressive response was observed in the TME upon CAR-T therapy, suggested by the upregulated expression of inhibitory molecules, including PD-L1, TGF-β, IDO, and IL-10 and infiltration of Tregs (7). Currently, the durable clinical efficacy of CAT-T cell therapy in rGBM is hindered by the short lifespan of CAR-T cells, the poor infiltration of T cells in tumor tissues, tumor heterogeneity, and antigen escape, which needs to be addressed in the future (55).

Despite the recent breakthrough of immunotherapy in a subset of patients with rGBM, there are still many obstacles in the practical application. More efforts should be made to solve the issues regarding the optimum approach, treatment timing, patient selection, and combination modalities to augment the efficacy of immunotherapies for patients with rGBM.





3 Origin, classification, and roles of TAMs in rGBM



3.1 Origin and recruitment of TAMs in rGBM

Microglia are the brain-resident macrophages originating from yolk sac-derived embryogenetic precursors. Under normal physiological conditions, microglia comprise 10% of the adult brain cell populations, represent the main component of brain macrophages, and play an essential role in maintaining the immune homeostasis of CNS (16, 56). Upon inflammatory stimulation, such as infection and cancer, bone marrow-derived monocytes in the peripheral blood are recruited to the tumor site and then differentiate into macrophages. Various recruitment signals have been recognized, including colony-stimulating factor-1 (CSF-1), monocyte chemoattractant protein-1 (MCP‐1), and stromal-derived factor (SDF)-1α derived from tumor cells and other cells in the TME (12, 57–60).

The term TAMs in GBM include both tissue-resident microglia and MDMs. It is challenging to distinguish or separate microglia from MDMs using conventional approaches (e.g., flow cytometry) due to the lack of specific markers (61); however, growing evidence has demonstrated the dramatic distinctions in preferential localizations and functions between these two subpopulations. For example, Chen et al. found that MDMs accounted for most TAMs in GBM and were mainly located in perivascular areas. Inversely, microglia only represented a minor TAM population, usually appearing in the peritumoral zones (58). Moreover, microglia-derived TAMs are predominant in primary GBM but are outnumbered by MDMs following recurrence, especially under hypoxia (62). Phenotypically, MDMs upregulate immunosuppressive cytokines and show an altered metabolism compared to microglial TAMs (63). More studies are needed to dissect the exact origin and specific roles of TAM populations in GBM.




3.2 Classification of TAMs in rGBM

Based on the polarization status and regulatory functions under inflammation, macrophages are divided into classically activated macrophages (M1, pro-inflammatory) and alternatively activated macrophages (M2, anti-inflammatory) (64). M1 macrophages can be induced by lipopolysaccharide (LPS), IFN-γ, granulocyte–macrophage colony-stimulating factor (GM-CSF) or Toll-like receptor signaling pathway. M1 macrophages spur inflammation by releasing cytokines such as IL-1α, IL-1β, IL-6, IL-12, and tumor necrosis factor (TNF)-α. On the other hand, M2 macrophages are stimulated by IL-4, IL-10, IL-13, and glucocorticoid. M2 macrophages express PD-L1 and exert immunosuppressive functions by secreting IL-10, arginase-1, TGF-β, etc (64, 65). Generally, M1 macrophages exert an anti-tumor role, whereas M2 macrophages play a pro-tumor role. Several markers distinguish the M1 from the M2 phenotype, e.g., CD80, CD86, and MHC-II for M1, CD163 and CD206 for M2, although they are not absolutely specific (66, 67). CSF-1, TGF-β1, macrophage inhibitory cytokine 1 (MIC-1), osteopontin (OPN), and Periostin produced by GBM cells recruit and polarize macrophages to a tumor-supporting M2-like phenotype (68–71). CD163 and CD206 are highly expressed in perivascular macrophages in the brain tumor cores and are associated with an immunosuppressive TME (72).

M1/M2 nomenclature is proposed mainly based on in vitro data when macrophages were stimulated with type 1 or 2 cytokines. This nomenclature remains oversimplified, albeit widely used (66). Indeed, macrophages are highly plastic and heterogeneous, with the capacity of being reprogrammed into distinct phenotypes by different microenvironmental stimuli. Besides, canonical M1 and M2 markers are co-expressed in individual cells, implying that macrophages could possess a mixed M1/M2 phenotype (63). Beyond M1/M2, the more complicated phenotypic and functional diversity of TAMs in GBM has been recently appreciated (73–75). Next, we will review the diverse roles of TAMs in regulating progression of GBM, and summarize recent advances that reveal the complexity of TAMs in GBM based on single-cell omics approaches.




3.3 Functions of TAMs in GBM

TAMs are involved in tumor development and progression via releasing various factors and interacting with other cells in multiple malignancies (17, 76). In GBM, the pro-tumor roles of TAMs are well documented that implicate the importance of TAMs as a therapeutic vulnerability in GBM, involving tumor growth, invasion, angiogenesis, immunosuppression, and treatment resistance (Figure 1) (12, 18).




Figure 1 | Tumor-supportive functions of TAMs in GBM. TAMs foster tumor growth and invasion, angiogenesis, immunosuppression and treatment resistance in GBM via multiple pathways.





3.3.1 TAMs aggravate tumor growth and invasion

The molecular interaction between TAMs and tumor cells is critical for regulating tumor growth and invasion. For instance, TAMs secrete TGF-β1 to recruit CD133+ cancer stem-like cells (CSCs) (77). Pleiotrophin (PTN) derived from CD163+ M2 macrophages binds to its receptor protein tyrosine phosphatase receptor type Z1 (PTPRZ1) on the surface of CSCs. The binding of PTN and PTPRZ1 contributes to the stemness maintenance and tumorigenic capacity of CSCs, thus accelerating the growth of GBM (78). Besides, TAMs upregulate the expression of metalloproteinase 9 (MMP-9) of CSCs via TGF-β1 and CCL4-CCR5 signaling to enhance the GBM invasiveness (79). Also, the vascular cell adhesion molecule-1 (VCAM-1)-mediated interaction between macrophages and GBM cells reinforces GBM invasion (80). Additionally, Liu et al. unveiled that a miR‐340‐5p‐macrophage feedback loop regulated tumor progression and was related to a poor prognosis for patients with GBM (81). Moreover, TAMs expressing myeloid-epithelial-reproductive tyrosine kinase (MerTK), a critical tyrosine kinase for phagocytosis function, are associated with tumor growth (82).




3.3.2 TAMs promote angiogenesis

The rapid proliferation of tumor cells accelerates the consumption of oxygen and nutrients in the TME, rendering a highly hypoxic environment for GBM, especially in its core region (83). Under the hypoxic condition, TAMs produce angiogenesis-promoting cytokines, chemokines, and growth factors, like vascular endothelial growth factor A (VEGF-A), a well-known factor for vascularization and immunosuppression in multiple cancers, including GBM (83–85). Besides, Cui et al. found that GBM-induced M2-like macrophages secreted more TGF-β1 and IL-10. These anti-inflammatory cytokines facilitated endothelial capillary proliferation and angiogenic sprouting through integrin (αvβ3) receptors and Src-PI3K-YAP signaling. Hence, dual blockade of integrin (αvβ3) and cytokine receptor (TGFβ-R1) could suppress the neovascularization of GBM induced by the TAM-endothelial interaction (86). Moreover, a recent study by Zhu et al. suggested that the expression of cat eye syndrome critical region protein 1(CECR1) was upregulated in M2 macrophages and correlated with microvascular density in GBM. Mechanistically, CECR1 mediated the crosstalk between macrophages and vascular mural cells via the PDGFB-PDGFRβ signaling axis, leading to recruitment of pericytes, migration, and tumor angiogenesis (87). Collectively, TAMs exert potent pro-angiogenic properties in GBM, implying that therapeutically targeting TAMs may present an attractive way against rGBM.




3.3.3 TAMs orchestrate immune suppression

The highly immunosuppressive TME represents a hallmark of GBM, which is primarily attributed to TAMs via multiple mechanisms. For instance, decreased IKBKB expression and NF-κB signaling in TAMs support M2 polarization and correlate with defective expression of immune/inflammatory genes, resulting in immune suppression in GBM (88). Accordingly, NF-κB-targeted therapy could reverse M2 polarization, induce tumor regression and improve survival of a GBM mouse model in T cell-dependent manner (89). Besides, Takenaka and colleagues recently uncovered mechanisms by which TME controlled TAMs and T cells in GBM. Kynurenine produced by GBM cells elicited the activation of aryl hydrocarbon receptor (AHR) in TAMs, which further increased the expression of CCR2 and boosted TAM recruitment via the CCL2/CCR2 axis. Aside from that, AHR drove the expression of ectonucleotidase CD39 in TAMs and led to the dysfunction of CTLs via adenosine accumulation. Moreover, elevated expression of AHR was associated with glioma grade and unfavorable prognosis in patients with GBM (90).

Immune checkpoint molecules are critical inducers of immunosuppressive TME. Reportedly, GBM could upregulate PD-L1 expression in circulating monocytes and TAMs through the IL-10 signaling axis in an autocrine/paracrine manner. In vitro, macrophages stimulated by IL-10 induced T cell apoptosis, which could be attenuated by inhibiting IL-10 and its receptor (91). Besides, Yao et al. unveiled that CD133+ CSCs activated the expression of B7-H4 in TAMs via the IL6/JAK/STAT3 pathway. Such B7-H4-mediated crosstalk between glioma-initiating cells and TAMs was associated with a bleak prognosis of human GBM (92).




3.3.4 TAMs mediate therapeutic resistance

TAMs are involved in therapuetic resistance of GBM to temozolomide (TMZ), radiotherapy, and immunotherapy. For example, TAMs release oncomiR-21-contained exosomes, which upregulate the production of PDCD4, SOX2, STAT3, IL-6, and TGF-1 in GBM cells, rendering resistance of GBM to TMZ. Pacritinib, a STAT3 inhibitor, could overcome resistance to TMZ by decreasing miR-21-enriched exosomes from TAMs (93). Besides, Miyazaki et al. revealed that TMZ-resistant GBM cells produced M2-related cytokines including IL-10, IL-4, IL-13, and CSF-1, and PD-L1 expression. Upon in vivo anti-PD-L1 antibody administration, TMZ-resistant GBM tumor tissues showed abundant infiltration of CD163+ M2 macrophages. Expectedly, remarkable anti-tumor efficacy was achieved using a combination therapy of anti-PD-L1 antibody plus IPI-549, a PI3Kγ inhibitor that could skew M2 macrophages to M1 macrophages (94). Moreover, dynamic transcriptional alterations of TAMs in the irradiated and recurrent tumors have been observed in mouse and human GBM, and CSF-1R inhibition could overcome resistance of pre-clinical models to radiotherapy (95).

As for the significance of TAMs in mediating resistance of GBM to immunotherapy, Simonds et al. previously discovered the association between PD-L1+ TAMs and resistance to ICB by comparing the TME of human ICB-refractory GBM and ICB-responsive tumors using cytometry by time-of-flight (CyTOF) (96). Additionally, through integrated analyses of multi-dimensional data, Lee et al. demonstrated that neoadjuvant anti-PD-1 blockade induced conventional type 1 DC (cDC1) and activation of T cells but failed to eliminate immunosuppressive TAMs in rGBM (97). Interestingly, in the mouse model of brain metastases, pro-inflammatory activation of TAM which was mediated by the compensatory CSF2Rb–STAT5 signaling axis fostered tumor recurrence after CSF1R inhibition. Furthermore, blockade of CSF1R combined with STAT5 signaling inhibitor could sustain tumor control and rectify adaptive resistance to CSF1R inhibition (98). All of these findings highlight the potential benefit of TAM-targeted therapeutic intervention for overcoming treatment resistance in rGBM and metastatic brain tumors.






4 Emerging diversity of TAMs in GBM at the single-cell resolution

As mentioned before, owing to the plastic and heterogenous nature of TAMs, the linear M1/M2 activation theory is insufficient to explain the in vivo complexity of TAMs in GBM (66). On the other hand, despite the well-documented anti-tumor functions of M1 macrophages and pro-tumoral functions of M2 macrophages, the prognostic value of CD163+ and CD206+ M2 macrophages was controversial in different cohorts of patients with GBM, emphasizing an unmet need to decipher the exact function of specific TAM subtypes in GBM (20, 99); however, limited by conventional approaches, hurdles exist to distinguish and characterize TAM subpopulations in GBM. In the past years, the application of high-dimensional and high-resolution techniques has enabled us to decipher unprecedented macrophage subclusters in the brain under homeostasis and disease, and moved us beyond the binary M1/M2 polarization paradigm. Herein, we will review recent advances in the phenotypic and functional diversity of TAMs in GBM and provide insights into the therapeutic potential of TAM-based strategies for patients with rGBM.



4.1 Distinctions between tissue-resident and monocyte-derived macroohages in GBM

Microglia and MDMs are different in the spatial distribution, enrichment extent, phenotypic and functional characteristics during disease progression in GBM (Figure 2). A study by Darmanis et al. suggested that the majority of myeloid cells within the tumor center preferentially exhibited gene signatures of macrophages, whereas microglia-related genes were mainly expressed in myeloid cells located in the surrounding space in human GBM (100). Similarly, by analyzing RNA-seq data from the human GBM cohort, Kim et al. recently confirmed that microglial genes (CX3CR1, TMEM119, and P2RY12) were mainly expressed in the periphery, while activated macrophage genes (TNF, CCL2, LYZ, CCR2, CXCR4, and SIGLEC1) were predominantly detected within the core tumor regions (74). Besides, Muller’s group has reported that differing from microglia, MDMs were usually enriched in perivascular and necrotic areas in human glioma (63).




Figure 2 | Distinctions between tissue-resident microglia and monocyte-derived macrophages in GBM. The tissue-resident microglia originate from the yolk sac and represent the primary macrophages in the brain under physiological conditions to maintain immune homeostasis. Under malignant conditions, microglia preferably locate in the periphery of newly diagnosed GBM, exhibiting a pro-inflammatory M1-like phenotype. Meanwhile, bone marrow-derived monocytes in circulation are recruited into the brain and differentiate into macrophages. Unlike microglia, MDMs are enriched during tumor progression, particularly in tumor core and perivascular regions of rGBM, and present immunosuppressive M2-like properties.



Several studies have attempted to dissect longitudinal changes of TAM composition throughout tumor evolution and recurrence in GBM. For instance, Yeo et al. reported a progression of TME from M1-like proinflammatory microglia towards an M2-like pro-tumorigenic infiltrating macrophages during tumor growth in the mouse model of GBM. Notably, a similar transition was observed in tumor biopsies derived from patients with low-grade glioma and GBM (101). Besides, Pombo Antunes et al. profiled myeloid cells in mouse and human GBM at new diagnosis and recurrence by employing scRNA-seq and cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) technical platforms. The researchers found that microglia-derived TAMs were predominant in initial tumors but were outnumbered by MDMs in recurrent tumors, especially under hypoxic conditions. Although microglia and MDMs exhibited functional specialization to some extent, both of them showed a convergent angiogenic and T-cell suppressive capacity (62).

Emerging evidence has suggested additional phenotypic and functional differences between microglia and MDMs. By performing scRNA-seq of IDH-mutant human gliomas, Venteicher et al. unmasked a continuous rather than a bimodal distribution of transcriptional signatures of microglia/macrophages, underscoring the plasticity of cellular states of TAMs. Besides, the macrophage signature, but not the microglia signature, was associated with clinical grade and increased vascularity in gliomas (102). Additionally, Ochocka et al. identified distinct transcriptional programs of microglia and monocytes/macrophages in mice bearing GBM via scRNA-seq analysis. The transcriptional responses of macrophages were associated with the activation of immunosuppressive genes such as Cd274 encoding PD-L1, while microglia had higher expression levels of major histocompatibility complex II (MHC-II) genes in a sex-specific manner (103). Consistently, Muller et al. determined that MDMs tended to express immunosuppressive cytokines and to undergo metabolic reprogramming compared with microglia in human gliomas (63). Collectively, these results shed light on the dynamic alterations of TAMs with different origins in response to disease status and microenvironment stimulation in GBM.




4.2 Identification and characterization of specific subsets of TAMs in GBM

Substantial efforts have been made to identify specific subsets of TAMs with the most promising therapeutic potential in GBM (Table 1). For instance, by integrating analyses of scRNA-seq and CyTOF data, Sankowski et al. mapped microglial states in the human brain under healthy and malignant conditions, and uncovered a disease-associated transcriptional signature in TAMs from patients with GBM. These TAMs exhibited down-regulation of the microglia core signature and concomitant up-regulation of inflammatory, metabolic, and hypoxia-related genes, including SPP1, and several type I interferon genes, APOE, and CD163. Furthermore, the top differentially expressed proteins, including HLA-DR, TREM2, APOE, CD163, and GPR56, could be detected in a TAM subset via CyTOF, providing a possibility for therapeutically targeting specific TAM states in GBM (75).


Table 1 | Specific TAM subsets in GBM identified through single-cell omics technologies.



Using similar approaches, Goswami et al. determined the persistence of a unique population of CD73+ macrophages in patients with GBM upon anti-PD-1 treatment. They further demonstrated the critical function of CD73+ macrophages in conferring resistance to ICB, which was mediated by the modulation of macrophage polarization and T cell infiltration. Compared with wild-type mice, the authors detected a decrease of immunosuppressive CD206+Arg1+VISTA+PD-1+CD115+ myeloid cluster and an increase of iNOS+ myeloid cells in CD73-deficient mice. Upon the treatment of CD73-knockout mice with the combination with anti-CTLA-4 plus anti-PD-1, the tumor burden was significantly alleviated and survival was improved, along with the elevated ratio of the granzyme B+ effector CD8 T cells to the CD206+ macrophages in the TME. The study indicated that CD73 was a promising immunotherapeutic target to augment anti-tumor immune responses to the combination immunotherapy in GBM (104).

Recently, through multi-regional and -dimensional analyses at the single-cell level, Abdelfattah et al. sought to discover immune modulatory targets in GBM. scRNA-seq analysis identified that S100A4 was highly expressed in innate and adaptive immunosuppressive cells, including Tregs, exhausted T cells, and three subsets of pro-tumorigenic myeloid cells. The immunofluorescence staining confirmed the expression of S100A4 in immunosuppressive CD163+, CD206+ macrophages, and FOXP3+ T cells in human glioma. Moreover, a higher expression of S100A4 was markedly associated with a worse survival and was recognized as an independent prognostic indicator for patients with GBM. Subsequent animal experiments and functional analyses demonstrated the roles of S100A4 in impeding immune response, including phagocytic activity of macrophages, production of IFN-γ and activation of T cells, thus favoring the growth of glioma, supporting S100A4 as a promising immunotherapeutic target (105).

Additionally, Chen et al. integrated analyses of newly generated and published single-cell RNA-seq data, which identified a tumor-supportive subcluster of TAMs characterized by the scavenger receptor MARCO, almost exclusively expressed in IDH1-wild-type (IDH-WT) GBM. Moreover, MACRO was reportedly detrimental in melanoma and non-small cell lung cancer. The expression of MARCO in bulk tumors was also associated with a disappointing prognosis and mesenchymal subtype in the GBM cohort. Further analysis observed the loss of pro-inflammatory pathways (interferon response, allograft rejection, and TNFα signaling via NFKB) and antigen presentation in MACRO+ TAMs, supporting its anti-inflammatory phenotype. Altogether, the study revealed a novel TAM subpopulation driving the progression of GBM and implied a potential strategy for MACRO+ TAM-targeted therapy (106).

Increasing evidence has also elucidated how TAMs orchestrate the immunosuppressive TME through various crosstalk with their neighboring components. Through scRNA-seq analysis of human GBM, Liu et al. identified a unique pro-inflammatory and proliferative subpopulation of microglia, marked by upregulated expression of CX3CR1, NLRP1, IL1B, APOE, PDGFRA, and SOX2. The microglia were activated by TGF-β1 derived from SETD2-mut/IDH-WT tumor cells, and accelerated tumor progression via secreting IL-1β. Notably, depletion of TGF-β1/TGF-β RI successfully reduced the pro-inflammatory and proliferative microglia and restrained tumor growth (107). Through integrative analysis of single-cell and spatial transcriptomics data of human GBM, Ravi et al. revealed that a subset of HMOX1+ microglia and macrophages released IL-10 and mediated T cell dysfunction, thus fostering an immunosuppressive TME (108). Additionally, a specific CD14+ERO1A+ TAM cluster with detrimental prognostic value in human primary GBM has been identified, which showed a gene signature enriched in hypoxia-response, invasion and extracellular matrix organization. The CD14+ERO1A+ TAM cluster, together with two hypoxia-dependent MES-like tumor cells expressed VEGFA, indicating their contribution to the induction of angiogenesis in GBM via interacting with endothelial cells (109).

Contrary to the well-known tumor-supportive functions of TAMs, studies also showed that several subsets of macrophages favor anti-tumor immunity against GBM. For example, through the analysis of scRNA-seq data, Kim et al. unraveled that CD169+ TAMs were IFN-responsive macrophages, which produced pro-inflammatory chemokines, hence inducing the infiltration of T cells and NK cells in human and mouse gliomas. Mechanistically, CD169+ TAMs originated from CCR2+ blood monocytes, and IFN-γ derived from NK cells was critical for recruiting CD169+ macrophages into gliomas. CD169 boosted the phagocytosis capacity of macrophages through ligands of apoptotic tumor cells and ignited antigen-specific T cell responses. Moreover, the clearance of CD169+ TAMs impaired anti-tumor responses mediated by T cells and shortened the survival of mice bearing glioma (74). Recently, Karimi et al. characterized the immune landscape of primary and metastatic human brain tumors at the single-cell level by applying imaging mass cytometry. Specifically, they identified a unique subpopulation of myeloperoxidase (MPO)-positive neutrophil-like macrophages, which was related to reduced interactions with endothelial cells, enhanced cytotoxic functions and survival benefit for patients with GBM (73).

The remarkably distinct and even inverse roles of TAMs in orchestrating GBM progression reflect their plasticity and heterogeneity. Therefore, it is necessary to identify specific targets and mechanisms for tailoring TAMs-modulating therapy regimens. Still, the vast diversity of TAMs in GBM remains incompletely illustrated, highlighting an urgent demand for more investigations that utilize high-dimension and high-resolution approaches and platforms.




4.3 The dynamic alterations of TAMs during disease progression and treatment

Several studies have investigated alterations of TAMs during tumor evolution in GBM at the single-cell level (Table 2). For instance, Rajendran et al. not only revealed an immune-activated feature displayed by TAM clusters in low-grade murine glioma but also demonstrated an immunosuppressive property in murine high-grade murine glioma, accompanied by the restriction of T cell trafficking and activation. They further identified high expression of CD74 and its binding partner, macrophage migration inhibition factor (MIF) in distinct TAM populations, which was subsequently validated in human samples and supported the CD74-MIF axis as a potential target for TAMs (11). As mentioned above, the preponderance of TAMs underwent a transition from M1-like proinflammatory microglia to M2-like pro-tumorigenic macrophages during GBM progression, which was conserved in human and mouse. The transition was concurrent with a disruption of the blood-brain barrier and an explosive growth of malignant cells (101).


Table 2 | The dynamic alterations of TAMs during disease progression and treatment in GBM at the single-cell resolution.



Hoogstrate et al. conducted a large-scale transcriptome analysis of paired primary-recurrent GBM resections of patients following standard therapy and suggested that rGBM preferentially progressed to MES-like subtype (110). Macrophages are known to be recruited by GBM stem cells and induce the MES-like state of GBM cells (110, 114, 115). Consistently, Hoogstrate et al.’s study identified significant increase of TAM infiltration in MES-like rGBM, which was inversely correlated with tumor purity, supporting the essential role of TAMs in favoring MES-like GBM progression at recurrence (110).

As mentioned above, Pombo Antunes et al. compared the immune landscape of newly diagnosed (ND) GBM versus rGBM following surgery, adjuvant radiotherapy and chemotherapy through scRNA-seq and CITE-seq analyses. The TME of ND GBM mainly consisted of TAMs (82–97%), followed by T cells (2–20%), while rGBM displayed a more diverse immune compartment including increased T cells, NK, B cells and monocytes. Microglia formed the major TAM fraction in ND GBM, but MDMs outcompeted microglia in rGBM, especially in the hypoxic tumor niche. TAMs in recurrent versus ND GBM displayed higher expression of genes related to monocyte chemotaxis, IFN signaling, and phagocytosis (62). Additionally, a single-cell multi-omics analysis conducted by Wang et al. demonstrated an increase of bone marrow-derived monocytic lineage cells and a reduction of microglia in all tumor-associated innate immune cells at recurrence upon standard-of-care therapy including TMZ, IR and surgical resection. Although both subsets had more activated M1 and M2 macrohages at recurrence, most of them were classified as M0 state without expressing either program above. It may be attributed to the oversimplification of M1/M2 paradigm, and a continuous modal for macrophage classification is demanded (111).

In another study, by analysing RNA-seq data of isolated microglia and MDMs in pre- and post-treatment murine gliomas, Akkari and colleagues identified stage-dependent transcriptional reprogramming of these two TAM subpopulations in irradiated murine glioma. In line with previous studies, the results confirmed the increased abundance of MDMs relative to microglia in rGBM compared with primary GBM (62, 111–113). MDMs and microglia maintained their ontogeny-based identities and converged upon a common phenotype at recurrence, which is potentially regulated by SMAD and RBPJ. Notably, recurrence-specific transcriptional changes of TAMs were also observed in human rGBM. Inhibition of CSF1-R could counteract the recurrence-induced gene signature alterations in TAMs, enhance the efficacy of radiation therapy and delay tumor regrowth in pre-clinical mouse models (95). Collectively, the findings disclosed the dynamics and plasticity of individual TAM populations during radiation treatment and provided novel insight into improving the treatment landscape in GBM.

Additionally, a study by Lee et al. also mapped the landscape of infiltrating immune cells in GBM, with a particular focus on alterations in TME following neoadjuvant PD-1 blockade therapy. By exploiting high-dimensional proteomics, scRNA-seq and quantitative multiplex immunofluorescence (mIF), the authors determined increased activation and infiltration of T cells and cDC1 after ICB treatment; however, TAMs and monocytes maintained the dominance of tumor-infiltrating immune cells upon anti-PD-1 therapy. Although the interferon-mediated T-cell chemotactic factors (such as CXCL9, CXCL10, and CXCL11) were secreted in myeloid populations after PD-1 blockade, these cells sustainedly expressed T cell-suppressive checkpoints, including TIGIT and CTLA-4. Furthermore, the analysis of scRNA-seq data recognized reinforced interactions between T cells and myeloid cells through TIGIT- and CTLA-4-related signaling after PD-1 blockade therapy, which could impede optimal and durable activation of CTLs. Therefore, additional strategies targeting TIGIT and/or CTLA-4 may enhance the strength and durability of CTL-mediated anti-tumor response of GBM to immunotherapy (97).

Besides, in the above-described study, decreased expression of MACRO was observed in post-treatment tumors compared with pre-treatment tumors in responders rather than non-responders in a longitudinal cohort of patients with rGBM treated with anti-PD-1. However, there were no apparent changes in expression of MARCO after treatment in another longitudinal cohort of patients of GBM with standard therapy. These findings suggested that MACRO was altered upon treatment in an immunotherapy-specific and response-dependent manner (106).

More investigations are required to delineate the dynamics and plasticity of TAMs during treatment and determine the mechanisms by which TAMs modulate therapy outcomes, thus providing translational relevance for enhancing therapeutic efficacy in GBM.





5 Targeting TAMs for boosting immunotherapy against rGBM

The strong tumor-promoting activity of TAMs has highlighted its promising potential as a therapeutic target against rGBM. Multiple TAM-targeted approaches have been explored in preclinical and clinical settings for patients with rGBM, mainly including: i). reduction of the recruitment of TAMs into tumors; ii). elimination of TAMs within tumors; iii). reprogramming of TAMs. Since these strategies have been reviewed recently, we provide a concise summary here (13, 14, 17, 18, 116).



5.1 Reduction of TAM recruitment

The inhibition of TAM infiltration could be realized by directly blocking signalings between chemokines and their receptors. For example, CCL2 derived from tumor cells recruit CCR2+ myeloid cells; hence CCR2 antagonist could directly reduce TAM infiltration and improve the efficacy of ICB in murine GBM (117). As mentioned above, kynurenine produced by GBM cells led to AHR activation, further promoting CCR2 expression and enhancing TAM recruitment. In this case, AHR antagonist effectively suppressed GBM growth via reducing CCL2/CCR2-mediated TAM infiltration (90). Besides CCL2/CCR2 axis, other chemoattractant-receptor interactions have also shown therapeutic potential in GBM, such as lysyl oxidase (LOX)/β1 integrin, OPN/αvβ5 integrin, and slit guidance ligand 2 (SLIT2)/Roundabout 1 and 2 (ROBO1/2) (71, 118, 119).




5.2 Elimination of TAMs

CSF-1R is expressed on macrophages and critical for regulating the survival, proliferation, differentiation, and polarization of TAMs by binding with its ligands CSF-1 and IL-34 (120, 121). Targeting CSF-1R using antibodies or small molecule inhibitors has represent a powerful strategy to deplete TAMs and induce TAM repolarization in various types of cancers, including GBM (122–124). It is worth noting that monotherapy of targeting CSF-1R was insufficient to elicit satisfactory efficacy, and combination therapy with immunotherapy or radiation demonstrated better clinical outcome, which highlight the necessity of combination strategy in clinical exploration (125, 126). Besides, along with our extended understanding of the complexity of TME and the heterogeneity of TAM subpopulations, we should realize that the unbiased depletion of the whole TAM cluster may not be an optimal option, because it is likely to eliminate beneficial TAM subpopulations and influence other TME components. Therefore, more efforts should be made to identify specific tumor-supporting subtypes of TAMs (e.g., CD73+, MACRO+, and HMOX1+ TAMs) and develop targeted therapy across ravious scenarios.




5.3 Reprogramming of TAMs

In spite of the detrimental function of TAM subsets, macrophage play an essential role in phagocytosis and antigen presentation, which is beneficial for the activation of anti-tumor immunity (127). Therefore, rather than macrophage clearance and recruitment inhibition, another attractive strategy is to reprogram/re-deucate TAMs, i.e., reprogram immunosuppressive TAMs to immune-supportive TAMs by restoring their phagocytic and antigen presenting capacities (76). To achieve reprogramming of TAMs in GBM, multiple approaches have been developed. For instance, the blockade of phagocytosis checkpoint pairs, e.g., CD47/SIRPα, CD24/Siglec-10 could augment the phagocytic ability of TAMs (128–132). To unleash the immune-stimulatory capacity of TAMs, blockade of CSF1/CSF1R, stimulation of CD40/CD40L, as well as inhibition of PI3Kγ, IL-6, SLIT2, monoacylglycerol lipase (MAGL) have shown promising targetable potential and are worth further investigation (94, 119, 124, 133–135).

Notably, no single TAM-targeted agent has been successful in clinical trials for patients with GBM. Given the complexity of the TME and the close interplay between TAMs, tumor cells, and other non-malignant cells, combination therapy emerges as an attractive option. For instance, in a mouse model of GBM, the SDF-1α inhibitor in combination with VEGF blockade was more efficient in suppressing TAM recruitment, reducing tumor vasculature and improving survival compared with monotherapy of VEGF blockade (136). As discussed in the above, CSF1-R blockade in combination with radiotherapy substantially inhibited tumor growth and prolonged survival by reversing transcriptional changes of TAM induced by radiation in pre-clinical glioma models, thus overcoming resistance to radiotherapy (95). Similarly, a triple combination of oncolytic virus expressing IL-12, and anti-PD-1 plus anti-CTLA-4 antibodies synergistically cured pre-clinical murine GBM via increasing M1-like polarization and the ratio of effector T cells to Tregs (137). Further investigation regarding combination therapy regimens in the clinical setting is dispensable for strengthening the efficacy of immunotherapies for patients with rGBM.





6 Conclusions and perspectives

rGBM has been characterized by a highly immunosuppressive TME and an extremely low response to immunotherapy. TAMs, originating from microglia and peripheral monocytes, represent the dominant non-malignant cells in the TME of rGBM. TAMs exert various tumor-supportive functions, contributing to tumor growth and invasion, angiogenesis, immune evasion, and treatment resistance. More importantly, TAMs are plastic and heterogeneous, displaying more complicated phenotypes beyond the binary M1/M2 polarization. Recently, single-cell omics methodologies have enabled us to characterize the dynamics and diversity of TAMs in the TME of GBM at the single-cell resolution. Microglia and MDMs show different spatial distribution and exhibit distinctive transcriptional alterations across disease stages. Besides, specific subsets of TAMs with different functions have been determined in the context of rGBM, e.g., the pro-tumor MACRO+, CD73+, HMOX1+, and S100A4+ macrophages, and anti-tumor CD169+ and MPO+ macrophages, further underscoring the complexity of TAMs. Moreover, several studies have interrogated the dynamic changes of TAMs responding to treatment and microenvironmental stimulation, providing novel insights into how TAMs modulate therapeutic response and resistance. Therefore, harnessing TAMs via different approaches may be feasible in treating rGBM, and TAM-based combination therapy regimens have started to show a promising potential.

Still, dynamics and diversities of TAMs in the context of rGBM, and underlying molecular mechanisms remain incompletely clarified, which warrants further investigations and integrated analyses of high-dimensional and high-resolution data, such as spatial scRNA-seq, single-cell proteomics, and single-cell sequencing assay for transposase-accessible chromatin (scATAC-seq). More studies in the near future should focus on i). distinguishing microglia from MDMs; ii). identifying specific tumor-supportive and tumor-suppressive TAM subclusters; iii). delineating the stage- and therapy-specific reprogramming of TAMs in longitudinal cohorts; iv). dissecting the cellular crosstalk between TAMs and other cells; v). exploring rationale-based combination therapy modalities in clinical trials targeting TAMs. Ultimately, comprehensively understanding TAMs and their interplay with other cells will be instrumental for optimal immunomodulation and enhanced immunotherapeutic efficacy for patients with rGBM.
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Although γδ T cells comprise a small population of T cells, they perform important roles in protecting against infection and suppressing tumors. With their distinct tissue-localizing properties, combined with their various target recognition mechanisms, γδ T cells have the potential to become an effective solution for tumors that do not respond to current therapeutic procedures. One such tumor, glioblastoma (GBM), is a malignant brain tumor with the highest World Health Organization grade and therefore the worst prognosis. The immune-suppressive tumor microenvironment (TME) and immune-evasive glioma stem cells are major factors in GBM immunotherapy failure. Currently, encouraged by the strong anti-tumoral function of γδ T cells revealed at the preclinical and clinical levels, several research groups have shown progression of γδ T cell–based GBM treatment. However, several limitations still exist that block effective GBM treatment using γδ T cells. Therefore, understanding the distinct roles of γδ T cells in anti-tumor immune responses and the suppression mechanism of the GBM TME are critical for successful γδ T cell–mediated GBM therapy. In this review, we summarize the effector functions of γδ T cells in tumor immunity and discuss current advances and limitations of γδ T cell–based GBM immunotherapy. Additionally, we suggest future directions to overcome the limitations of γδ T cell–based GBM immunotherapy to achieve successful treatment of GBM.
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1 Introduction

γδ T cells, named after their distinctive γδ T cell receptor (TCR) usage, comprise approximately 5% of all T lymphocytes (1). Similar to conventional αβ T cells, γδ T cells recognize targets and exert direct cytotoxic effector functions by secreting granzymes or perforin (2, 3) and inducing immune responses of other cells by secreting cytokines (4), thereby participating in host protection against various pathogens or tumors. Unlike αβ T cells, which recognize peptides on the major histocompatibility complex (MHC) (5), γδ T cells recognize other surface molecules (6). In humans, Vδ2+ T cells recognize the butyrophilin family 2A1 and 3A1 complex (BTN2A1–BTN3A1 complex) linked by phosphoantigens (7), and Vδ1+ T cells recognize MHC class I chain-related molecule A (8). Because these surface molecules are upregulated in the presence of infection or cellular damage (9, 10), γδTCR-mediated target recognition of γδ T cells resembles that of pattern recognition receptors. Therefore, γδ T cells function as linkers between innate and adaptive immune responses (11) and act as the first-line defense system of the body during early infection.

In addition to infection, γδ T cells have demonstrated their importance in immune responses related to tumors (12, 13). γδ T cells not only localize in peripheral organs (14) but also circulate through blood and lymphatics (15). Therefore, they play critical roles in tumor immune responses in solid cancers, such as lung (16) or colorectal cancer (17), as well as in hematopoietic malignancies (18). Particularly for solid cancers, high infiltration of γδ T cells represents a good prognosis marker (19). Therefore, many research groups have investigated γδ T cell–based immunotherapeutic procedures for cancer treatment (20, 21). Based on their diverse target recognition mechanism, a strong tendency toward activation via various types of stimulation, subsequent cytotoxic effector functions (22, 23), and MHC-independent target recognition mechanism (6), the possibility exists that γδ T cells can be effective immunotherapeutic agents that can target tumors that do not respond to current therapeutic procedures (24–26). Therefore, several research groups are investigating γδ T cell–based cancer therapy targeting various tumor models.

Glioblastoma (GBM) is a malignant tumor that occurs in the brain and is the most common yet lethal malignancy among central nervous system (CNS) tumors (27). A lack of distinctive risk factors (28) combined with nonspecific symptoms (29) make GBM difficult to diagnose in the early phase, thereby decreasing the survival rate. Many research groups have performed extensive investigations to identify an effective treatment for GBM. As a result, various mechanical (30, 31), chemical (32), and immunological (33) treatment approaches have been developed for GBM. Although some treatments have shown meaningful increases in patient survival rates (34, 35), many of those procedures did not show substantial results (26, 36, 37). Therefore, identification of novel therapeutic procedures is critical for effective treatment of GBM.

In this review, we will summarize the immunologic signatures of γδ T cells, focusing on their roles in anti-tumoral immune responses. Then, we will discuss current immunotherapeutic approaches in GBM treatment and challenges arising from the tumor microenvironment (TME) of GBM. Additionally, we will discuss current approaches to target GBM using γδ T cells and the limitations of γδ T cell–based treatments. Finally, we will suggest possible solutions to overcome those challenges in γδ T cell–based GBM immunotherapy.




2 γδ T cells

γδ T cells are a small subset of T cells that express the γδTCR instead of the conventional αβTCR. Even though they comprise a small population of circulating lymphocytes (38), γδ T cells localize in peripheral organs and barrier sites such as the skin, mucosal tract of the intestine or reproductive organs, and pulmonary tract (39) and comprise 15–30% of intraepithelial lymphocytes in the human gut (40). γδ T cells are further subdivided into various subsets according to their Vγ (mouse) or Vδ (human) usage, and Vγ or Vδ utilization determines their localization. In mice, γδ T cells expressing Vγ1 or Vγ4 (Tonegawa nomenclature) circulate through the bloodstream, Vγ5 is localized in the skin, Vγ6 is localized in the dermis and meninges, and Vγ7 is localized in the gut (39). In humans, Vδ2+ γδ T cells circulate in the blood, whereas Vδ1+ and Vδ3+ γδ T cells have resident features (13). Even though they make up a small portion of the T cell population (1), their various effector functions and distinct tissue localization make γδ T cells a first-line immune system defense mechanism by directly suppressing pathogenic infection and working as both innate and adaptive immune cells.

γδ T cells recognize various types of surface molecules, unlike conventional αβ T cells that recognize peptides loaded on the MHC. For example, human Vδ1+ γδ T cells recognize the CD1d molecule (41), Vγ8Vδ3+ T cells recognize stress-induced annexin A2 (42), and Vγ9Vδ1+ T cells recognize ephrin type-A receptor 2 induction by AMP-activated protein kinase (43). In addition to these tissue-localizing human γδ T cells, Vγ9Vδ2+ T cells circulating in the peripheral blood recognize the BTN2A1-BTN3A1 complex in the presence of phosphoantigens (7, 44). Because γδTCRs recognize stress-induced molecules expressed on the target cell surface, recognition of γδTCRs resembles that of pattern recognition receptors (45). Therefore, γδ T cells possess invariant or semi-variant signatures, unlike αβ T cells, which have to recognize various peptides; therefore, TCR diversity is critical (46). In addition to the γδTCR, γδ T cells recognize a broad spectrum of surface molecules via NK receptors (NKRs) and exert effector functions synergistically with γδTCR ligation (47). In addition to γδTCR and NKR-mediated target recognition and effector function, γδ T cells may exert a cytolytic function via death ligands (Fas-ligand or TRAIL) (48, 49). With these multi-faceted target recognition mechanisms, γδ T cells play important roles in the first-line protection of various tissues (50, 51).

γδ T cells exert multiple effector functions and share those effector functions with conventional αβ T cells. For example, γδ T cells lyse target cells by granzyme and perforin production (52), similar to cytotoxic CD8+ T cells. Additionally, γδ T cells secrete various cytokines, including IFNγ and TNFα, demonstrating that γδ T cells can modulate the immune system through cytokine production (53). Furthermore, similar to effector CD4+ T cells, γδ T cells polarize into distinct subtypes and concomitantly produce cytokines that affect the surrounding immune microenvironment. Among murine γδ T cells, IL-17-producing γδ T cells and IFN-γ-producing γδ T cells differentially develop in the thymus (54) and perform distinct roles (55, 56). In contrast, human Vγ9Vδ2+ T cells show functional plasticity (57, 58) according to their exposure to cytokines during TCR stimulation. This functional plasticity of γδ T cells makes them multi-faceted effectors that exert both protective and damaging effects in disease conditions, including cancers (1).



2.1 Roles of γδ T cells in tumor suppression

Among the multi-faceted roles of γδ T cells in tumor conditions, tumor-suppressive roles of γδ T cells have been extensively studied by many research groups because of their high cytotoxicity, multipotent effector function, and unique tissue localization, along with the fact that their presence is a positive prognostic marker for all types of solid tumors (19). In a mouse model of prostate cancer, Liu et al. showed that knockout of γδ T cells resulted in extensive tumor growth, and adoptive transfer of γδ T cells significantly reduced tumor burden (59). Moreover, γδ T cells showed superior tumor control compared with the same number of conventional αβ T cells, demonstrating that γδ T cells have better tumor suppression and target-lysing abilities than conventional T cells without tumor specificity. Similarly, in the colorectal cancer model induced by azoxymethane, mice lacking γδ T cells had a higher tumor incidence than those lacking αβ T cells, demonstrating that γδ T cells can act as a primary tumor suppressor (60). Also, in chemically induced skin cancer, knockout of γδ T cells significantly increased tumor growth, whereas depletion of αβ T cells did not affect tumor formation and growth. Therefore, γδ T cells act as tumor suppressors in various organs, including the skin and colon.

In addition to the anti-tumor functional studies of mouse γδ T cells, human γδ T cells have demonstrated anti-tumor function. Figure 1 summarizes the anti-tumoral effector functions of γδ T cells. In case of human Vδ2+ γδ T cells, which bind to BTN2A1-BTN3A1 complex in the presence of phosphoantigens, can exert anti-tumoral functions (61). In addition to γδTCR-mediated cytotoxicity, Vδ2+ γδ T cells also exert cytolytic function via NKG2D-mediated target recognition (62). Furthermore, human Vδ2+ γδ T cells-but not Vδ1+ γδ T cells-can eliminate tumor cells by antibody-dependent cell-mediated cytotoxicity, and the cytotoxicity was proportionate to CD16 upregulation (63).




Figure 1 | Roles of γδ T cells in tumor suppression. γδ T cells exert anti-tumoral immune responses by diverse mechanisms. By recognizing target molecules via γδTCR and NKG2D, γδ T cells can lyse tumor cells. In addition, Vδ2+ γδ T cells can eliminate tumor cells by antibody-dependent cell-mediated cytotoxicity (ADCC) in a CD16-dependent manner. Furthermore, γδ T cells can suppress tumor cells by death ligands, such as TRAIL or Fas ligands. In addition to these direct killings, γδ T cells can indirectly suppress tumor cells by activating T cells via working as antigen-presenting cells (APCs) or facilitating other immune cells via pro-inflammatory cytokine secretion.



γδ T cells regulate not only tumor growth via cytotoxic effector function but also other immune cells. Unlike αβ T cells, activated γδ T cells upregulate MHC-II and other co-stimulatory molecules (CD40, CD80, and CD86) and can activate conventional T cells (64). In addition to their high cytotoxicity, γδ T cells can kill tumor cells and present the tumor antigen to conventional T cells, thereby facilitating systemic immune response against tumor cells. Moreover, γδ T cells can augment the functionality of dendritic cells, thereby facilitating antigen presentation and priming of conventional T cells (65). In summary, γδ T cells can efficiently lyse tumor cells, spread the tumor antigen, and facilitate adaptive and systemic immune responses against tumors. Therefore, γδ T cells can be a promising solution to improve current anti-tumor immunotherapy. Thus, many research groups have expanded the utilization of γδ T cells by investigating their roles and effector functions in various types of cancers and have attempted to treat cancers that do not respond to current therapeutic procedures such as immune checkpoint inhibitors (24, 25, 66, 67). One example of these cancer types is GBM, a malignant brain cancer that shows limited therapeutic responses to immune checkpoint inhibitors (26). Recently, several research groups demonstrated the importance of γδ T cells in glioma suppression (68, 69). Therefore, γδ T cells have the potential to become an effective therapeutic agent for GBM. However, several limitations exist that suppress the optimal effector function of γδ T cells in the GBM TME (68, 70–72). Therefore, the general background and current therapeutic procedures targeting GBM will subsequently be discussed. Furthermore, current advances and limitations in γδ T cell–mediated GBM treatment will be investigated. Finally, we will suggest several methodologies to overcome the limitations of γδ T cells in GBM immunotherapy.





3 GBM: Epidemiology and classification

GBM is a malignant brain tumor that is classified as WHO grade IV. Annually, approximately 10 out of every 100,000 people are diagnosed with GBM (73). Though the overall incidence is relatively low compared with other types of cancers, GBM is the most common malignant tumor occurring in the CNS (74) and has one of the worst prognoses of all cancer types. GBM patients survive less than 1 year without treatment, and the 5-year survival rate is less than 10% even with intensive care (34). GBM typically occurs in old adults, but it can also occur in children (75). GBM more commonly occurs in male patients than in female patients (76), and female GBM patients have better responses to standard treatment (radiotherapy + temozolomide) (77). Several studies of the risk factors of GBM have revealed that high-dose ionizing radiation (78–80) and rare genetic disorders, such as neurofibromatosis (81), increase GBM incidence. However, other risk factors, including smoking, alcohol uptake, and exposure to pesticides or steroidal hormones were not correlated with GBM onset (28). Common symptoms of GBM are headache, seizures, and cognitive and behavioral impairment (29). Because these symptoms are nonspecific, patients usually miss the opportunity for early therapeutic intervention.

Recent research revealed that GBM starts in the subventricular zone of the brain and spreads to the cortex (82). GBM originates from three cell types: neural stem cells (NSCs), NSC-derived astrocytes, and oligodendrocyte precursor cells. Among these, NSC and NSC-derived astrocytes are the more frequent cells of origin that induce GBM (83). Moreover, GBM consists of glioma stem cells (GSCs), which develop into a heterogenous cell population responsible for increasing GBM tumor burden (84). GSCs contribute to GBM’s resistance to chemoradiotherapy and high recurrence rate (85).

Current studies on molecular and genetic signatures have enabled researchers to classify GBM into various subtypes. According to the WHO classification, IDH-wildtype GBM is characterized by TERT promoter mutation, epidermal growth factor receptor (EGFR) amplification, and a combination of chromosome 7 duplication and chromosome 10 loss (86). Using gene expression patterns, researchers further classified GBM into four different subtypes: proneural, neural, mesenchymal, and classical (87, 88). Not only do these subtypes express different morphological signatures and distinct genes (89), but they also show different susceptibility toward therapeutics. Classical subtypes, which possess a TP53 mutation, show susceptibility to radiotherapy and concurrent chemotherapy with temozolomide (90). By contrast, the mesenchymal GBM subtype shows resistance to radiotherapy and chemotherapy (91, 92). Although GBM cells are classified into various subtypes, the subtypes are not stable because transitions between subtypes frequently occur, most commonly to the mesenchymal subtype from other subtypes. Ionizing radiation (91, 93) from radiotherapy and hypoxic stress (94) that arises during tumor progression instigate this transition to the mesenchymal subtype. In addition to the four subtype-based GBM classifications, epigenetic signatures can differentiate GBM types. The methylation status of the O (6)-methylguanine-DNA methyltransferase (MGMT) promoter can be used to categorize GBM tumor cells as MGMT promoter methylated or unmethylated. The classification by MGMT promoter methylation is important for GBM patient prognosis because MGMT-expressing GBM cells are more resistant to DNA alkylating agents, such as temozolomide. Therefore, those patients with MGMT promoter methylation in GBM tumor cells respond better to temozolomide treatment and live longer (95).




4 Therapeutic procedures targeting GBM

Currently, the Stupp protocol is the standard care for GBM. The protocol reduces tumor burden by resecting GBM to the extent feasible followed by radiotherapy and concomitant chemotherapy using temozolomide, a DNA alkylating agent administered orally or intravenously (96). Although this therapeutic approach improved overall survival, GBM still has a poor prognosis due to the recurrence of tumors after treatment, which leads to a lower survival rate. This high recurrence rate is a result of the intrinsic characteristics of GBM, the unique anatomical and immunological features of the brain, and the limitations of the current treatment procedures. First, GBM cancer cells undergo a mesenchymal transition during tumor progression or due to radiation therapy. This mesenchymal transition is driven by hypoxia-inducible factors (97), and the high hypoxic signature of GBM can promote mesenchymal transition. Cancer cells exhibiting a mesenchymal signature can invade through the surrounding normal brain tissue (98), which makes it difficult to determine the boundary of the GBM and renders complete resection of the tumor impossible. Furthermore, GSCs in brain tumors undergo self-renewal and differentiation (99), thereby contributing to tumor recurrence if not completely removed (100). In addition, the brain is protected by the blood–brain barrier (BBB), which hinders active involvement of the external immune system (101). As a result, brain tumors are classified as immunologically cold cancers with limited infiltration of lymphoid cells, particularly T cells (102). These characteristics lead to the ineffectiveness of various therapeutic procedures in the context of GBM treatment (26), even though those procedures have proven effective in other types of cancers (103). Moreover, brain-residing microglia (104) and neurons (105) maintain an anti-inflammatory immune environment, which hinders a robust tumor-suppressive immune response even when immune cells infiltrate the GBM. Lastly, the standard of care for GBM patients does not use target-specific therapeutic agents and may lead to off-target toxicity in the surrounding normal cells. GBM surgical resection leads to the loss of normal tissues surrounding the tumor, and radiation therapy can deplete brain immune cells or trigger mutations in normal brain tissue, potentially leading to the initiation of new tumor foci. It can also promote the mesenchymal transition of existing cancer cells, increasing resistance to drugs and radiation therapy (106). Temozolomide can affect normal cells as well, including immune cells. Most importantly, brain tumors with an unmethylated MGMT promoter exhibit resistance to temozolomide (107). In 2014, it was discovered that the addition of anti–vascular endothelial growth factor therapy, which inhibits angiogenesis, had a synergistic effect with conventional treatment methods in recurrent gliomas. However, the improvement in patient survival resulting from this combination therapy was found to be modest (108). Similarly, although the utilization of a novel treatment method, called tumor-treating fields (35), has led to a meaningful improvement in overall survival in brain tumor patients, overall patient survival rates remain low (109). To overcome the current limitations of brain tumor therapy, it is crucial to devise novel therapeutic approaches that not only effectively remove tumors but also facilitate the involvement of the immune system to prevent tumor recurrence. Consequently, research has emphasized the necessity of immunotherapy, a treatment modality that focuses on enhancing the immune response against brain tumors.



4.1 Immunotherapeutic approaches targeting GBM

The brain has historically been considered an immunologically privileged site, where immune activation is suppressed by the presence of the BBB and the immunosuppressive microenvironment (110). However, it has been revealed that the brain, like other organs, also possesses draining lymph nodes (111). Additionally, brain tumors with a higher infiltration of T cells are associated with better patient survival (112). This discovery suggests that immune surveillance also occurs in the brain, underscoring the significance of immune cell involvement in brain tumor therapy. Because various immunotherapies have proven effective in treating various types of cancers, there have been efforts to apply these immune-based treatments to GBM as well. These endeavors can be broadly categorized into four main approaches: immune checkpoint inhibitors, oncolytic viruses, vaccination, and cell-based therapies. Despite their success in clinical trials for several types of tumors (113–115), these immunotherapies have not achieved meaningful success in GBM patients (26, 36, 116). Hence, it is crucial for future advancements in brain tumor therapy to investigate why conventional immunotherapies have not been effective in GBM treatment and propose treatment strategies to overcome these limitations.




4.2 Challenges in using current immunotherapies to treat GBM

The lack of efficacy of conventional immunotherapies for GBM is attributed to both the characteristics of the brain and the unique features of GBM. Figure 2 represents the characteristics of the brain and GBM TME that participate in the suppression of GBM immunotherapy. First, the brain is not directly connected to the bloodstream due to the presence of the BBB (Figure 2A). Although the BBB plays a protective role by distinguishing the brain from the periphery under normal conditions, it can hinder drug delivery and immune cell infiltration in pathological conditions, such as GBM. In cases of neuroinflammation, such as experimental autoimmune encephalomyelitis, the glial limitans of the BBB become leaky, which allows peripheral immune cells to reach the brain parenchyma (117). In the context of GBM, the influx of immune cells is inhibited due to high levels of anti-inflammatory cytokines, which suppress the migration of peripheral immune cells to the brain parenchyma (70). Indeed, reports have indicated that the BBB remains intact even in the presence of brain tumors (118), which suggests that the BBB may limit the effectiveness of immunotherapy in GBM. The production of anti-inflammatory cytokines by normal brain tissue (71) suppresses not only immune cell infiltration but also the effector function of infiltrated immune cells (Figure 2B). Infiltration of lymphocytes is reduced in GBM, whereas myeloid cells, especially bone marrow-derived macrophages and monocytes, are highly abundant (119). In GBM, bone marrow-derived macrophages are polarized toward an M2 phenotype in response to the anti-inflammatory brain microenvironment. These M2 macrophages play a critical role in establishing and sustaining the anti-inflammatory microenvironment of GBM, leading to the suppression of immune cell function and ultimately contributing to a decrease in patient survival rates (120). In the GBM anti-inflammatory immune environment, regulatory T cells (Tregs) are well known for their ability to suppress the functions of effector T cells and antigen-presenting cells (121). Recurrent GBM patients have a higher proportion of Tregs among their immune cells, and this elevated Treg ratio is associated with lower patient survival rates (122). Not only immune cells but also microglia (104) and neurons (105), which reside in brain parenchyma from the homeostatic condition, participate in the formation of the anti-inflammatory immune environment of the brain (Figure 2B). In normal conditions, that immunosuppression is protective for brain homeostasis, but in tumor conditions, that immunosuppression hinders a robust tumor-suppressive immune response against the GBM. In addition to the anti-inflammatory immune environment, the inherent characteristics of GBM cancer cells also contribute to resistance to immunotherapies. GSCs downregulate major histocompatibility complex-I (MHC-I) and antigen-processing machinery via activation of the Wnt/β-catenin pathway, thereby leading to evasion from T cell-mediated immunosurveillance (123) (Figure 2C). In addition, GBM shows high intra-tumoral heterogeneity (124, 125); therefore, single target–based chimeric antigen receptor (CAR)-T cell therapy or vaccination cannot eliminate tumor cells that do not express the target antigen or peptides (Figure 2C). Because numerous factors act as obstacles to the effectiveness of current immunotherapeutic procedures, novel therapeutic approaches are required to overcome these hurdles, and γδ T cell-mediated immunotherapy can be the solution. From now on, we will focus on the GBM immunotherapy utilizing γδ T cells, on their advances and facing limitations. Then, we will suggest several methodologies to overcome the limitations.




Figure 2 | Challenges in current immunotherapy for GBM. (A) Presence of the Blood-brain barrier (BBB) act as a limiting factor for GBM immunotherapy. BBB hinders the infiltration of drugs and immune cells into brain parenchyma. High levels of anti-inflammatory cytokines present in brain parenchyma under GBM condition further suppress the breach of immune cells through the glial limitans of BBB. (B) Immunosuppressive microenvironment of GBM suppresses tumor-suppressive immune responses of infiltrated immune cells. Monocytes infiltrated into the GBM tumor microenvironment (TME) are skewed toward anti-inflammatory M2 phenotype, becoming M2-polarized bone-marrow-derived macrophages (BMDMs). M2-polarized BMDMs further strengthen anti-inflammatory TME by secreting anti-inflammatory cytokines. Not only myeloid cells but also, lymphoid cells, sustain the anti-inflammatory TME of GBM. Regulatory T cells (Tregs) are present in GBM TME, participating in the formation of immunosuppressive TME. In addition, microglia and neurons also participate in the formation of the anti-inflammatory immune environment of the brain, by secreting anti-inflammatory cytokines. (C) Intrinsic characteristics of glioma stem cells (GSCs) also contribute to the resistance of immunotherapies. By activation of the Wnt-β-catenin pathway, GSCs downregulate the expression of MHC-I expression, evading T cell immunosurveillance. Also, GSCs can evade chimeric-antigen receptors (CAR)-mediated immunosurveillance in the case of CAR-T treatment by downregulating the antigen targeted by CAR.







5 γδ T cells in GBM immunotherapy



5.1 Current advances in γδ T cell-mediated GBM immunotherapy

Encouraged by their strong anti-tumor function in preclinical and clinical research, the functionality of γδ T cells in GBM has been studied at both the preclinical and clinical levels. Park et al. demonstrated that enrichment of γδ T cells is a positive prognostic marker for survival in both mice and humans. However, γδ T cell functions in the TME are suppressed by severe hypoxia. As a result, γδ T cells downregulate NKG2D expression, which suppresses their target recognition and effector functions. Therefore, resolving tumor hypoxia through metformin treatment restored γδ T cell functionality (68). Lee et al. revealed that Vγ9Jγ2-Vδ2 T cells preferentially infiltrate the GBM TME, suggesting that human γδ T cells mediate tumor suppression in-vivo (69). In an in-vitro cytotoxicity model, human peripheral blood mononuclear cell (PBMC)-derived γδ T cells showed higher cytotoxicity on the U251MG human glioma cell line compared with αβ T cells. In addition, human PBMC-derived γδ T cells did not show cytotoxicity to non-tumor cells, such as primary human astrocytes (126). The effectiveness of γδ T cells in GBM therapy is also revealed by their ability to suppress GSCs, which are responsible for tumor initiation, maintenance, metastasis, and resistance to standard therapy (127). GSCs evade immune surveillance via MHC class I downregulation and antigen-processing machinery, thereby evading the CD8 T cell-mediated immune response (123). Despite this, γδ T cells can target GSCs. Jarry et al. injected primary GBM cells rich in GSCs (~25%) into the brains of immunocompetent (NSG) mice. Then, they injected bromohydrin pyrophosphate–activated human Vγ9Vδ2+ T cells into the tumor site, which successfully controlled tumor growth in combination with zoledronate (128). The superior targeting ability of γδ T cells also originated from their low activation threshold. CD8 T cells cannot be activated by NKG2D alone and require TCR signaling (129), whereas γδ T cells can be activated by NKG2D alone (23). Therefore, γδ T cells are more readily activated in the absence of TCR engagement, making it difficult for tumor cells to evade the surveillance of γδ T cells. Encouraged by those effector functions, Choi et al. showed that intra-tumoral transfer of human Vγ9Vδ2+ T cells significantly improved survival in mice that were injected with the U87 human glioma cell line. When analyzed by co-culturing γδ T cells with a human glioma patient-derived sample, Vγ9Vδ2+ T cells showed DNAM1-mediated cytotoxicity, suggesting the possible mechanism of the γδ T cell–mediated tumoricidal effector function against GBM (130).

However, clinical studies using γδ T cells have shown disappointing results in various tumor settings, and only one currently recruiting clinical trial was designed to target GBM with γδ T cells (ClinicalTrials.gov Identifier: NCT04165941). γδ T cells did not cause severe toxicity after in-vitro expansion and subsequent adoptive transfer (131, 132), but their therapeutic effect was moderate (21). Even though γδ T cells are promising immunotherapy to treat cancers, including GBM, several obstacles must be overcome to fully utilize γδ T cells in the clinical setting.




5.2 Limitations of γδ T cells in GBM immunotherapy

Several limitations may explain the modest effect of γδ T cells on tumor control in clinical settings, including GBM (Figure 3). Regarding in-vivo zoledronate administration, because Vδ2+ γδ T cells are significantly reduced in the peripheral blood of GBM patients (133), γδ T cell expansion does not produce the expected amount of cells (Figure 3A). Therefore, the number of expanded γδ T cells in-vivo is not sufficient to fully control the tumor, even after expansion by zoledronic acid treatment (133). Next, the GBM TME can suppress the effector function of γδ T cells (Figure 3B) (68, 72). As demonstrated by Park et al., a hypoxic TME not only induces γδ T cell exhaustion but can also make γδ T cells ineffective at targeting tumor cells (68). Therefore, γδ T cells may not target tumor cells in-vivo even though they could lyse tumor cells in-vitro. Also, the TME can have deleterious effects on γδ T cells. GBM expresses PD-L1, and PD-L1 expression is negatively correlated with patient survival (72). Because T cells upregulate PD-1 upon TCR stimulation (134), γδ T cells that have infiltrated the brain and sensed tumor cells may also express high levels of PD-1. Therefore, γδ T cells may be functionally impaired and cannot exert cytotoxic effector functions even though they expanded and infiltrated the GBM TME (Figure 3B). The GBM TME impairs γδ T cell function and may facilitate the transition of γδ T cells into a pro-tumoral signature (Figure 3C) (58, 135). Though Vγ9Vδ2+ γδ T cells are known for their cytotoxic effector function and secretion of tumor-suppressive IFN-γ, they show functional plasticity in the presence of different cytokines. IL-12, IL-18, and type-I IFN induce Th1-like functionality (57, 136), whereas the addition of IL-15 with TGF-β induces Treg-like functionality (58). Furthermore, the combination of IL-6, IL-23, IL-1β, and TGF-β skews Vγ9Vδ2+ T cells to Th17-like cells (135). Due to this plasticity, GBM-infiltrated Vγ9Vδ2+ T cells may promote rather than suppress tumor growth (Figure 3C). TGF-β not only skews Vγ9Vδ2+ T cells toward pro-tumoral subtype, but they also dampen the effector function of anti-tumoral functionality of γδ T cells. Rafia et al. showed that after TGF-β treatment, the target-lysing ability of γδ T cells was diminished due to the downregulation of NKG2D and granzyme/perforin expression on γδ T cells (137). In addition, a lymphocyte-depleted TME dampens the antigen-presenting effectiveness of γδ T cells (Figure 3D). Although γδ T cells phagocytose and present tumor antigens, there may not be enough CD4 or CD8 T cells in the TME that are primed and activated by this antigen presentation. In addition, TCR stimulation upregulates CXCR6 while downregulating CXCR4, which is required for T cell egress and subsequent localization in the lymphatic organs (138) (Figure 3E). γδ T cells in the TME not only phagocytose tumor antigens but are also activated by TCR stimulation, leading to their retention in the tumor. Consequently, γδ T cells cannot spread tumor antigens by egressing out from the tumor and localizing in the lymphatic organs (138).




Figure 3 | Limiting factors on γδ T cell-based GBM immunotherapy. (A) In the peripheral blood of GBM patients, γδ T cells are significantly decreased. Therefore, expansion of γδ T cells via in-vivo administration of zoledronates does not fit for GBM treatment. (B) Immune-suppressive microenvironment of GBM suppresses the optimal function of γδ T cells. For example, hypoxia present in GBM TME suppresses the tumoricidal function of γδ T cells by downregulating NKG2D expression on γδ T cells. In addition, PD-L1-enriched GBM TME suppresses γδ T cells by ligation with PD-1 expressed on γδ T cells. γδ T cells target GBM tumor cells in a TCR-dependent manner and express PD-1. In this condition, PD-L1-enriched GBM TME is detrimental to the optimal activation and function of γδ T cells. (C) Plasticity of γδ T cells can act as a detrimental factor for anti-tumoral functionality of γδ T cells. In the presence of IL-15 and TGF-β, γδ T cells skew toward the Treg-like population, thereby conspiring with other anti-inflammatory immune cells and suppressing tumoricidal functionality. Likewise, in the presence of IL-6, IL-23, IL-1β and TGF-β, γδ T cells can act as Th17-like cells, thereby facilitating tumor growth. (D) Lymphocyte-depleted signature of GBM TME also dampens the optimal functionality of γδ T cells. Even though γδ T cells can activate T cells by their antigen-presenting functionality, they cannot initiate T cell-mediated anti-tumoral responses due to the scarcity of lymphocytes in GBM TME. (E) Even though γδ T cells can phagocytose and act as antigen-presenting cells (APCs), they cannot migrate and work in draining lymph nodes, due to downregulation of CXCR4 and concomitant CXCR6 upregulation induced by TCR stimulation.







6 Future directions to overcome the limitation of γδ T cells

For successful GBM therapy using γδ T cells, the current limitations of γδ T cells must be addressed and novel therapeutic procedures that fully utilize the benefits of γδ T cells must be devised (Figure 4). Rather than expanding patient γδ T cells by zoledronic acid, allogeneic γδ T cell transfer from a healthy donor to the patient is gaining interest (139) (Figure 4A). γδ T cells have already proven their safety in allograft transfers, with low risk of graft-versus-host diseases and rejection (131) (Figure 4A). With an allograft transfer, global suppression of γδ T cells induced by GBM and chemotherapy will be reduced. In addition to allograft transfers, further engineering of allogeneic γδ T cells can lead to synergistic effects (Figures 4B-D). CAR-T cell-based GBM treatment currently shows a modest effect (140), possibly due to the low persistence of CAR-T cells in peripheral blood. It is known that a weak-not high-level of tonic signaling is required for better in-vivo persistence and superior antitumor function (141). Anti-EGFRviii CAR-T cells were used for GBM treatment, although this target is not expressed in peripheral blood and cannot provide tonic signaling to T cells (Figure 4B). However, the issues caused by the lack of tonic signaling can be resolved by expressing the CAR in human Vγ9Vδ2+ γδ T cells, which can receive tonic signaling by γδTCR and have endogenous butyrophilin expression (Figure 4B). Introduction of the CAR to γδ T cells provides an additional route by which γδ T cells can target tumor cells, which prevents tumor cells from escaping immune surveillance by antigen loss. In conventional CAR-T cells, which introduce CAR molecules to conventional T cells, tumor cells may escape CAR-T cell surveillance by downregulating the target of the CAR. However, if the CAR is introduced to human Vγ9Vδ2+ γδ T cells, tumor cells cannot evade surveillance even after antigen downregulation because γδ T cells can target tumor cells via TCR and other NK receptors. By reducing the chance of tumor cell immune escape, CAR–γδ T cells may represent an improvement over conventional CAR-T cell (Figure 4B).




Figure 4 | Suggestions to overcome the limiting factors of γδ T cells. (A) Allogeneic adoptive cell transfer (ACT) can be beneficial for γδ T cell-based immunotherapy since γδ T cells do not show graft-versus-host diseases (GvHD), in contrast to conventional T cells. By allogeneic ACT of γδ T cells, problems induced by the scarcity of γδ T cells in peripheral blood can be overcome. (B) Chimeric-antigen-receptors (CAR)-augmented γδ T cells can be an effective therapeutic option for GBM since they can overcome various issues that arose in conventional T cell-based CAR-T therapy. First, in contrast to conventional T cell-based CAR-T cells, γδ T cell-based CAR-T cells can receive tonic signaling in the peripheral blood, which is critical for CAR-T cell persistence. Next, γδ T cells can lyse GBM tumor cells by its intrinsic γδ TCR, while conventional T cells cannot. Therefore, in contrast to conventional T cell-based CAR-T cells which only target tumor cells by their CARs, γδ T cell-based CAR-T cells can target tumor cells by multiple receptors and block the chance of tumor cells’ evasion of immunosurveillance. (C) γδ T cells augmented to express switch-receptors that can exchange the immunosuppressive signaling cues into immune-progressive signaling can overcome the immunosuppressive TME. For example, PD-L1 and TGF- β, well-known anti-inflammatory environmental cues, can be utilized as targets for switch receptors, and γδ T cells expressing switch receptors targeting those factors can sustain their functionality. (D) γδ T cells engineered to synergize with other therapy can even increase the therapeutic potential than just a mere combination of two distinct therapy. For example, temozolomide, which suppresses tumor growth but also exerts toxic side-effect on normal immune function, is normally considered a detrimental factor for immunotherapy. However, MGMT-overexpressed γδ T cells, which can overcome the temozolomide-mediated suppression, can synergize with temozolomide, and it is expected that the combination of temozolomide and temozolomide-overcoming γδ T cells can be more effective than just a sum of two single treatment. (E) Blocking the plasticity of γδ T cells and polarizing them toward an anti-tumoral population can prevent the skewing of γδ T cells into a pro-tumoral population in the TME. Addition of IL-21 polarizes human Vγ9Vδ2+ T cells toward a Th1-like population, and Th1-skewed Vγ9Vδ2+ T cells produce pro-inflammatory cytokines and exhibit enhanced cytotoxic roles. If IL-21 mediated polarization could be combined with another expansion protocol with greater expansion efficiency, such as artificial antigen-presenting cell (aAPC)-based methods, the synergistic effect would be dramatic. In addition to Vγ9Vδ2+ T cell expansion, another procedure to expand human Vδ1+ T cells using IL-15, IL-18, anti-CD2 antibody, and anti-CD3 antibody can efficiently expand and polarize these cells toward an anti-tumoral population. Therefore, with these various procedures to expand and polarize γδ T cells into tumoricidal effectors, γδ T cells could overcome the TME and retain anti-tumoral functionality. (F) Augmentation of γδ T cells so that they can cross the BBB can be an effective strategy to transport γδ T cells to the tumor site and increase the number of γδ T cells in the TME. By engineering integrins (e.g., integrin α4), chemokine receptors (e.g., CXCR3 and GRK2), and transcription factors (e.g., ETS1), trafficking of γδ T cells to the central nervous system (CNS) can be modulated.



The introduction of engineering expands the opportunities of γδ T cell-based therapy beyond the CAR (Figures 4C, D). For example, γδ T cells can be engineered to overcome the immune-suppressive GBM environment. Liu et al. suggested engineering a novel switch receptor that switches the immune-suppressive PD-1 signaling into immune-activating CD28 signaling (142) (Figure 4C). Introducing the receptor augmented the anti-tumor immune response of CAR-T cells. In GBM that express PD-L1 (72), engineering γδ T cells by introducing the switch receptor can overcome immunosuppression and may even exploit the suppressive microenvironment. A similar approach to the switch receptor mediation can also be applied to TGF-β to overcome immunosuppression (Figure 4C). It is well known that TGF-β is highly expressed in GBM (143), and TGF-β signaling reduces the γδ T cell anti-tumoral immune response by making these cells anti-inflammatory (58). The introduction of a switch receptor that changes the TGF-β signal into other pro-inflammatory signals may help γδ T cells overcome TGF-β-induced immunosuppression. Noh et al. recently introduced a TGF-β-targeting switch receptor that can change TGF-β signaling into IL-7 signaling, and expression of the receptor improved tumor control in the CAR-T-based B-cell lymphoma suppression model (144). Therefore, similar concepts can be applied when designing γδ T cell-based GBM treatment.

Engineered γδ T cells can have synergistic effects when combined with other treatments. Recently, novel genetically engineered human Vγ9Vδ2+ γδ T cells were used in a GBM clinical trial (Figure 4D). The current standard care therapy for GBM includes temozolomide; however, this treatment affects immune cells, which may lose functionality, because temozolomide does not specifically target tumor cells. In this situation, γδ T cells engineered to express MGMT retain their functionality under temozolomide treatment (145). A clinical trial for GBM treatment using adoptive transfer of human γδ T cells expressing MGMT (ClinicalTrials.gov Identifier: NCT04165941) in combination with temozolomide is currently in progress. In summary, although γδ T cell therapy alone cannot control GBM, it still has therapeutic potential. γδ T cells can overcome current limitations with engineering and combination therapy and may become an effective therapeutic agent for GBM treatment.

Developing novel expansion methods to block the skewing of γδ T cells toward the pro-tumoral population can be an effective and plausible solution for γδ T cell adoptive transfer (Figure 4E). Several studies have previously demonstrated procedures to skew γδ T cells toward anti-tumoral populations. For example, the addition of IL-21 helps human Vγ9Vδ2+ γδ T cells to produce pro-inflammatory cytokines and exert increased cytotoxicity by irreversibly polarizing Vγ9Vδ2+ γδ T cells to express Th1-like signatures (146). This Th1-polarizing condition may show strong synergy with another expansion protocol devised by Choi et al., which uses artificial antigen-presenting cells to expand human Vγ9Vδ2+ T cells (147). The expansion strategy proposed by Harmon et al. also showed that addition of IL-15, IL-18, anti-CD2 antibody, and anti-CD3 antibody effectively expanded human Vδ1+ T cells and polarized them toward an anti-tumoral population (148). Because the plasticity of γδ T cells in the TME is a major issue that hinders γδ T cell therapy, development of an improved expansion protocol to block this plasticity is crucial for effective γδ T cell therapy.

Engineering γδ T cells to cross the BBB is another effective strategy to increase the infiltration of γδ T cells into GBM (Figure 4F). Recent findings from Kendirli et al. show that various factors, ranging from transcription factors to chemokine receptors, regulate T cell migration to the CNS (104). Using genome-wide CRISPR screening, the authors found that knockout of integrin α4, CXCR3, and GRK2 significantly reduced T cell trafficking to the CNS, while ETS1 knockout significantly upregulated T cell trafficking to the CNS. Therefore, modulation of molecules related to T cell trafficking to the CNS in γδ T cells can facilitate infiltration of these cells into GBM.




7 Closing remarks

γδ T cells, with their versatile effector functions, have the potential to be a promising therapeutic agent to target tumors. Their ability to target tumor cells via various mechanisms, including γδTCRs, NK receptors, Fc receptors, and death receptors, decreases the possibility of tumor cells evading surveillance. Their ability to produce pro-inflammatory cytokines and spread antigens via direct antigen presentation to the adaptive immune system helps γδ T cells overcome the immunosuppression of the TME and induce optimal anti-tumoral immune responses. Additionally, because they do not recognize MHC molecules and do not risk inducing graft-versus-host disease when transferred from donors to MHC-mismatched patients, γδ T cells can possibly be used in allogeneic adoptive transfer therapy. Therefore, γδ T cells have the potential to be a novel therapeutic agent for GBM, a malignant brain tumor with the highest WHO grade and therefore the worst prognosis. Understanding the immunological signatures of the GBM TME is critical for optimal function of γδ T cells in the GBM TME and subsequent tumor suppression. The immunosuppressive microenvironment, BBB, and MHC-deficient GSCs are the major factors that suppress effective immunotherapy. Although γδ T cells have the potential to overcome some of these limitations, several obstacles still exist, hindering effective therapy and the achievement of successful treatment for GBM. Therefore, for successful γδ T cell–based immunotherapy, it is critical to devise strategies to overcome those limitations. With further studies to determine the signatures of the GBM TME and γδ T cells themselves, in combination with the augmentation of their abilities and improvement of current limitations, γδ T cells can become an innovative therapeutic agent for GBM.
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Background

The GL261 and CT2A syngeneic tumor lines are frequently used as immunocompetent orthotopic mouse models of human glioblastoma (huGBM) but demonstrate distinct differences in their responses to immunotherapy.





Methods

To decipher the cell-intrinsic mechanisms that drive immunotherapy resistance in CT2A-luc and to define the aspects of human cancer biology that these lines can best model, we systematically compared their characteristics using whole exome and transcriptome sequencing, and protein analysis through immunohistochemistry, Western blot, flow cytometry, immunopeptidomics, and phosphopeptidomics.





Results

The transcriptional profiles of GL261-luc2 and CT2A-luc tumors resembled those of some huGBMs, despite neither line sharing the essential genetic or histologic features of huGBM. Both models exhibited striking hypermutation, with clonal hotspot mutations in RAS genes (Kras p.G12C in GL261-luc2 and Nras p.Q61L in CT2A-luc). CT2A-luc distinctly displayed mesenchymal differentiation, upregulated angiogenesis, and multiple defects in antigen presentation machinery (e.g. Tap1 p.Y488C and Psmb8 p.A275P mutations) and interferon response pathways (e.g. copy number losses of loci including IFN genes and reduced phosphorylation of JAK/STAT pathway members). The defect in MHC class I expression could be overcome in CT2A-luc by interferon-γ treatment, which may underlie the modest efficacy of some immunotherapy combinations. Additionally, CT2A-luc demonstrated substantial baseline secretion of the CCL-2, CCL-5, and CCL-22 chemokines, which play important roles as myeloid chemoattractants.





Conclusion

Although the clinical contexts that can be modeled by GL261 and CT2A for huGBM are limited, CT2A may be an informative model of immunotherapy resistance due to its deficits in antigen presentation machinery and interferon response pathways.





Keywords: immunotherapy, resistance, mouse model, cancer, antigen presentation machinery, glioblastoma, mesenchymal





Introduction

Therapeutic blockade of inhibitory immune checkpoint pathways (e.g., PD-1/PD-L1 and CTLA-4) has transformed the care of patients across multiple cancer types, including many formerly intractable advanced cancers (1). However, for human IDH-wildtype glioblastoma (huGBM)—a common and aggressive brain cancer typified by a median survival of just 14-22 months depending on MGMT promoter methylation status (2, 3)—the near-uniform negative results of single-agent immune checkpoint blockade (ICB) clinical trials have been disappointing (4–6). The intracranial location of huGBM and the blood brain barrier by themselves do not appear to preclude effective anti-tumoral immunity, since ICB has been successful in treating brain metastases from a variety of primary cancers (7, 8). In contrast to many brain metastasis types, however, huGBM is characterized by a ‘cold’ (i.e., a paucity of T cells) immune microenvironment. This immuno-resistance has been also ascribed to other multifaceted sources, including: 1) a dominance of suppressive myeloid cells; 2) a low tumor mutational burden; 3) limited PD-L1 expression; 4) T cell sequestration in the bone marrow; and 5) immunosuppression mediated by the frequent need for high-dose corticosteroids to treat symptomatic cerebral edema (9–12). In an effort to overcome these barriers, numerous immunotherapeutic approaches are currently under clinical investigation for huGBM, including immunomodulatory agents (e.g. NCT04547777), peptide vaccination (e.g. NCT02287428), oncolytic virotherapy (e.g. NCT03152318), adoptive cell therapy (e.g. NCT05660369), and next-generation immune checkpoint modulators (e.g. NCT04826393) – which have been extensively reviewed elsewhere (10).

A valuable cornerstone of preclinical oncology research is the use of syngeneic orthotopic murine cancer lines as immunocompetent models of cancer. For huGBM, the two frequently used lines are GL261 and CT2A, both of which were generated by injecting the carcinogen methylcholanthrene into the brains of mice (13–15). As with other methylcholanthrene-derived cancers, both GL261 and CT2A exhibit a striking degree of hypermutation, which contrasts with the low tumor mutational burden typically observed in huGBM (16, 17). However, whereas GL261 is readily responsive to several immunotherapies, we and others have previously demonstrated the broad resistance of the syngeneic CT2A mouse model to diverse single-agent immunotherapies, including PD-1/PD-L1 pathway inhibition, vaccine therapy, and oncolytic virotherapy (12, 17–21) – a phenotype that is observed even in CT2A lines that express the immunogenic luciferase protein (12, 19). Given the urgent need to devise better therapeutics for huGBM, our specific aim was to decipher the cell-intrinsic mechanisms driving the broad immuno-resistance in CT2A and to define the aspects of human cancer biology that these lines can best model for further preclinical research. To achieve this aim, we systematically characterized these lines using multi-modal profiling, including genomic, transcriptomic, protein, immuno-peptidomic, and phospho-peptidomic analyses.





Materials and methods

All animal experiments were approved by the Dana-Farber Cancer Institute and Harvard Medical School Animal Care and Use Committees.




Cell culture

Luciferase-transduced GL261 cells (GL261-luc2; RRID: CVCL_X986) were obtained from PerkinElmer (Waltham, MA). CT2A cells were obtained from Thomas Seyfried (Boston College; RRID: CVCL_ZJ44) and transduced using firefly luciferase lentiviral particles (CT2A-luc; Kerafast Inc., Boston, MA). Cell lines were expanded and frozen at the same generation. For experiments, cells were thawed and cultured at 37°C in a humidified incubator with 5% CO2 using Dulbecco’s Modified Eagle Medium supplemented with 10% heat-inactivated fetal calf serum and 100 μg/mL G418 (for GL261-luc2) or 2 μg/mL puromycin (for CT2A-luc). Cultures were regularly tested as negative for mycoplasma. Luciferase was used to enable bioluminescent imaging and ensure that tumors’ engraftments were comparable prior to extraction or therapeutic experiments.

For the second set of experiments (Cohort B), a truncated human CD19 reporter gene was introduced into GL261-luc2 and CT2A-luc as previously described (22). The purity of hCD19-positive tumor cells was confirmed by flow cytometry following sorting, using isotype controls for comparison. Unless otherwise noted, all cell lines were grown as adherent cultures. Neurospheres were cultured as previously described (23). All cell lines were fingerprinted using their DNA/RNA sequencing data.





Intracranial tumor cell inoculation

Thawed cells were cultured for up to three passages prior to intracranial implantation. 1×105 GL261-luc2 cells or 0.25×105 CT2A-luc cells were suspended in phosphate-buffered saline (PBS) and stereotactically injected into the right striatum of anesthetized, female 7-10 week-old, albino C57BL/6 mice (Jackson Laboratory; Bar Harbor, ME). For GL261-hCD19-luc2 and CT2A-hCD19-luc, 2×105 cells were implanted.





Survival experiments

For checkpoint immunotherapy, all antibodies were injected intraperitoneally as previously described (12, 18). The 332.8H3 mouse anti-mouse PD-1 monoclonal antibody (IgG1; generated in Gordon Freeman’s laboratory; with MOPC21 isotype control [BioXCell, West Lebanon, NH]) and/or CTLA-4 antibody (clone 9D9, BioXCell) were administered as a loading dose (500 μg) on day 6 after tumor implantation, followed by 250 μg injections every 3 days for 7 additional doses. The OX40 antibody (clone OX-86, BioXCell; with rat IgG1 clone HRPN isotype control) was administered as 100 µg weekly, either for 2 doses starting on day 6 for GL261-luc2 or 3 doses starting on day 3 for CT2A-luc. All monoclonal antibodies contained <2 EU/mg endotoxin. Bioluminescent imaging (BLI) was used to identify mice with growing tumor burden for randomization into experimental cohorts, which included 8 mice per experimental arm. Bioluminescence imaging involved subcutaneous injection of D-luciferin and imaging with the IVIS imaging system approximately once each week across experiments, as previously described (18). Mice were euthanized for signs of morbidity or after ≥100 days if healthy appearing.





Bulk whole exome sequencing (WES) and RNA sequencing (RNAseq)

In vitro GL261-luc2 and CT2A-luc cells, and GL261-luc2 and CT2A-luc ex vivo bulk tumors (harvested 22-24 days after implantation) were prepared for DNA and RNA extractions, library preparations, and sequencing that were performed at GENEWIZ (South Plainfield, NJ). For in vitro GL261-luc2 and CT2A-luc cells, and GL261-luc2 and CT2A-luc ex vivo bulk tumors, DNA was extracted using the PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific, Waltham, MA) and the sequencing libraries were prepared using the SureSelectXT Mouse All Exon Kit (Agilent, Santa Clara, CA). Fragmented DNAs were cleaned up, end repaired, and adenylated at the 3’ends. Adapters were ligated to the DNA fragments, which were then enriched with limited cycle PCR. 200 ng adapter-ligated DNA fragments were hybridized with biotinylated RNA baits at 65°C for 24 hours. The hybrid DNAs were captured by streptavidin-coated magnetic beads, extensively washed, and then amplified and indexed with Illumina indexing primers.

Total RNA was extracted using RNeasy Plus Mini kit (Qiagen, Hilden, Germany) and sequencing libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA). mRNAs were enriched with Oligod(T) beads and fragmented for 15 minutes at 94°C. First-strand and second-strand cDNA were synthesized, end repaired, adenylated at 3’ends, and ligated to universal adapters; followed by index addition and library enrichment by PCR with limited cycles.

For GL261-hCD19-luc2 and CT2A-hCD19-luc, tumor cells were first isolated from dissociated ex vivo tumors by bead-based positive magnetic selection for hCD19 (Miltenyi). RNA was isolated using the RNeasy Mini kit. First-strand Illumina-barcoded libraries were generated using the NEB RNA Ultra Directional kit, including 12 cycles of PCR enrichment. Libraries were subsequently sequenced on an Illumina NextSeq500 instrument using paired-end 37 bp reads. The DNA and RNA sequencing libraries were validated on the TapeStation (Agilent Technologies, Palo Alto, CA), multiplexed, and clustered onto flow cells for sequencing using a 2x150 bp Paired End configuration on the Illumina HiSeq. Raw sequence data were converted into fastq files and de-multiplexed using Illumina bcl2fastq 2.17 software. One mis-match was allowed for index sequence identification.





WES and RNAseq analysis

Default settings were used for all WES and bulk RNAseq analysis tools. For all samples, WES data were aligned to the mm10 reference genome using bwaMem (v0.7.15), then deduplicated and recalibrated with the Picard tools MarkDuplicates, BaseRecalibrator, and ApplyBQSR packaged in GATK (v4.1.8.1). SNVs were identified by consensus calling with Mutect2 (packaged in GATK 4.1.8.1) and Strelka2 (v2.9.3). InDels were identified by consensus calling with Mutect2 and Manta (v1.5.0) packaged with Strelka2. Variants were annotated using Ensembl VEP (v102). Contiguous copy ratio segments were identified with CollectReadCounts, DenoiseReadCounts, and ModelSegments packaged in GATK (v4.1.8.1). Recurrent CNVs were subsequently identified from these segmentation files with GISTIC2.0. All calls were tested against a panel of normals comprising three C57BL/6 tail samples. Tumor mutational burden was estimated based on the SureSelectXT Mouse All Exon Kit’s 49.6 MB capture.

Transcript abundances were estimated from RNA sequencing data directly using Salmon (v1.4.0) with the mm10 reference transcriptome. Differential expression analysis was performed using DESeq2 (v1.30.1), including genes with normalized transcript counts >10. Gene set enrichment analysis with the fgsea R package (v1.20.0) was performed across all genes pre-ranked by log10(p-value) * -(sign of the LFC). Additionally, the sequencing data were aligned to the mm10 reference transcriptome with STAR (v2.7.7a) and expression metrics for each gene were computed using RSEM (v1.3.3). Neoantigens were predicted from the aggregated results of the WES and bulk RNAseq analyses using the pVACseq pipeline (pVACtools v2.0.2) and vatools (v4.1.0). MHC I binding predictions were performed using a consensus of NetMHCpan, NetMHC, and PickPocket algorithms. RNA expression between samples was visualized using a heatmap, in which DESeq2 normalization was applied to the matrix of transcript counts, bounded to 1 if normalized value > 1 and to -1 if normalized value < -1, and then scaled to a range of 0 to 1 (by adding 1 to all counts and dividing by 2). Immune cell abundances were estimated from the RNA sequencing of bulk tumors using the murine Microenvironment Cell Population (mMCP) tool, according to default settings (24).





Immunoprecipitation of MHC class I-bound peptides

Peptide-bound MHC and phosphopeptide samples were analyzed as previously described (25). GL261-luc2 and CT2A-luc tumors were flash-frozen 22-24 days after implantation. Following homogenization and clearing by centrifugation, 1.5 mg of lysate per sample was immunoprecipitated overnight at 4°C with 0.1 mg of anti-H2-Kb (clone Y3, BioXCell) and 0.1 mg of anti-H2-Db (clone 28-14-8S; hybridoma from ATCC) bound to 20 μL FastFlow Protein A sepharose beads (GE Healthcare). Beads were washed with TBS and water and then peptide-bound MHCs were eluted with 10% acetic acid. Peptides were separated from antibody and MHC via 10K molecular weight cut-off filters (PALL life sciences), lyophilized, and stored in -80°C before labeling. For multiplexing, lyophilized peptide-bound MHCs were resuspended in 33 μL of labeling buffer (50% ethanol, 150 mM TEAB) and mixed with 40 μg of pre-aliquoted TMTpro 16plex Label Reagent (Thermo Fisher Scientific) resuspended in 10 μL of anhydrous acetonitrile. Labeling reaction occurred on a shaker for 4.5 hours at room temperature and quenched with 0.3% hydroxylamine. Samples were pooled and dried in SpeedVac centrifuge prior to cleaning up with SP3 protocol as previously described (25).





Phosphopeptide enrichment

Tandem mass tag (TMT)-labeled samples were resuspended in IP buffer (1% Nonidet P-40, 100 mM Tris-HCl, pH 7.4) with protein G agarose beads conjugated to 24 μg of 4G10 V312 IgG and 6 μg PT-66 (Sigma) overnight at 4°C. Beads were washed with 100 mM Tris-HCl (pH 7.4), and eluted twice with 0.2% trifluoroacetic acid for 10 minute at room temperature followed by the enrichment of phosphopeptides using High-Select Fe-NTA enrichment kit (Pierce) with modification to the elution step (20 μL of elution buffer into a 1.7 mL microcentrifuge tube). Eluates were dried and resuspended in 10 μL of 3% acetonitrile in 0.1% formic acid for direct loading onto an in-house packed analytical capillary column (50 μm ID x 10 cm x 5 μm C18 beads; YMC gel). Supernatant from pTyr enrichment was used for fractionation as previously described into 10 fractions using high pH reverse‐phase chromatography on a ZORBAX C18 column. One tenth of each fraction was used for global proteomics analysis and the rest subjected to phosphopeptide enrichment using Fe-NTA enrichment kit for global phosphoproteomic analysis (25).





Liquid chromatography tandem mass spectrometry

Peptide-bound MHC samples were analyzed using an Exploris 480 Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled to an Agilent 1260 LC system. TMT-labeled peptides were resuspended in 3% acetonitrile/0.1% formic acid and loaded on a precolumn (100 um ID x 10 cm packed in-house with 10 μm C18 beads; YMC gel) connected in tandem to an in-house packed analytical column (50 μm ID × 15 cm and 1.9 μM C18 beads, ReproSil-Pur). Peptides were eluted using a gradient with 70% acetonitrile in 0.2 M acetic acid at the flow rate of 0.2 mL/min and a pre-column split of 2000:1. Standard mass spectrometry parameters were: spray voltage, 2.0 kV, no sheath or auxiliary gas flow, and heated capillary temperature of 275°C. The Exploris was operated in data dependent acquisition mode with the following MS1 parameters: scan range of 350-1200 m/z; resolution of 60,000; normalized AGC target of 300%; automatic IT; and dynamic exclusion (exclude precursors from selection for 30 seconds once fragmented twice within 20 second). Collection of MS2 spectra was performed under the following parameters: 60,000 resolution; isolation width of 0.4 m/z; maximum injection time (maxIT) of 250 ms; 100% normalized AGC target fragmented by HCD with 33% collision energy; 3 second cycle time; and exclusion of charge state <2 and >4.

Enriched tyrosine phosphopeptides were direct-loaded onto the analytical column as above, and were analyzed using an Exploris 480 Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled to an Agilent 1260 LC system. Fractionated serine and threonine phosphopeptides were loaded onto in-house packed precolumn connected in tandem to an in-house packed analytical column, as described above. Peptides were separated using a 145 min gradient (11% for 10 min, 11-32% for 105 min, 32-60% for 10 min, 60-100% for 10 min, hold for 3 min, 100% to 0% for 7 min) with 70% acetonitrile in 0.2M acetic acid at flow rate of 0.2 mL/min with approximate pre-column split of 2000:1. Exploris was operated in data-dependent acquisition for MS1 scans with 350-2000 m/z scan range, 60,000 resolution, normalized AGC target of 300%, maxIT of 50 ms. For every full scan, MS2 spectra were collected with an isolation width of 0.4 m/z, maxIT of 250 ms, standard AGC target, fragmentation by HCD with 33% collision energy, resolution of 60,000, 3 second cycle time and dynamic exclusion (exclude for 45 sec if precursor occurs twice within 30 sec).





Mass spectrometry data analysis

Mass spectra were analyzed using Proteome Discoverer (v2.5, Thermo Fisher Scientific) and searched using Mascot (v2.4) against the mouse Swiss-Prot database (v2021_03). For peptide-bound MHC, peptides were searched with no enzyme and variable methionine oxidation. Peptide spectrum matches were filtered by an ion score ≥15, length 8-11, search engine rank of 1, and aggregated across unique peptides. GibbsCluster 2.0 was used for motif analysis (26). For phosphoproteomic data, peptide spectrum matches were filtered by an ion score ≥20 for pTyr data and ≥25 for pSer/pThr data and search engine rank of 1. Missing values were converted to 1000 for downstream analysis. Data were processed in R studio (v4.1.0). Volcano plots were plotted with EnhancedVolcano and heatmaps were plotted with ComplexHeatmapR package. Global phosphoproteome data were subjected to PTM Signature Enrichment Analysis (27). KinMap was used for plotting kinases that were differentially phosphorylated (28). Protein expression between samples was visualized using a heatmap, in which Z-score normalization was applied to the matrix of protein MS expression values, bounded to 1 if normalized value > 1 and to -1 if normalized value < -1, and then scaled to a range of 0 to 1 (by adding 1 to all counts and dividing by 2).





Immunohistochemical staining

GL261-hCD19-luc2 and CT2A-hCD19-luc tumor-bearing brains were harvested and fixed in 4% paraformaldehyde for 24 hours, paraffin-embedded, sectioned, and stained using standard hematoxylin & eosin stain and immunohistochemical methods, as previously described (29). Slides were scanned in brightfield on a Zeiss AxioScan.Z1 using a 20x objective. Antibodies are detailed in the Supplemental Antibodies Table.




Immunofluorescent staining

Formalin-fixed paraffin-embedded tissue sections of brains implanted with GL261-luc2 or CT2A-luc tumors were counterstained and immunolabeled using a 1:5000 dilution of Hoechst dye (10 mg/ml stock) in Odyssey Blocking Buffer to which anti-vimentin (AF594-conjugated, clone: D21H3; Cell Signaling #7675S) and anti-Ki67 (AF488-conjugated, clone: D3B5; Cell Signaling #11882S) primary antibodies were added at 1:25 dilutions. Tissue sections were incubated with the resulting counterstain/antibody solution for 1 hour in the dark at room temperature, rinsed in opaque Coplin jars containing fresh 1X PBS for 10 minutes in triplicate, and cover slipped in a 50% v/v glycerol solution diluted in 1X PBS immediately prior to imaging. Image tiles were acquired using a CyteFinder slide-scanning fluorescence microscope (RareCyte Inc.) at 20x magnification with 2x2 binning then stitched, registered, and flatfield-corrected using the MCMICRO image processing pipeline to generate whole-slide mosaic images. Tissue sections were also stained with hematoxylin and eosin for histological evaluation.






Western blot

GL261-luc2 and CT2A-luc cells were seeded at 500,000 cells/well in 6-well plates and cultured for 48 hours with or without 50 ng/mL of recombinant murine IFNγ (#315-05, Peprotech) at 37°C in a humidified incubator with 5% CO2, and then lysed in RIPA buffer (#89900, Thermo Fisher Scientific) containing protease and phosphatase inhibitors (#11836153001, #524624; Sigma-Aldrich). SDS polyacrylamide gel electrophoresis was performed using 10 μg of each lysate boiled for 10 minutes in Laemmli sample buffer. Proteins were transferred onto a PVDF membrane using a wet Trans-Blot transfer system (Bio-Rad Laboratories), blocked with TBS buffer containing 3% milk for 1 hour at room temperature, incubated with primary antibody overnight at 4 °C, washed, and then incubated with rabbit secondary antibody (# NA934, GE Healthcare). Primary and secondary antibody dilutions were prepared with a TBS buffer containing 0.1% Tween20 and 3% milk. Staining was detected using Supersignal West Pico or Femto Chemiluminescent Substrate (Thermo Fisher Scientific) and Biorad ChemiDoc MP imaging system. Antibodies are detailed in the Supplemental Antibodies Table. Band densities were normalized to the sample’s corresponding B-actin band signal, averaged across experimental replicates, and compared between experimental conditions using AzureSpot Pro 1.4.





Secreted protein and MHC expression analysis

GL261-luc2 and CT2A-luc were seeded at 1×106 cells/well in 6-well plates with their respective media conditions, and treated with either none or 50 ng/mL of recombinant murine IFN-γ (BioLegend #575304) at 37°C in triplicate. The manufacturer-reported specific activity of the IFN-γ was 1-4×106 units/mg. After 24 hours, the conditioned media were aspirated and frozen for storage. Wells were rinsed with PBS and the cells were detached by incubation with 0.5 mM EDTA in PBS. Cells were suspended in media, pelleted, and washed with media. Cells were then stained for 15 minutes with the Zombie Aqua Fixable Viability Kit (BioLegend) for live/dead discrimination. Samples were then washed, blocked with anti-mouse CD16/32 for 10 minutes and stained with fluorophore-conjugated antibodies (either H2-Kb with I-A/I-E, or H2-Db alone) or respective isotype controls for 20 minutes on ice. PBS with 2% fetal bovine serum was used for antibody staining and washing. All antibodies were used at 1:100 dilution and detailed in the Supplemental Antibodies Table. Concurrently, splenocytes from a naïve mouse were dissociated, lysed with ACK buffer, and used as additional positive controls. Samples were washed and analyzed with a BD LSR Fortessa. Data were collected using FACSDiva (BD Biosciences) and then compensated and analyzed using FlowJo (v10, BD Biosciences).

For assessment of cytokine and chemokine signatures, the conditioned media were thawed, centrifuged at 3000 x g for 5 min to remove debris, and processed using the LEGENDplex bead-based immunoassay with cytokine and chemokine analyte panels (BioLegend #740446 Mouse Inflammation Panel and #740451 Mouse Proinflammatory Chemokine Panel) following the manufacturer’s instructions. Samples were acquired with FACSymphony A3 cell analyzer (BD Biosciences) and analyzed using the LEGENDplex Data Analysis Software Suite.





Comparison of RNA sequencing from murine tumor and human tumor samples

Scaled TPM matrices across TCGA human cancer cohorts were obtained from the Broad GDAC Firehose (Firehose 2016_01_28 run) and multiplied by 1,000,000 to generate standard TPM values. The TPM matrices were previously created by aggregating RSEM gene-level outputs generated from bulk RNAseq data. Because the original read counts were unavailable, the TPM values were rounded to the nearest integers in order to simulate count data for use with DESeq2 (30). Using the same method, TPM matrices were generated from the GL261 and CT2A bulk RNAseq data. For comparability between human and mouse data, the orthologous genes shared by both species were identified from Ensembl Project’s “Multiple Species Comparison” function (Ensembl 102) and analyzed. Principal component analysis (PCA) and differential expression using DESeq2 were performed using default parameters. The top 500 differentially expressed genes (FDR-adjusted p < 0.05) were excluded from the PCA analysis to minimize species-specific differences and batch effects. As a metric for the overall transcriptomic similarity of the mouse models to each of the human cancers, the Euclidean distances in PCA-space were computed from the center of the mouse cohorts to the center of each human cohort. To visualize individual sample-to-sample differences and orthogonally confirm PCA clustering, clustered heatmaps were generated with the pheatmap package (v1.0.12) in R 4.1.1 (31). Representative histological images of human tumors were acquired from the Cancer Digital Slide Archive in cBioPortal (32, 33).





Statistical analysis

Overall survival was measured from tumor implantation, estimated using Kaplan-Meier techniques and analyzed using logrank test with Bonferroni correction. Continuous variables were assessed using one-way ANOVA with the Holm-Šídák method to adjust for multiple comparisons. False discovery rates were calculated using Benjamini-Hochberg method. Analyses were performed with R, GraphPad Prism (v9.3.1), and Stata (v17.1).






Results




GL261-luc2 and CT2A-luc exhibit distinct biologic behavior, histology, and transcriptional profiles

To identify the intrinsic mechanisms of immunotherapy response and resistance in the GL261 and CT2A murine models, respectively, we systematically compared their proteogenomic profiles. Unless otherwise specified, all experiments were conducted on ex vivo tumor samples. The tumor lines were transduced with firefly luciferase to permit the tracking of intracranial tumor growth in vivo (Cohort A, Figure 1A). We further extended our analysis of tumor cell-specific attributes through the evaluation of a second set of experiments, in which the immunologically inert human CD19 was ectopically expressed in the GL261-luc2 and CT2A-luc lines to provide a tumor-specific marker that facilitated cell sorting and characterization of the tumor cells (Cohort B, Figure 1A).




Figure 1 | GL261-luc2 and CT2A-luc exhibit distinct biologic behaviors, histologies, and transcriptional profiles. (A) Schematic of the experimental analyses. Cohort A consisted of in vitro and bulk ex vivo samples of GL261-luc2 and CT2A-luc. Cohort B consisted of GL261-hCD19-luc2 and CT2A-hCD19-luc, in which human CD19 expression permitted the ex vivo sorting of hCD19-positive tumor cells. WES, whole exome sequencing; WB, Western Blot; Flow, flow cytometry; IHC, immunohistochemistry. (B) Kaplan-Meier overall survival curves associated with checkpoint immunotherapy in intracranial GL261-luc2 (left) and CT2A-luc (right) tumor-bearing mice. Top: anti-PD-1 and/or anti-CTLA-4 treatment experiments. Bottom: anti-PD-1 and/or anti-OX40 treatment experiments. (n=8-16 mice per experimental arm). One mouse in the single-agent anti-PD-1 GL261-luc2 group from the anti-CTLA-4 experiment was excluded due to tumor-unrelated death (day 9) prior to completing treatment. Adjusted p values are displayed from pairwise logrank tests, using Bonferroni correction for the 5 comparisons in each experiment. A two-sided adjusted p<0.05 for each experiment was considered significant. Checkpoint immunotherapy and IgG control dosing are detailed in the Methods. (C) Representative hematoxylin & eosin histological (top) and immunofluorescent (bottom) staining of ex vivo GL261-luc2 and CT2A-luc tumors. Scale bars = 50 µm. (D) Left: Volcano plot displaying the genes that were differentially expressed in ex vivo CT2A-luc bulk tumors, as compared to GL261-luc2 (n=4 mice each). Right: Volcano plot displaying the genes that were differentially expressed in ex vivo CT2A-hCD19-luc sorted tumor cells, as compared to GL261-hCD19-luc2 (n=3-5 mice each). Cutoffs included |log2FoldChange| >1 and Benjamini-Hochberg FDR-adjusted p<0.05. (E) Volcano plot displaying the proteins that were differentially expressed in ex vivo CT2A-luc bulk tumors, as compared to GL261-luc2 (n=3 mice each). Cutoffs included |log2FoldChange| >1 and Benjamini-Hochberg FDR-adjusted p<0.05. (F) Representative immunohistochemical staining of collagen III, collagen I, hyaluronan-binding protein (HABP), vascular endothelial growth factor (VEGF), and carbonic anhydrase IX (CAIX) in ex vivo GL261-hCD19-luc2 (top) and CT2A-hCD19-luc (bottom) tumors. Scale bar = 100 µm.



As expected, we confirmed the sensitivity of GL261-luc to single-agent anti-PD-1 and single-agent anti-OX40, as well as enhanced benefit for anti-PD-1 plus anti-CTLA-4 or anti-OX40 combinatorial therapy in Cohort A mice (all padjusted ≤ 0.01 compared to IgG control; Figure 1B). In contrast, CT2A-luc demonstrated relative resistance with minimal benefit to single-agent immune checkpoint therapy (all padjusted ≥ 0.12 compared to IgG controls) and improved survival was only seen with anti-PD-1 plus anti-CTLA-4 therapy (padjusted < 0.001 compared to IgG control). The corresponding tumor growth plots are displayed in Supplementary Figure 1.

GL261-luc2 tumors were histopathologically characterized by polymorphic, poorly-differentiated cells with marked pleomorphism and sporadic giant cell features (Figure 1C, Supplementary Figure 2A). By contrast, CT2A-luc tumors displayed a spindled cellular morphology and fascicular architecture that were consistent with mesenchymal differentiation. Although both models had occasional foci of necrosis, neither displayed the diffuse infiltrative patterns or microvascular proliferation that are diagnostic for huGBM. Furthermore, glial fibrillary acidic protein (GFAP) – an intermediate filament expressed by astrocytic lineages, including a majority of huGBM – was only focally expressed in both tumor models (Supplementary Figure 2B).

We investigated the transcriptional differences between CT2A-luc and GL261-luc2 ex vivo tumors in Cohorts A and B and found that many genes were differentially expressed between the models (Cohort A: 24.9% of detected genes, Cohort B: 46.4% of detected genes; FDR-adjusted p<0.05; Figure 1D; Supplementary Figure 3A; Supplementary Tables 1, 2). Among these genes, gene sets associated with epithelial-to-mesenchymal transformation (EMT), angiogenesis, and WNT signaling were notably enriched in CT2A tumors in both Cohorts, whereas interferon γ and α response pathways were enriched in GL261 tumors (FDR-adjusted p<0.1) – findings which were also reflected at the protein expression level (Figure 1E; Supplementary Tables 3, 4). Because previous studies suggested that cell lines grown as neurospheres might better model huGBM (13, 23, 34), we also evaluated neurosphere-derived tumors and again found enrichment of EMT and WNT signaling gene sets in CT2A-hCD19-luc and inflammatory response-related gene sets enriched in GL261-hCD19-luc (Supplementary Figure 3B). EMT-related signaling pathways (e.g., TGF-β) were also enriched in CT2A-luc tumors. Because EMT is associated with marked remodeling of the extracellular matrix, we examined the extracellular matrix of ex vivo tumors using immunohistochemistry and qualitatively observed elevated deposition of collagen III and collagen I in the microenvironment of CT2A-luc tumors (Figure 1F; Supplementary Figures 2C–E). Additionally, gene sets associated with hypoxia were also enriched in the CT2A-luc tumors, which corresponded with a focally increased expression of carbonic anhydrase IX by immunohistochemistry (Figure 1F; Supplementary Figures 2F, G).





Genomic profiles of GL261-luc2 and CT2A-luc

To investigate the potential genetic correlates to the histologic and transcriptional profiles that were observed in CT2A-luc, we performed whole-exome sequencing (WES) of both lines. Both models exhibited the canonical C>A/G>T transversion signature and CAG>CTG peak profile associated with a methylcholanthrene-induced etiology, which most closely resembles smoking carcinogen-related COSMIC Signature 4 in humans (35). GL261-luc2 also exhibited more C>T and A>G variants than CT2A-luc (Figure 2A) (36). Although CT2A-luc had less than half of the tumor mutational burden of GL261-luc2, both models were markedly hypermutated (approximately 79 and 176 mutations/MB, respectively), and both exhibited a predominance of missense single nucleotide variants and limited insertion/deletion burden (Figure 2B). Similar WES results were observed in non-luciferized GL261 and CT2A lines (data not shown). Excluding somatic variants with subclonal variant allele frequencies (VAF) <20%, among the 2,803 genes with variants in GL261-luc2 and 2,381 in CT2A-luc, 571 (12.4%) of altered genes were shared between the lines, but none of these involved known cancer drivers (Figures 2C, D; Supplementary Table 5). The copy number profiles of the models were clearly distinct. GL261-luc2 exhibited multiple whole chromosomal gains (e.g., chromosomes 5, 10, 11, 15) and losses (e.g., chromosomes 8, 12, 14,16) – among other segmental alterations – whereas CT2A-luc exhibited losses of chromosomal segments involving 4qC4, 7qA1, 10qD2-10qD3, and 18qE4 (all FDR-adjusted p<0.05; Figure 2E; Supplementary Table 6). In CT2A-luc, the 4qC4 loss included single-copy loss of Cdkn2a/b. GL261-luc2 distinctly harbored a Kras p.G12C clonal mutation whereas CT2A-luc had an Nras p.Q61L clonal mutation (Supplementary Figure 3C). Nf1 and Trp53 alterations were present in both models, but neither model exhibited Idh1/2, Atrx, Braf, H3f3a mutations nor copy number alterations of Pten, Egfr, Nf1, or Rb1, all of which are commonly associated with huGBM and astrocytoma.




Figure 2 | Genomic profiles of GL261-luc2 and CT2A-luc. (A) Lego plots visualizing the patterns of all types of transversion and transition mutations detected in whole exome sequencing of in vitro GL261-luc2 and CT2A-luc cells. Both models exhibited the C>A/G>T and CAG>CTG/GTC>GAC mutations that have been associated with a methylcholanthrene-induced etiology. GL261-luc2 additionally showed high levels of A>G/T>C and C>T/G>A transitions. (B) Frequency of small somatic sequence variants (i.e., single nucleotide variants and small insertions/deletions [InDel]) by mutation type from whole exome sequencing of in vitro GL261-luc2 and CT2A-luc cells, with corresponding estimated tumor mutational burden (TMB). (C) Frequency of variants by variant allele fraction (VAF) from whole exome sequencing of in vitro GL261-luc2 and CT2A-luc cells. GL261-luc2 demonstrated an increased frequency of variants at 100% VAF (i.e., likely homozygous). (D) Pie chart depicting the overlap of genes that have sequence variants (VAF ≥ 20%) between in vitro GL261-luc2 and CT2A-luc cells. (E) Copy number analysis of in vitro GL261-luc2 (n=5) and CT2A-luc (n=2) samples displaying somatic chromosomal segments that were significantly gained (red) or lost (blue) as compared to diploid reference (GISTIC2.0 FDR-adjusted p<0.05).







Multifactorial defects in antigen processing and presentation machinery in CT2A-luc

The availability of high-quality MHC class I neoantigen candidates did not appear to differ between the two lines, as they both demonstrated similar proportions of highly-expressed strong predicted HLA class I binders (Figure 3A). On the other hand, CT2A-luc uniquely contained multiple mutations in antigen presentation machinery genes that were computationally predicted to have deleterious biologic effects, including a clonal p.A275P missense mutation in Psmb8 (a subunit of the immunoproteasome, which degrades proteins into peptides for loading onto MHC class I) and a clonal p.Y488C missense mutation in Tap1 (which transports peptides into the endoplasmic reticulum for loading onto MHC class I) (Figure 3B). Based on these results and the critical role that MHC molecules play in mediating immune responses, we next experimentally examined the expression of antigen processing and presentation machinery components in CT2A-luc.




Figure 3 | Multifactorial defects in antigen processing and presentation machinery in CT2A-luc. (A) Scatter plot displaying the predicted MHC class I binding strength (binding percentile rank) by variant-specific RNA expression (RNA variant allele frequencies [VAF] x TPM of gene’s expression) for each variant detected in the whole exome sequencing of GL261-luc2 (left) and CT2A-luc (right) tumors, colored by which MHC class I allele(s) the variant was predicted to bind. Axes are in log10 scale. Variant-specific expression was dichotomized into high and low using a cutoff of 3 TPM. MHC class I binding strength was categorized as strong (percentile rank < 0.5), weak (0.5 ≤ percentile rank < 2.0), or none (percentile rank ≥ 2.0). The corresponding percent of total variants found in each cell is displayed. TPM = transcripts per million. (B) Top: The VAF of antigen presentation machinery gene mutations detected in the whole exome sequencing of in vitro CT2A-luc and RNA sequencing of CT2A-luc tumors. Bottom: The predicted 3-D structure of Tap1 (Y488 residue highlighted) and Psmb8 (A275 residue highlighted) from AlphaFold. (C) Heatmap depicting the differential RNA expression of antigen processing and presentation machinery genes in ex vivo sorted GL261-hCD19-luc2 (n=5 mice) and CT2A-hCD19-luc (n=3 mice) tumor cells, with the corresponding FDR-adjusted p value. Expression values were row normalized, Z-scored, bounded, and scaled. Red = FDR-adjusted p value<0.05. (D) Western blot displaying the antigen presentation and processing machinery protein expression in in vitro GL261-luc2 and CT2A-luc cell lines, with or without 50 ng/mL IFN-γ stimulation. β-actin was evaluated as a loading control. Displaying one representative of two replicate experiments (replicates shown in Supplementary File). Corresponding band densitometry quantification is shown in Supplementary Figure 4B. (E) Heatmap depicting the differential protein expression of antigen processing and presentation machinery genes in ex vivo bulk GL261-luc2 and CT2A-luc tumors (n=3 mice each), with the corresponding FDR-adjusted p value. Expression values were row normalized, Z-scored, bounded, and scaled. Red = FDR-adjusted p value<0.05. (F) Top: MHC class I surface expression median fluorescence intensity (MFI) detected by flow cytometric analysis on in vitro GL261-luc2 and CT2A-luc cells that were either stimulated with 50 ng/mL IFN-γ or unstimulated for 24 hours, compared to isotype controls. Expression was analyzed using one-way ANOVA, with two-sided pairwise p values adjusted for multiple testing using the Holm-Šídák method. The experiment was conducted in triplicate, bars = mean ± standard error. Bottom: Representative histograms of MHC expression. (G) Top: Volcano plot displaying the differential presentation of peptides between ex vivo GL261-luc2 and CT2A-luc bulk tumors (n=3 mice each), colored by MHC class I allele. Bottom: the proportions of presented peptides that were significantly decreased (blue) or increased (red) in ex vivo CT2A-luc bulk tumors as compared to GL261-luc2.



Although RNA sequencing of ex vivo bulk tumor and sorted tumor cells showed similar expression of the MHC class I α (H2-D1 and H2-K1) and β (B2m) chains between CT2A-luc and GL261-luc2, CT2A-luc displayed lower expression of genes associated with the immunoproteasome complex (Psmb8, Psmb9) and peptide transporter/loading complex (Tap1, Tap2, Tapbp) (differential expression analysis, all FDR-adjusted p<0.05; Figure 3C; Supplementary Figure 4A). Both GL261-luc2 and CT2A-luc lines exhibited minimal basal levels of antigen presentation and processing machinery protein expression by Western blot analyses of in vitro cultured cells (Figure 3D; Supplementary Figure 4B). Proteomic analysis of ex vivo bulk tumors further confirmed that Tap1, Tap2, Tapbp, and Psmb8 protein expression was reduced in CT2A-luc tumors (all FDR-adjusted p<0.05, Figure 3E; Supplementary Table 7).

Deficiency in the peptide loading complex may limit the peptides available for binding to MHC class I, and accordingly, the successful assembly of MHC class I molecules for surface expression (37). Indeed, flow cytometric analysis confirmed considerably less MHC class I (H2-Db) surface expression on CT2A-luc in vitro (padjusted=0.006; Figure 3F) compared to GL261-luc2. Without IFN-γ stimulation, GL261-luc2 cells displayed surface expression of H2-Db (padjusted = 0.008 compared to isotype control), but not H2-Kb (padjusted > 0.99 compared to isotype control); whereas neither H2-Db nor H2-Kb cell surface expression were detected on CT2A-luc cells at baseline (both padjusted ≥ 0.94 compared to isotype control; Figure 3F). Furthermore, of 644 MHC class I-bound peptides immunoprecipitated from ex vivo tumors, 64 (9.9%) peptides were more likely to be presented by GL261-luc2, whereas 16 (2.5%) peptides were more likely to be presented by CT2A-luc – although this analysis was complicated by the presence of infiltrating non-neoplastic cells with MHC expression (Figure 3G; Supplementary Figure 4C, Supplementary Table 8). Beyond MHC class I, both cell lines had low expression of β2m and minimal expression of MHC class II in vitro (all padjusted>0.05 compared to isotype control; Supplementary Figures 4D, E), with CT2A-luc exhibiting minimal MHC class II expression (padjusted = 0.04). Taken together, these data suggest a marked, multi-factorial defect in antigen presentation by CT2A-luc tumors; whereas GL261-luc2 tumors exhibited intact antigen presentation machinery.





CT2A-luc is deficient in interferon response and signaling

Although multiple pathways were enriched in CT2A-luc tumors, only two gene sets were consistently downregulated in CT2A-luc in both Cohorts: interferon (IFN)-α and IFN-γ response via both RNA and protein expression analyses (Figure 4A). To determine if there was a genomic basis for this altered circuitry, we evaluated the multiple arm-level chromosomal copy number alterations that were detected in each cell line through analysis of WES data. CT2A-luc uniquely exhibited a single-copy loss of a chromosomal segment involving 4qC4 (FDR-adjusted p=0.04), which encompassed multiple type I IFN genes, as well as a single-copy loss of 10qD2-10qD3 (FDR-adjusted p=0.04), which contained Stat2, Stat6, and Ifng (Figures 2E; 4B, Supplementary Table 6).




Figure 4 | CT2A-luc is deficient in interferon response and signaling. (A) Gene set enrichment plots derived from the differential expression analyses in Figure 1E, displaying hallmark interferon response gene sets that were significantly depleted in CT2A-luc as compared to GL261-luc2, for ex vivo bulk tumors (left) and sorted hCD19+ tumor cells (right). n=3-5 mice each. (B) Chromosomal ideograms with GENCODE VM23 tracks for the chromosomal segments involving 4qC4 (top) and 10qD2-10qD3 (bottom) that were lost in CT2A-luc tumors, from the UCSC Genome Browser (http://genome.ucsc.edu). Select genes are highlighted. (C) Volcano plot displaying differential phosphorylation of tyrosine residues between ex vivo GL261-luc2 and CT2A-luc bulk tumors (n=856 total phosphotyrosine [pTyr] peptides). Cutoffs included |log2FoldChange| > log2(1.5) and Benjamini-Hochberg FDR-adjusted p<0.05. n=3 mice each. (D) Post-translational modification Signature Enrichment Analysis (PTM-SEA) of the differentially expressed phosphoserine and phosphothreonine peptides between ex vivo GL261-luc2 and CT2A-luc bulk tumors. FDR-adjusted p<0.05. n=3 mice each.



Consistent with our observation of down-regulated IFN response pathways in CT2A-luc, phosphoproteomic analysis revealed decreased phosphorylation of several members of the JAK/STAT pathway in ex vivo CT2A-luc tumors, including Ptpn11 (i.e., Shp2), Il13ra1, and Stat3 – together suggesting reduced JAK/STAT signaling (Figure 4C; Supplementary Figure 5A, Supplementary Table 9). CT2A-luc tumors were further distinguished by phosphorylation of the Pik3 regulatory subunit 1 (Pik3r1) and enrichment of downstream mTOR signaling, consistent with a parallel activation of the Pi3k/Akt/mTOR pathway (Figures 4C, D; Supplementary Table 10). CT2A-luc also displayed elevated phosphorylation of cell cycle (Cdk1) and decreased phosphorylation of Prkca pathways, which are involved in diverse cellular signaling pathways (Figure 4D; Supplementary Figures 5B, C).

During immune responses, IFN-γ strongly upregulates the antigen processing and presentation components in cells (38) – which we hypothesized might be impaired in CT2A-luc. IFN-γ treatment boosted the expression of antigen processing and presentation proteins (e.g., Tap1, Tapbp, Psmb9, β2m) in both cell lines in vitro, although notably to a lesser degree in CT2A-luc (Figure 3D; Supplementary Figure 4B). However, MHC class I surface expression was strongly upregulated by IFN-γ treatment in both lines (all padjusted ≤ 0.001; Figure 3F; Supplementary Figure 4D), potentially suggesting that the Tap1 mutational defect and impaired antigen presentation machinery in CT2A could be – at least partially – overcome by exposure to exogenous IFN-γ. Analysis of the RNA sequencing data revealed that ex vivo purified CT2A-hCD19-luc tumors retained IFN-γ receptor expression (Ifngr1 log2FoldChange 0.39, FDR-adjusted p=0.02; Ifngr2 log2FoldChange 1.41, FDR-adjusted p = 5.38E-10) compared to GL261-hCD19-luc2 tumors (Supplementary Table 2).





Secreted immunomodulatory proteins distinguish GL261-luc2 and CT2A-luc

To assess how GL261-luc2 and CT2A-luc interact with the immune microenvironment, we profiled their secretion of 12 cytokines and 13 chemokines that are known to have important immunomodulatory roles. Unstimulated GL261-luc2 secreted the pro-inflammatory IL-6 and IFN-β cytokines, which were further increased following IFN-γ stimulation (Figure 5A). By contrast, unstimulated CT2A-luc only minimally secreted IL-6 and IFN-β; and these were unchanged upon IFN-γ stimulation, again suggesting impaired response to IFN-γ in CT2A-luc. Both lines lacked detectable IFN-γ, IL-17A, and GM-CSF secretion, and showed limited secretion of IL-10, IL-1β, and TNF-α (Supplementary Figures 6A, B). CT2A-luc demonstrated substantial baseline secretion of the CCL-2, CCL-5, and CCL-22 chemokines, all of which are known to play important roles as myeloid chemoattractants (Figure 5B), in marked contrast to GL261-luc2. Analysis of the ex vivo RNA sequencing data from Cohort A tumors also found increased Ccl22 chemokine expression among CT2A-luc tumors (Supplementary Figure 6C).




Figure 5 | The secreted immunomodulatory protein profiles and relationship to human cancers of GL261-luc2 and CT2A-luc models. (A, B) Secreted (A) cytokines (IFN-γ, IFN-β, IL-6, TNF-α) and (B) chemokines (CCL2, CCL22, CCL5, CXCL9) were profiled from the conditioned media of the in vitro GL261-luc2 and CT2A-luc cultures from the Figure 3F experiment, which had been cultured for 24 hours without (blue) or with (red) IFN-γ (50 ng/mL). The experiment was conducted in triplicate, with secreted peptide concentrations graphed as mean ± standard error and compared using one-way ANOVA. The assay’s limit of detection (LoD; grey dashed line) was displayed and analyzed for samples whose values were above the LoD. For assessment of IFN-γ secretion, the IFNγ-stimulated samples still contained the experimentally administered IFN-γ. P values were adjusted for multiple testing using the Holm-Šídák method. The cell lines were also evaluated for IL-23, IL-10, GM-CSF, IL-17A, IL-1α, IL-1β, IL-12p70, IL-27, CCL3, CCL4, CXCL10, CCL20, CXCL1, CCL11, CCL17, CXCL5, and CXCL13; displayed in Supplementary Figure 6. (C) Unsupervised principal component analysis of whole transcriptome expression of the ex vivo bulk (Cohort A) and ex vivo tumor sorted (Cohort B) GL261-luc2 and CT2A-luc samples alongside RNA sequencing of all human cancer samples from TCGA. The 500 genes that were most differentially expressed between mouse and human tumor samples were excluded to help minimize species-level effects. Inset = higher magnification. OncoTree cancer type definitions were detailed previously (39). Supplementary Figure 7A shows the corresponding unsupervised principal component analysis without the exclusion of the 500 genes that were most differentially expressed between mouse and human tumor samples.



Additionally, whereas the chemokines CCL4 (a natural killer cell and monocyte chemoattractant), CXCL10 (a broad immune cell population chemoattractant), CXCL9 (activated T cell chemoattractant), and CXCL1 (neutrophil chemoattractant) were secreted at low-to-negligible baseline levels in both models, their secretion was increased following IFN-γ treatment in GL261-luc2 (all padjusted < 0.05; Figure 5B; Supplementary Figure 6B). Neither line had detectable secretion of CCL3, CCL11, CCL17, CXCL5, or CXCL13 chemokines, including after IFN-γ stimulation (Supplementary Figure 6B). Chemokine gradients strongly influence the immune cell composition of the TME and prior studies have identified a myeloid cell predominance in CT2A tumors (17, 40). The murine Microenvironment Cell Population (mMCP) tool (24) was used to estimate the immune cell abundances from the RNA sequencing data from Cohort A ex vivo bulk tumors, and found a greater proportion of monocytes in CT2A-luc tumors as compared to GL261-luc2 tumors (log2FoldChange 1.03, p=0.03; Supplementary Table 11). In addition to secreted immunomodulatory proteins, RNA sequencing analysis of the ex vivo purified tumors showed that CT2A-hCD19-luc expressed less Cd274 (i.e. PD-L1; log2FoldChange -2.27, FDR-adjusted p = 5.44E-13), but not Pdcd1lg2 (i.e. PD-L2; log2FoldChange -0.48, FDR-adjusted p = 0.46) than GL261-hCD19-luc2 (Supplementary Table 2).





The relationship of GL261-luc2 and CT2A-luc models to human cancer contexts

To investigate to what extent these murine tumor lines might transcriptionally model huGBM, we performed unsupervised principal component analysis that included huGBM (166 samples) as well as all other cancer types available in TCGA. We thereby attempted to assess the expression of all genes shared by both human and mouse transcriptomes (n=15,457 genes) (Figure 5C). The top 500 differentially expressed genes between mouse tumors and human tumors were excluded from the analysis to help account for species-specific transcriptional bias (as well as without exclusion in Supplementary Figure 7A). Both GL261-luc2 and CT2A-luc ex vivo samples occupied the transcriptional space between human gliomas (including glioblastoma and low-grade glioma) and other human cancer types (including cutaneous melanomas and sarcomas) in the first principal component of principal component analysis.

We assessed whether CT2A-luc may model a distinct human cancer context as compared to GL261-luc2 by evaluating the murine tumors against human cancers that commonly exhibit similar features to those that we observed in our GL261-luc2 and CT2A-luc characterizations, including RAS driver mutations (e.g., pancreatic adenocarcinoma and colorectal adenocarcinoma), carcinogen-induced mutation signatures (lung adenocarcinoma), and mesenchymal differentiation (renal cell carcinoma) – in addition to huGBM. Because CT2A-luc was characterized by notable dysregulation of epithelial-mesenchymal transition, angiogenesis, WNT signaling, and IFN-α/γ response hallmark gene sets, we repeated the unsupervised hierarchical clustering analyses using only the member genes of those hallmark gene sets (Supplementary Tables 12, 13; Supplementary Figures 7B–D). From this analysis, all CT2A-luc samples clustered together and were more similar to seven (of 166) huGBM and two (of 534) kidney renal cell carcinoma samples, rather than to GL261-luc2. Review of the pathology reports and histological images from TCGA database for these huGBMs revealed that all indeed displayed mesenchymal differentiation (e.g., gliosarcomatous or spindle cell morphology) (Supplementary Figure 7B). Additionally, six of these seven huGBMs that had been previously analyzed by TCGA consortium have been classified into the mesenchymal subtype of huGBM. Comparison of the transcriptional profiles of these seven huGBMs to those of the 159 unrelated samples notably revealed downregulation of TAP1 (LFC=-0.84, FDR-adjusted p=0.008; Supplementary Table 14). Similar to the seven huGBM samples, the pathology reports for both neighboring kidney cancer samples revealed a diagnosis of clear cell renal cell carcinoma with sarcomatoid features (i.e., mesenchymal differentiation).






Discussion

Our genetic and histologic characterization of GL261-luc2 and CT2A-luc tumors revealed limited shared essential features with huGBM. Neither GL261-luc2 nor CT2A-luc models exhibited the diffusely infiltrative growth that is a defining hallmark of human diffuse gliomas including IDH-wildtype glioblastoma. Additionally, microvascular proliferation, Tert promoter mutations, Egfr amplification, or Pten loss (analogous to monosomy 10 in humans) – which are included as essential diagnostic criteria for WHO CNS grade 4 IDH-wildtype glioblastoma – were not observed in either model. Likewise, from the genetic perspective, while both models contained clonal hotspot mutations in RAS genes (Kras p.G12C in GL261-luc2 and Nras p.Q61L in CT2A-luc), which are important oncogenic drivers across multiple human cancers, such mutations have only been identified in <1% of huGBM tumors in TCGA. CT2A-luc did exhibit single-copy loss of Cdkn2a/b, although up to 40-50% of huGBMs have homozygous loss (41). These murine models demonstrated marked hypermutation, whereas most newly diagnosed and recurrent huGBMs demonstrate a modest tumor mutational burden (<10 mutations/MB) (42). Although huGBM patients with de novo hypermutation (i.e., as a result of germline DNA mismatch repair or POL-E deficiencies) arise occasionally and have been observed to respond to ICB, the more frequent condition of temozolomide-induced acquired hypermutation (noted in approximately 20% of recurrent huGBMs) has not been associated with a favorable response (42, 43).

To overcome the limitations of carcinogen-induced huGBM models, a diverse array of genetically engineered immunocompetent mouse models have been developed in recent years which more accurately recapitulate the molecular, histopathologic, and therapeutic features of huGBM – which have been reviewed elsewhere (13). However, the ability of such models to fully reflect the complex immunosuppressive TME and behavior of huGBM remains unclear. In this context, we found that the transcriptional profiles of GL261-luc2 and CT2A-luc tumors appear to more closely resembled human gliomas than other cancer types in TCGA – although the comparison of interspecies RNA sequencing data is beset by multiple limitations. Across our transcriptional and proteomic analyses, CT2A-luc was distinguished from GL261-luc2 by its mesenchymal differentiation and by its marked deficits in interferon response and antigen presentation pathways. In humans, several cancer types can manifest epithelial-mesenchymal transformation de novo or in response to treatment, including a subset of human IDH-wildtype glioblastomas that exhibit a mesenchymal histological subtype (i.e., gliosarcoma) and/or transcriptional profile and have been associated with worse survival (44, 45). In a large longitudinal analysis of gliomas (including 168 patients with RNA sequencing data for at least 2 timepoints), 38% and 45% of IDH-wild type diffuse gliomas displayed a mesenchymal cell state at initial and recurrent timepoints, respectively (45). We observed that multiple mesenchymal huGBMs from TCGA clustered more closely to CT2A-luc tumors than to other huGBMs, including a recurrent tumor that had acquired a mesenchymal cell state whereas its corresponding non-mesenchymal primary tumor clustered separately from CT2A-luc.

Mesenchymal huGBMs are also characterized by dense myeloid cell infiltrates, which have been well-described in the tumor microenvironment of CT2A (17, 40, 45, 46). For instance, using flow cytometric analysis, Liu et al. showed that tumor-associated macrophages comprise a substantially greater proportion (approximately 5-6x) of tumor-infiltrating CD45+ immune cells in CT2A tumors than GL261 tumors. Additionally, mass cytometry by time of flight (CyTOF) analyses by Khalsa et al. suggested that the CT2A TME features a greater proportion of resident macrophages (CD11b+ F4/80+ CD64+ Ly6C−) and infiltrating macrophages (CD11b+ F4/80+ CD64+ Ly6C+) than GL261. Single-cell RNA sequencing of TILs by Khan et al. found that GL261 is enriched with progenitor exhausted CD8+ T cells, whereas CT2A was enriched with terminally exhausted CD8+ T cells and regulatory CD4+ T cells (47). Although the tumors’ immune cell composition was not an aim of our study, analysis of our bulk tumors’ RNA profiles also identified a higher estimated proportion of monocytes in CT2A-luc than GL261-luc2. Consistent with these findings, we observed that CT2A-luc secreted multiple chemokines involved in myeloid cell and regulatory T cell chemoattraction in the huGBM tumor microenvironment (e.g., CCL-2 and CCL-22) (48, 49). In the tumor microenvironment of human gliomas, CCL2 has been shown to recruit both CCR4+ Treg and CCR2+ Ly6C+ monocytic myeloid-derived suppressive cells (48). Additionally, CCL22 has been shown to recruit differentiated Tregs into the glioblastoma TME (49).

The role of mesenchymal differentiation and response to immunotherapy is unclear in huGBM, with prior analyses of bulk RNA sequencing data identifying an association between the mesenchymal RNA subtype of huGBM and expression of both immune suppressive and proinflammatory gene signatures (50). However, when we compared the transcriptional profiles of CT2A-luc to human cancer samples, we identified a subset of mesenchymal huGBMs that indeed displayed a similar loss of antigen presentation and processing machinery – suggesting that mesenchymal glioblastomas may comprise a more complex spectrum of cell states with regards to immunotherapeutic resistance.

Whereas GL261 is sensitive to various immunotherapeutic modalities, CT2A is broadly resistant to single-agent immunotherapies aimed at T cell responses – including immune checkpoint inhibitors, vaccine therapy, and oncolytic virotherapy – which can be explained by our findings of deficits in antigen presentation machinery and interferon response in CT2A-luc (12, 17–21). The immunotherapeutic resistance of CT2A persists even with the ectopic expression of luciferase, which has been shown to confer increased immunogenicity to cell lines (51). Accordingly, ectopic expression of luciferase is a notable limitation of these models. Luciferase expression with bioluminescent imaging was used herein to ensure consistent tumor engraftment and sizes for all therapeutic and ex vivo experiments, and thereby avoid bias in our analyses due to differences in tumor engraftment or growth. An analysis of the tumor-immune microenvironment of GL261 tumors versus GL261-luc2 tumors found no significant differences in the presence of infiltrating immune cell populations (52).

Defects in antigen presentation machinery have been well-described across a spectrum of human cancer types – including mutations in TAP1 and PSMB8 like the ones we observed in CT2A-luc (53). Furthermore, in multiple cancer types such as melanoma (54–57), NSCLC (58), and Merkel cell carcinoma (59), the loss of MHC class I expression and defects in antigen presentation machinery or IFNy-response pathways have been recurrently associated with resistance (both intrinsic and acquired) to immunotherapy. Interestingly, we observed that CT2A-luc also clustered alongside several cutaneous melanoma tumors in transcriptional space. Melanoma is commonly characterized by carcinogen (i.e., ultraviolet light)-induced hypermutation and sensitivity to immune checkpoint inhibitors. However, only 20-50% of patients with advanced melanoma experience durable responses to immune checkpoint inhibitors (60, 61). Multiple mechanisms of immunotherapy resistance in melanoma have been elucidated (62), among them being MHC class I downregulation in conjunction with de-differentiation (including mesenchymal differentiation and angiogenesis upregulation) that have been associated with innate and acquired resistance to PD-1 checkpoint blockade (57, 63).

We found that CT2A-luc intrinsically shared these mechanisms, but we also observed that exogenous IFN-γ treatment could at least partially restore MHC class I expression in CT2A-luc – suggesting that select multi-pronged immunotherapeutic strategies may overcome CT2A’s inherent resistance to immunotherapy. Indeed, when PD-1 and CTLA-4 inhibitors were combined, we noted a modest therapeutic benefit in CT2A-luc tumor-bearing mice. In light of these findings, investigation of therapeutic combinations that address CT2A’s distinctive processes, such as immune contexture (e.g. myeloid-targeting immunotherapies), angiogenesis (e.g. bevacizumab), and mesenchymal phenotype (e.g. ritanserin) may help identify strategies that translate to the treatment of analogous cancer types in humans. Other studies have reported success with such combination approaches in CT2A, including PD-(L)1 inhibition with either adjuvanted neoantigen vaccination, bacterial antigen-armed oncolytic measles virotherapy, GITR agonist, or ectopic VEGF-C expression (17, 21, 64, 65). Building on our results, future studies that functionally dissect the individual contribution of each of the features detailed herein to CT2A’s overall resistance to immunotherapy will be informative. In particular, the enhancement of IFN-γ signaling warrants additional study for multi-modal therapeutic strategies in both CT2A and the human cancer contexts that it models. To overcome the obstacles posed by the blood-brain barrier, half-life in the interstitial fluid, and targeted localization to the tumor environment, such studies likely need to incorporate novel drug delivery technologies (e.g. convection-enhanced delivery, encapsulation in microspheres/nanoparticles, IFN-γ protein vs. mRNA delivery, etc.) or stimulation of IFN-γ release from existing cells in the tumor microenvironment. Pre-implantation stimulation of CT2A cells with IFN-γ also faces experimental challenges that should be taken into consideration, including if IFN-γ exposure leads to MHC class I upregulation in vitro, those CT2A tumors may be less likely to engraft in health mice and the effects of IFN-γ may only be transient.

Taken together, our findings indicate that although the clinical contexts that can be modeled by GL261 and CT2A for huGBM are limited, CT2A-luc may provide an informative preclinical model in immuno-oncology for investigating therapeutic strategies that can overcome immunotherapy resistance of cancers due to antigen presentation machinery loss, upregulated angiogenesis, and mesenchymal differentiation.
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Cellular therapies, including chimeric antigen receptor T cell therapies (CAR-T), while generally successful in hematologic malignancies, face substantial challenges against solid tumors such as glioblastoma (GBM) due to rapid growth, antigen heterogeneity, and inadequate depth of response to cytoreductive and immune therapies, We have previously shown that GBM constitutively express stress associated NKG2D ligands (NKG2DL) recognized by gamma delta (γδ) T cells, a minor lymphocyte subset that innately recognize target molecules via the γδ T cell receptor (TCR), NKG2D, and multiple other mechanisms. Given that NKG2DL expression is often insufficient on GBM cells to elicit a meaningful response to γδ T cell immunotherapy, we then demonstrated that NKG2DL expression can be transiently upregulated by activation of the DNA damage response (DDR) pathway using alkylating agents such as Temozolomide (TMZ). TMZ, however, is also toxic to γδ T cells. Using a p140K/MGMT lentivector, which confers resistance to TMZ by expression of O(6)-methylguanine-DNA-methyltransferase (MGMT), we genetically engineered γδ T cells that maintain full effector function in the presence of therapeutic doses of TMZ. We then validated a therapeutic system that we termed Drug Resistance Immunotherapy (DRI) that combines a standard regimen of TMZ concomitantly with simultaneous intracranial infusion of TMZ-resistant γδ T cells in a first-in-human Phase I clinical trial (NCT04165941). This manuscript will discuss DRI as a rational therapeutic approach to newly diagnosed GBM and the importance of repeated administration of DRI in combination with the standard-of-care Stupp regimen in patients with stable minimal residual disease.
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Introduction
Newly diagnosed GBM, like many cancers, is first treated with a combination of surgery, induction radiation and chemotherapy followed by maintenance chemotherapy and subsequently monitored for recurrent disease, which is almost without exception a certainty. Once the recurrent tumor is evident and, depending on tumor characteristics and patient eligibility, clinical trials become available. Unfortunately, once the recurrent tumor becomes visible to imaging protocols it is already well past our ability to prevent the eventual uncontrolled proliferation and ultimately death. Upon recurrence, despite single or multi-agent chemotherapy, or surgery, nothing has shown an overall survival benefit and the median survival is approximately 8 months. Therefore, generating deeper tumor responses and delaying the time to tumor regrowth at first diagnosis are the best means to improve overall survival and quality of life for patients. We present a novel approach in which we seek to recapitulate the natural immunosurveillance function of innate recognition and control of GBM with primary standard-of-care therapy to create advantages for immune recognition and persistent surveillance.





The immune system and glioblastoma

The concept of cancer immunosurveillance predicts that the immune system can recognize precursors of cancer and, in most cases, destroy these precursors before they become clinically apparent. Animals that possess naturally occurring or experimentally induced defects leading to loss of recombination-activating gene 2 (RAG2), αβ T cells, γδ T cells, invariant NKT cells, interferon-γ (IFNγ) receptor 1 (1); signal transducer and activator of transcription 1 (STAT1), perforin; or tumor-necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) (2) are more susceptible to spontaneous development of cancer or carcinogenic stimuli. Accordingly, the immune system is known to generate a coordinated response against pre-malignant cell clusters and developing tumors. For instance, the DDR evident in GBM and several other cancers can induce expression of tumor-associated stress receptors including NKG2D ligands (NKG2DL) such as MHC-class-I-polypeptide-related sequence A (MICA) and UL-16 binding proteins (ULBP) 1-8 thereby sensitizing malignant cells to killing by the immune system’s NKG2D receptor-expressing first responders, such as NK cells, NKT cells, γδ T cells and some CD8+ αβ T cells. T cell-mediated adaptive immune responses are also induced in concert with this broad-based stress-associated response as tumor-associated antigens (TAA) are presented to T cells via MHC class I or II on antigen presenting cells (APC) which then trigger T cell activation and expression of co-stimulatory molecules and secretion of chemokines and cytokines. Clonal expansion of TAA-specific T cells then occurs as well as other immune effector cells that regulate different aspects of the immune response. Direct cell-mediated cytotoxicity as well as an indirect antibody complement-mediated cytotoxicity (3) are both employed in the adaptive response. Despite heightened immune function in the premalignant stage, tumor cells can escape and disseminate. In particular, GBM exists in an environment that is generally protected from a robust immune response given the relatively immune privileged nature of the brain when compared to other systemic cancers and can grow undetected until its mass is of sufficient size to provoke symptomatic neurologic dysfunction.

The core standard of care for primary GBM was defined in 2005 by Stupp (4) and remains to date, the most widely used treatment regimen. With some variation, the Stupp regimen begins with gross total resection, the extent of which is dependent on retaining function of nearby areas of the brain that execute critical sensory and/or motor functions. Following resection, the patient recovers for 3-4 weeks and then receives a 6-week therapeutic combination of targeted radiation and daily TMZ, followed by six 28-day maintenance cycles consisting of five consecutive days of oral TMZ at the initiation of each cycle. The median survival from diagnosis for patients receiving this regimen is 15 months although this figure is variable and largely dependent on the genotypic characteristics of the tumor. Despite the gains achieved by primary debulking, radiation therapy, and maintenance, this regimen unfortunately enables the selection of resistant genomic variants that will eventually outlast every therapy presently available for recurrent disease.

Since the immune system is known to respond to and combat tumors including GBM, it would seem logical that adjunct immunotherapy regimens might be effective in reducing tumor burden and improving progression free survival (PFS). Preclinical models have suggested effectiveness, however, GBM has been remarkably resistant to immunotherapy protocols including checkpoint inhibition and CAR-T therapies that have been advanced to the clinic. This may be partially due to the natural interaction between the brain and the immune system which is inherently biased against destructive inflammatory responses. The GBM tumor microenvironment (TME) contains a large proportion of immunosuppressive myeloid cells that can attenuate the T cell responses required for effective anti-tumor responses. Accordingly, immune checkpoint blockade has shown little efficacy in the adjuvant setting (5), although the neoadjuvant setting has shown some promise (6). Despite the remarkable outcomes seen with hematologic malignancies, immune cell therapies such as chimeric antigen receptor (CAR) T cell therapies have been generally disappointing in solid tumors to-date. CAR-T programs targeting the interleukin-13 receptor (IL13R)α2 (7), epidermal growth factor receptor variant III (EGFRvIII) (8) and other potential targets have been generally well-tolerated and have produced extended stable disease and/or long-term remission in some patients with recurrent GBM. However, the biologic characteristics of GBM discussed above including the immunosuppressive tumor microenvironment, tumor-derived systemic immunosuppression, antigenic heterogeneity, on-target off-tumor toxicities, and T cell exhaustion have been formidable barriers to successful immunotherapy of GBM.





γδ T cells and the recognition of malignant disease – multiple weapons, multiple targets

γδ T cells are thought to be multi-specific, and antigen recognition demonstrates remarkable diversity (9). These T cells can recognize malignant cells through less specific mechanisms that do not require prior antigen exposure or priming, a function that is shared by other innate immune cells such as macrophages and NK cells. Unfortunately, the tumor responses of adoptive cellular therapies against hematopoietic cancers have not, with rare exceptions, been replicated in solid tumors such as GBM. The immunogenic heterogeneity of solid tumors even within a single tumor has frustrated attempts to target specific TAA (7, 10, 11) and has called for strategies that can more broadly distinguish and target malignant cells while still limiting the potential for damage to the host. More recently, Barish (12) showed that tumor antigen heterogeneity creates a significant challenge to tumor eradication. Their cohort of 44 high-grade brain tumor samples demonstrated four major histological regions of interest and significant antigen diversity within each individual region. Moreover, a CAR-T targeting three individual antigens, IL-13Rα2, EGFR and HER2 was still predicted to leave at least 7% of the tumor remaining (12). Additionally, Larson (13) demonstrated that loss of the interferon-γ receptor (IFNγR) signaling pathway rendered glioblastoma resistant to killing by CAR-T cells due to a reduction of the duration of cell binding and avidity. Consequently, the potential antineoplastic effect of γδ T cells, a minor T cell subset with distinct innate recognition properties, has recently become an area of intense investigation.

It is now known that γδ T cells play a critical role in tumor immunosurveillance (14–17) and in the immune response to cancer (18–23). In many instances, γδ T cells that are cytotoxic to a specific tumor type will cross-react with other tumors but not with the tumor’s non-transformed counterpart (21, 22, 24). Furthermore, the VγVδ2 subset of γδ T cells can respond early to infection or transformation and recruit adaptive responses from CD4+ and CD8+ T cells by internalizing antigens, processing them and displaying the antigens complexed with major histocompatibility complexes on their cell surface (25). As professional antigen presenting cells, γδ T cell lymphocytes express equivalent levels of costimulatory molecules and CCR7, home to lymph nodes and are equally potent at promoting proliferative responses in αβ T cells when compared to dendritic cells (9). Activating ligands for γδ T cells as well as the process by which they recognize stressed or malignant cells are complex and incompletely understood but are fundamentally different from both αβ T cells and NK cells (26–29).

The most prevalent circulating population of γδ T cells express an invariant Vγ9Vδ2 TCR (30). Vγ9/Vδ2+ T cells are thought to be activated via the T cell receptor (TCR) principally by three groups of non-peptide antigens: alkylphosphates such as isopentenyl pyrophosphate (IPP) generated by eukaryotic isoprenoid biosynthesis using the mevalonate pathway (31), alkylamines (32), and synthetic aminobisphosphonates (N-BP) (33, 34). Additionally, both Vδ1+ and Vδ2+ T cells express NKG2D, a C-type, lectin-like homodimeric activating receptor also expressed by NK cells and some αβCD8+ T cells. NKG2D is a ligand for MHC class-I like proteins such as major histocompatibility complex class I-related chain A/B (MICA/B), the UL-16 binding proteins (ULBP1-6) and MutS homologue 2 (MSH2). These NKG2D ligands provide a powerful danger signal to the immune system and are upregulated in response to cellular stress including infection and malignant transformation (35, 36). NKG2D ligation has been thought to play a costimulatory role in the activation of γδ T cells (37, 38), however, recent findings indicate that NKG2D ligation may be sufficient to independently activate certain γδ T cell subsets (39, 40). NKG2D activation is an important factor in tumor recognition and lysis by Vγ9Vδ2+ T cells, potentially playing a costimulatory role in cooperation with TCR-dependent activation (37, 41), although direct ligation of the Vγ9Vδ2+ receptor by the NKG2D ligand ULBP-4 has been reported (42). In some situations, NKG2D activation may be the primary stimulus, while TCR stimulation has a secondary role or is not required (40, 43).





Resetting the clock - amplifying and extending the innate “first responder” paradigm

We have recently shown that ex vivo activated murine γδ T cells, when delivered intracranially during a period of minimal disease, failed to prevent tumor progression in a syngeneic GL261 mouse model (44) although they showed strong in vitro cytotoxic function against the same cell line. Prior to that study, we had also shown ex vivo human expanded and activated γδ T cells to be significantly effective in a human cell line xenograft model using a similar protocol (45). The apparent discordance was resolved by our observation that murine NKG2DL RAE-1 and MULT-1 are significantly downregulated in the hypoxic environment of the brain compared to that in the normoxic environment of ex vivo cell culture. Based on the observations of others who had shown that chemotherapy creates a favorable environment for a follow-on anti-tumor immune response, we then examined whether standard cytoreductive chemotherapy such as TMZ could increase stress antigen expression. Indeed, we were able to force transient upregulation of NKG2DL on chemotherapy resistant GBM cell lines with exposure to a therapeutic concentration of TMZ (46). The transient nature of this effect, however, precluded the timing of cell therapy administration outside of a pharmacokinetic point beyond which the cytotoxic effect on lymphocytes would also be at issue, particularly in a standard-of-care environment that would require five consecutive daily doses of TMZ. With that in mind, we generated a TMZ-resistant product by transducing γδ T cells with a p140K-MGMT expressing lentivector, a technique that had been previously used to build TMZ resistance into hematopoietic stem cells. TMZ-modified γδ T cells showed negligible losses and robust killing potential that was significantly improved in co-culture with GBM cell lines in TMZ-supplemented culture media (46). Finally, we tested the combination of intracranial therapy with MGMT-modified γδ T cells and TMZ against classical and mesenchymal primary and recurrent PDXT models in immunodeficient mice (47). Results showed significantly improved tumor-free survival at 150 days in mice with primary GBM PDXT receiving combination therapy over either single agent γδ T cells or TMZ for both classical and mesenchymal subtypes. Histopathology following sacrifice of survivors demonstrated an ability to target the heterogeneity of GBM tumors, with no discernable residual disease. Recurrent models fared poorly with a small effect of combination therapy noted in classical GBM subtype and no effect in mesenchymal PDXT. A separate safety study showed that the combination was not cytotoxic against cultured astrocytes exposed to radiation and/or TMZ chemotherapy and that NKG2DL were not upregulated on normal brain tissue from humans or mice exposed to stereotactic radiotherapy (48).





Clinical trial design

These concepts – treatment of minimal residual primary tumor with innate γδ T cells following forced upregulation of tumor NKG2DL – are currently being explored in a Phase I clinical trial as a collaboration between the University of Alabama at Birmingham (UAB) and IN8Bio, Inc. The Stupp standard of care regimen is an ideal treatment platform to test the concept of repeated applications of high dose γδ T cell therapy in the setting of minimal residual disease. Figure 1 details the Phase I trial design. Adult newly diagnosed GBM patients with adequate organ function and KPS>70% undergo gross total resection at which time a Rickham catheter (Integra LifeSciences; Princeton, NJ) is inserted into the resection cavity with a subcutaneous injection port placed under the skull. The patient then recovers for 3-4 weeks after which time an autologous mononuclear cell leukapheresis is obtained. Vγ9Vδ2 γδ T cells are expanded and activated using a proprietary manufacturing process (DeltEx™ DRI; IN8Bio, Inc., New York, NY) in media supplemented with Zoledronate (Novartis; Basel, Switzerland) and IL-2 (Miltenyi Biotech) in an automated bioreactor (Prodigy™: Miltenyi Biotec; Bergisch Gladbach, Germany) and transduced with the p140K-MGMT lentivector (Miltenyi Lentigen; Gaithersburg, MD). The final cell product is then harvested and cryopreserved in dose aliquots containing 1 x 107 γδ T cells/cryovial.




Figure 1 | The Phase I Drug Resistant Immunotherapy trial is combined with the standard of care Stupp regimen consisting of resection + radiation/TMZ chemotherapy followed by six 28-day cycles of oral maintenance TMZ (A). For the DRI protocol (B) a Rickham catheter is inserted into the tumor cavity following resection. Peripheral blood mononuclear cells (PBMC) for manufacturing of the cell product 3-4 weeks following tumor resection and prior to induction chemotherapy and radiotherapy (see text). The MGMT-modified γδ T cell product is infused on the first day of each maintenance cycle (depending on cohort-see text) within 4h of intravenous TMZ. (C) outlines the strategy that informs the clinical trial in which the tumor mass is reduced to minimal residual disease, the DDR and subsequent upregulated stress antigen expression then activated by TMZ and simultaneously targeted with a high local dose of MGMT-modified γδ T cells. Oral TMZ dosing continues for the remaining 4 days of the cycle and then repeated to provide continued pressure on tumor survival and proliferation.



It is well known that the circulating γδ T cell population is reduced in GBM patients by the dual-suppressing effects of exhaustion and tumor-derived systemic immunosuppression. Although zoledronate-mediated in vivo γδ T cell expansion has resulted in transient improvement for sensitive tumors (49), we have demonstrated that zoledronate + IL-2 mediated in vivo expansion of γδ T cells (50) results in only a moderate increase in the circulating γδ T cell count and expansion of the Treg population. Spacing resection and product collection provides time for recovery of cellular immunity as tumor-derived immunosuppressive cytokines decrease in the setting of minimal residual disease. Additionally, intracranial placement of the γδ T cells at the tumor site avoids the dilution and trapping of the cell product in the systemic microcirculation.

Dose administration begins on the first day of the first cycle of maintenance therapy where the patient receives the cell product through the intracranial Rickham catheter within 4 hours of intravenous (IV) TMZ. The remaining four TMZ doses are given orally, and the cycle repeats up to six times. In this dose escalation study, cohort 1 receives a single dose of γδ T cells on day 1 of Cohort 1 of maintenance while Cohort 2 receives γδ T cells on day one of cycles1-3 and Cohort 3 receives γδ T cells on cycles 1-6 along with temozolomide. In addition to standard of care diagnostic monitoring, patients are assessed at regular intervals for tumor genomics, histopathology, lymphocyte subsets, and serum cytokines. The primary endpoint is safety; secondary endpoints include progression free (PFS) and overall survival (OS). Dose limiting toxicities (DLTs) are defined as treatment related ≥ grade 3 cardiopulmonary or hepatic toxicity, grade 4 toxicity exceeding 72 hours or neurologic deterioration that exceeds 2 weeks.

This Phase I clinical trial (NCT04165941) is ongoing with anticipated completion of enrollment in 2023. Interim findings (51) for 15 enrolled patients (53% male; median age 69 (range: 21-76); 80% IDH-WT,66.7% MGMT unmethylated) of which 8 had been treated (N = 3 in C1, 4 in C2, 1 in C3) were presented at the 2023 American Society of Clinical Oncology conference.





Biologic impediments, potential solutions, and future directions

Our design addresses several obstacles to effective prolonged tumor reduction that must be considered when developing γδ T cell-based cellular therapies (52). The first is that circulating γδ T cells from GBM patients are reduced in number and show impairment of proliferative function, thus limiting the applicability of autologous infusion therapies or strategies that rely solely on in vivo stimulation and expansion of γδ T cells (50). A separate though related problem is the sensitivity of normal γδ T cells to activation-induced cell death (AICD), which could impact the longevity of ex vivo expanded γδ T cells once infused (53). These issues have been anticipated and adopted into the manufacturing and therapeutic strategy. GBM-derived suppression of peripheral immunosuppression is known to decrease significantly following tumor resection (54), therefore the autologous cell product is obtained postoperatively and immediately prior to primary chemo/radiotherapy when immune recovery has occurred after tumor removal. Most importantly, given the heterogeneity of solid tumors, a more effective use of cell therapy may require a multi-pronged approach that relies on a more logical combinations and sequencing of each agent. Indeed, the rapid ability of tumors to expand requires rapid extraction and interruption of growth with surgery, chemotherapy and radiation and subsequent use of immunotherapy to eliminate residual tumor cells that may or may not be chemotherapy resistant. Once T cells have been successfully manufactured and infused, they can encounter an array of defensive measures that are generated by the tumor. Indeed, T cells must traverse the tumor vasculature (52), and survive tumor-derived inhibitory factors such as TGF-β and IL-10 which can inhibit antigen presentation, T cell activation, and expand of CD3+CD4+FoxP3+ regulatory T cells (55–57),, which have recently been implicated in the direct suppression of γδ T cell function (58). Tumor-derived proinflammatory factors also recruit monocyte-derived suppressor cells (MDSC) and mesenchymal stromal cells (MSC) into the tumor microenvironment (59) which can impair Vγ9Vδ2+ responses to phosphoantigen (60). Matrix metalloprotease derived proteolytic shedding of soluble NKG2D ligands can bind NKG2D (and possibly the γδ TCR) resulting in receptor endocytosis and inhibition of γδ T cell function (61). The repeated combination of TMZ chemotherapy and local application of MGMT modified γδ T cells over several months against small, undetectable malignant cell clusters should both reduce NKG2DL shedding, improve vulnerability to lysis by γδ T cells and inhibit formation of a vascularized and immunosuppressive tumor mass (62). Additionally, tumor-mediated effector-to-suppressor functional reprogramming of γδ T cells, which effectively results in a tumor-promoting γδ T cells phenotype, has been extensively documented for the Vδ1+ T cell population. Similar evidence for this effect for the Vγ9Vδ2+ population has not been documented in animal models or humans. Additionally, the cell therapy discussed herewith is intended for patients with minimal residual disease following subtotal resection and high-dose chemo/radiotherapy, which leaves the patient with no visible residual disease by standard imaging techniques, thereby lessening the potential effect of microenvironment that would be more characteristic of a bulky tumor. Finally, there is no evidence that expanded and activated Vδ2 T cell products are susceptible to reprogramming from effector to suppressor phenotype.

Additional combinations of chemotherapy, biologics, and CAR-T modifications to γδ T cells may further improve outcomes as these approaches move earlier in the treatment plan. Checkpoint inhibition, as shown earlier to be generally ineffective as a combination therapy with standard of care, presents an interesting biologic case if combined with γδ T cells. Tomogane (63) and Hoeres (64) recently examined the function of ex vivo expanded and activated γδ T cells across a variety of cell lines and found a decoupling between the anti-tumor cytotoxicity of γδ T cells and γδ T cell expression of PD-1 in that PD-1 blockade did not improve γδ T cell cytotoxicity against tumor lines. Interestingly, however, Tomogane showed a that a subset of PD-L1high tumor lines were rendered more sensitive to ADCC-mediated γδ T cell lysis by PD-L1 blockade. Hoeres also showed that although PD-1 blockade did not improved cell-based cytotoxicity, it did upregulate IFN-γ production which could improve anti-tumor effect in vitro. We have previously shown (47) that PD-L1 is upregulated on GBM PDXT following treatment with TMZ which, as the review has noted, may impair DRI efficacy to some degree. Taken together, the probability exists that a neoadjuvant PD-1/PD-L1 regimen could improve overall γδ T cell function against a subset of PD-L1high tumors although practical implementation would require further modeling.

Although we are hopeful that the strategy discussed above will lead to meaningful extension of PFS, we are cognizant of the unique challenges that GBM presents. The military principle of attacking a lightly defended position with overwhelming force and maintaining sustained pressure to prevent reinforcements (65) informs our strategy of repeated combination chemotherapy with a high dose of MGMT modified γδ T cells against a small population of residual primary tumor cells. With this approach we hope to minimize the immunosuppressive effect of the tumor, reduce the avenues for escape, and provide a path to sustained remission.
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Introduction

Despite aggressive standard-of-care therapy, including surgery, radiation, and chemotherapy, glioblastoma recurrence is almost inevitable and uniformly lethal. Activation of glioma-intrinsic Wnt/β-catenin signaling is associated with a poor prognosis and the proliferation of glioma stem-like cells, leading to malignant transformation and tumor progression. Impressive results in a subset of cancers have been obtained using immunotherapies including anti-CTLA4, anti-PD-1, and anti-PD-L1 or chimeric antigen receptor (CAR) T cell therapies. However, the heterogeneity of tumors, low mutational burden, single antigen targeting, and associated antigen escape contribute to non-responsiveness and potential tumor recurrence despite these therapeutic efforts. In the current study, we determined the effects of the small molecule, highly specific Wnt/CBP (CREB Binding Protein)/β-catenin antagonist ICG-001, on glioma tumor cells and the tumor microenvironment (TME)–including its effect on immune cell infiltration, blood vessel decompression, and metabolic changes.





Methods

Using multiple glioma patient-derived xenografts cell lines and murine tumors (GL261, K-Luc), we demonstrated in vitro cytostatic effects and a switch from proliferation to differentiation after treatment with ICG-001.





Results

In these glioma cell lines, we further demonstrated that ICG-001 downregulated the CBP/β-catenin target gene Survivin/BIRC5–a hallmark of Wnt/CBP/β-catenin inhibition. We found that in a syngeneic mouse model of glioma (K-luc), ICG-001 treatment enhanced tumor infiltration by CD3+ and CD8+ cells with increased expression of the vascular endothelial marker CD31 (PECAM-1). We also observed differential gene expression and induced immune cell infiltration in tumors pretreated with ICG-001 and then treated with CAR T cells as compared with single treatment groups or when ICG-001 treatment was administered after CAR T cell therapy.





Discussion

We conclude that specific Wnt/CBP/β-catenin antagonism results in pleotropic changes in the glioma TME, including glioma stem cell differentiation, modulation of the stroma, and immune cell activation and recruitment, thereby suggesting a possible role for enhancing immunotherapy in glioma patients.
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1 Introduction

Despite aggressive standard of care therapy, including surgery, radiation, and chemotherapy, glioblastoma (GBM) recurrence is almost inevitable and uniformly lethal (1–3). In glioma, Wnt pathway activation has been associated with a poor prognosis and progressive neurological deficits (4). Wnt signaling is associated with the proliferation of stem-like cells (5–7) as well as stark resistance to chemotherapy, radiotherapy, and immunotherapy in GBM (5–9). Unbiased profiling studies demonstrate a strong negative correlation between cancer cell stemness and antitumor immunity signatures across 21 types of solid tumors, with reduced anticancer immune cell tumor infiltration (i.e., CD8+ T cells, natural killer cells, and B cells) and increased tumor-associated macrophages (10). β-catenin transcriptional activation, involving its translocation to the nucleus, is a hallmark of Wnt pathway activation and has been identified in 19% of adult and in 30% of pediatric gliomas (11). A resistance mechanism observed in immunologically “cold tumors”, including gliomas, involves aberrant activation of the Wnt/β-catenin signaling pathway (12, 13). Enhanced tumor-intrinsic Wnt/β-catenin signaling appears to be a common mechanism mediating cancer immune evasion and is associated with the presence of an immunosuppressive cell subset and the prevention of effective dendritic cell presentation and T-effector cell recruitment and function (14). Increased expression of β-catenin inversely correlates with the presence of CD8+ T cells and dendritic cells in multiple tumor types, including glioma (13, 15). Furthermore, Wnt pathway activation is correlated with tumor stemness, hypoxia, and poor treatment outcome (16, 17). The hostile tumor microenvironment (TME) is associated with decreased tumor antigen presentation and reduced or lost efficacy of various therapies, including adoptive T cell immunotherapy (18–22). Therefore, targeted downregulation of Wnt/β-catenin signaling–thereby enhancing the response to immunotherapy in patients with relapsed and refractory tumors–is an attractive therapeutic approach.

Glioma stem cells (GSC), via secretion of the Wnt‐induced signaling protein 1 (WISP1), can further facilitate a ‘cold’ TME by promoting the survival of both GSC and tumor-associated macrophages (TAM) (14). Activation of Wnt/β-catenin signaling causes tumor cell proliferation, enhanced invasiveness via upregulation of JNK, and accumulation of metalloproteases, with concomitant neuronal degeneration due to decreased requisite Wnt signaling maintenance (23–25). Clinical and preclinical data suggest that curative immunotherapy must not only address immunotolerance and target tumor antigens, but also circumvent intrinsic and evolving barriers of adaptive and acquired immune escape mechanisms (12, 15). The hostile TME leads to a loss of therapeutic efficacy of immunotherapy, tumor antigen vaccination, and adoptive T cell transfer immunotherapy (including CAR T cell) approaches (13, 26–28). Support for the concept that increased Wnt/β-catenin activity plays a role in CAR T response in glioblastoma was provided by a patient who had a complete initial response to CAR T cell therapy; however upon relapse and antigen loss, tumor samples demonstrated the activation of several genes in the Wnt/β-catenin pathway (including Wnt 11 and Wnt 2A) (19, 29). Currently, WNT inhibitors in clinical trials include PORCN inhibitors, WNT ligand antagonists, FZD antagonists, and CBP/β catenin antagonists tested in various solid tumors and leukemia (30). The refractory nature of gliomas provides compelling motivation for the development of novel therapeutic interventions including CAR T cell therapy for glioma and other devastating malignancies (18, 19, 31–33). Taken together, our results demonstrate that inhibition of Wnt/CBP/β-catenin signaling can induce glioma cell differentiation in vitro and in vivo, modify the TME, and affect immune cell populations in the TME, shifting towards more effective dendritic cell presentation and a more effective T cell response, thereby potentially enhancing immunotherapeutic interventions in glioma patients.




2 Materials and methods



2.1 In vitro experiments

PBT tumor cells lines are derived from patients with brain tumors (IRB07074) dissociated and grown in DMEM/F12 medium, supplemented with heparin, hepes, glutamax, and B27. Epidermal growth factor (EFG) and fibroblast growth factor (FGF) are added at the time of culture, as described previously (34). ICG-001 was provided by M. Kahn’s laboratory. Co-culture assay of PBT cell lines were grown as described above and seeded to 100,000 cells/2 ml in 6-well plates. ICG-001 was added to cell cultures in concentrations 0, 5, and 10 µM for 24–72h, as described previously (35).




2.2 RT-PCR analysis

RNA was extracted using the Total RNA Kit according to the manufacturer’s instructions (Qiagen, RNeasy PowerSoil). cDNA was generated with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems). Amplification of human Kif20A was performed on RNA samples isolated from PBT147 and PBT030 cells treated with ICG-001 at concentrations of 0, 5, and 10 µM. All data was normalized to the PBT147-24H-0 drug control sample. Human Kif20A RT-PCR primers used for RT-PCR analysis were: Forward: TGGTACGCAAGAACCTGC; Reverse: GATCAGGGTTGTGTCCGT. Human GAPDH primers were used as controls: Forward: GGATTTGGTCGTATTGGG; Reverse: GGAAGATGGTGATGGGATT.




2.3 Proteomics data analysis

The normalized distributions of protein levels were heavily skewed to the right, so we performed a logarithmic transformation of the data, which resulted in an approximate normal distribution of protein levels. The densities of the log-transformed normalized protein level for each cell line/dose are shown in Supplementary Figure 3. To examine the effect of ICG-001, we calculated the difference in log normalized levels for each protein between the four treated samples and the appropriate untreated sample (PBT147 and PBT030 cell lines were treated with ICG001 at 0, 5, and 10 µM, and cells were collected after 24 or 72 h for protein analysis), which corresponds to examining the log of the fold changes in each protein after treatment. For each of the two cell lines (PBT147 and PBT030), we plotted the log fold change for each protein at 5µM against the log fold change at 10µM. These plots are shown in Supplementary Figure 3A, with the points colored-coded by cell line.




2.4 Animal studies

Anesthesia: For tumor models, mice were anesthetized by intraperitoneal (i.p.) injection of Ketamine/Xylazine and gaseous Isoflurane prior to tumor injection. Kluc [0.1×105 were prepared in PBS−/− (2 μL per mouse)] and injected orthotopically in the brain parenchyma of female NSG mice via stereotactic injection. Tumor growth was monitored at least once a week via optical imaging (Spectral Instruments Imaging, LagoX) and flux signals were analyzed with Aura Imaging software (LagoX). For imaging, mice were injected intraperitoneally with 150 μL d-luciferin potassium salt (Perkin Elmer) suspended in PBS at 4.29 mg/mouse. Once flux signals reached desired levels, CAR T cells were prepared in PBS and mice were treated either by intratumoral/intracranial injection in 3 μL final volume. At desired time points or at moribund status, mice were euthanized, and tissues were processed for IHC as described below. Syngeneic mice (C57BL/6) of 8–12 weeks of age were implanted with subcutaneous K-Luc tumors (n=8). 7 days later, when tumors became palpable and after confirmation of tumor presence with BLU imaging, mice were implanted with Alzet minipumps. Pumps continuously provided a daily dose of ICG-001 (50 mg/kg/day). Tumor tissues were harvested on days 7, 14, and 21 post pump implantations, and tumors were prepared for IHC (paraffin sections) and NanoString analysis. Control mice were not treated with ICG-001 pumps, and tumors from control mice were harvested on day 7, 14 and 21 to match ICG-001-treated tumors.




2.5 Immunohistochemistry

Three immune cell markers (CD3, CD8, CD31, Abcam) were evaluated with IHC on whole tumor sections. IHC Staining was performed in the City of Hope Pathology Core according to the manufacturer’s instructions (n=6 mice). After IHC staining, slides were scanned using the NanoZoomer 2.0-HT slide scanner at 10× magnification (Hamamatsu Photonics). Scanned slides were then imported into Qupath as Brightfield H-DAB images for analysis. Tumor section annotations were manually outlined with the brush and wand tools. Once all tumor areas were selected, total cell count, positive cell count per area, and total area were counted using the Positive Cell Detection tool with the settings optimized for each CD3, CD8 and CD31 staining (Figure 1). All data were extracted from QuPath and further calculations and quantifications were done with Microsoft Excel and Prism.




Figure 1 | Cytostatic effect of ICG-001 in human and mouse glioma cell lines in vitro. (A) Growth kinetics of human PBT glioma lines (PBT135, PBT144, and PBT147) treated with ICG-001 (0, 5, 10 µM) for 7 days (n=3); and (B) mouse glioma cells (K-luc, GL261-IL13, and GL261) treated with ICG-001 (0-10 µM) for 4 days (n=3). Scale bars represent SD of triplicate samples from 2 independent experiments. (C) Expression of target gene KIF20 post-ICG-001 treatment (5, 10 µM) by RT-PCR using KIF20A-specific primers (n=3). (D–F) Live images taken by IncuCyte of PBT017 glioma expressing red fluorescent protein untreated or treated with ICG-001 (0, 4, 8 µM). (G) Analysis and quantification of IncuCyte images (10x) for PBT017.RFP (PBT017 expressing red fluorescent protein-RFP) glioma cells and PBT030 quantified using phase images. P values denoted by *<0.05, **<0.01, ***<0.001, ****<0.0001, *****<0.00001.






2.6 Qupath quantification method

After IHC staining, the slides were scanned using the NanoZoomer 2.0-HT slide scanner (Hamamatsu Photonics). Scanned slides were then imported into Qupath as Brightfield H-DAB images for analysis. Tumor section annotations were manually outlined with the brush and wand tool. Once all tumor areas were selected, total cell count, positive cell detection, positive %, and total area were counted using the Positive Cell Detection tool with the auto settings (Figures 1D, H, L). All data were then extracted from Qupath and further calculations and quantifications were done with Microsoft Excel and Prism.




2.7 NanoString data analysis

Raw gene count was averaged across three brain tissue samples from CAR T treated mice and across two brain tissue samples from CAR T + ICG001 treated groups. Brain tissue was isolated during euthanasia, and tumors were dissected and snap frozen in liquid nitrogen. Total RNA was isolated from K-Luc tumor tissue and analyzed by NanoString (NanoString nCount mouse PanCancer Immune profiling paneled assays, https://nanostring.com/products/ncounter-assays-panels/oncology/pancancer-immune-profiling). Multiplex gene expression analysis was performed in mice for 770 genes from different immune cell types, common checkpoint inhibitors, CT antigens, and genes covering both the adaptive and innate immune response. The panel measures many features of the immune response to facilitate rapid development of clinical actionable gene expression profiles in the context of cancer immunotherapy. Comparisons between brain tissue and ICG001-treated tissue were determined by the nonparametric U-test, and log2 |fold change| ≥ 1.5, -Log10 P-value < 0.05 using the Benjamini-Hochberg method to be statistically significant. Log2 normalized counts and expression ratios were generated using nSolver 4.0 and advanced analysis 2.0 (NanoString Technologies, Inc.) as well as ROSALIND analysis platform v3.38.0.1.




2.8 ROSALIND® NanoString gene expression methods

Data was analyzed by ROSALIND® version 3.38.0.1 (https://www.rosalind.bio/), with a HyperScale architecture developed by ROSALIND, Inc. (San Diego, CA). Read Distribution percentages, violin plots, identity heatmaps, and sample MDS plots were generated as part of the QC step. Normalization, fold changes and p-values were calculated using criteria provided by NanoString. ROSALIND® follows the nCounter® Advanced Analysis protocol of dividing counts within a lane by the geometric mean of the normalizer probes from the same lane. Housekeeping probes for normalization were selected based on the geNorm algorithm as implemented in the NormqPCR R library1. Abundance of various cell populations was calculated on ROSALIND using the NanoString Cell Type Profiling Module. ROSALIND was used to perform a filtering of Cell Type Profiling results to include results that have significant scores (p ≤ 0.05). Fold changes and p-values were calculated using the fast method, as described in the nCounter® Advanced Analysis 2.0 User Manual. P-value adjustment was performed using the Benjamini-Hochberg method of estimating false discovery rates (FDR). Clustering of genes for the final heatmap of differentially expressed genes was performed using the Partitioning Around Medoids (PAM) method using the fpc R library2 that takes into consideration the direction and type of all signals on a pathway (the position, role and type of every gene, etc.). Hypergeometric distribution was used to analyze the enrichment of pathways, gene ontology, domain structure, and other ontologies. The topGO R library3, was used to determine local similarities and dependencies between GO terms in order to perform Elim pruning correction. Several database sources were referenced for enrichment analysis, including Interpro4, NCBI5, MSigDB6,7, REACTOME8, and WikiPathways9. Enrichment was calculated relative to a set of background genes relevant for the experiment (ACTB, GAPDH).





3 Results



3.1 Cytostatic effect of ICG-001 in human and mouse glioma cell lines in vitro

We initially tested the effects of the specific small molecule CBP/β-catenin antagonist ICG-001 in vitro as a single agent on 5 human PBT and 3 mouse glioma lines. Treatment with ICG-001 (0–10 µM) showed a concentration-dependent cytostatic effect in all tested human patient-derived glioma cell lines (PBT017, PBT030, PBT135, PBT144, and PBT147) (Figures 1A, D–F) and all murine-derived glioma cell lines (K-luc, GL261-parental, and GL261.IL13Rα2 engineered) (Figure 1B). We found that the KIF20A gene was downregulated in the PBT030 and PBT147 lines upon treatment of glioma cells with ICG-001 (Figure 1C). KIF20A, a mitotic kinesin, plays an important role in controlling the mode of division of neural progenitor cells (NPC) in both normal brain cells and brain tumor cells, and KIF20A knockdown induces a transition from proliferative to differentiative divisions in NPC (36, 37). Consistent with ICG-001-induced differentiation of PBT147 and PBT030 lines, ICG-001 treatment led to a significant reduction in the expression of KIF20A, as measured by qPCR (Figure 1C) (36), further confirming that the differentiating effects of ICG-001 on glioma lines are not cell line dependent. Additionally, all glioma lines exhibited a more differentiated phenotype based on their elongated cell morphology, with decreased proliferation and loss of clonal expansion, as shown by the PBT017.RFP human glioma cell line, imaged and quantified by Incucyte (Figures 1D–G). We also correlated human Wnt gene family with CD3 mRNAseq expression using public TCGA GBM datasets and RNA-seq data [downloaded from the GDC portal (https://portal.gdc.cancer.gov/)] (Supplementary Figures 1A, B). Upregulation of the Wnt pathway in glioma was inversely correlated with CD3 cell infiltration (Supplementary Figure 1B). A strong negative correlation was found among Wnt genes-APC, AXIN1, AXIN2, GSK3BTCF4 and CD3 score and a positive correlation was found for LEF1, CDC42 and CD3.




3.2 ICG-001 specifically targets Wnt/CBP/β-catenin transcription in glioma

Decreased expression of the Wnt/CBP/β-catenin target gene BIRC5/Survivin, with concomitant upregulation of the Wnt/p300/β-catenin target gene EphB2, is a hallmark of specific CBP/β-catenin inhibition (Figure 2A) (38). In our studies, we used EphB2 and BIRC5/Survivin as a biomarker of the response to ICG-001. BIRC5/Survivin expression was also previously used as a biomarker for pharmacokinetic/pharmacodynamic (PK/PD) activity of the Wnt pathway in circulating tumor cells in the first-in-human clinical trial of the second-generation CBP/β-catenin specific antagonist PRI-724 (39). We demonstrated that BIRC5/Survivin gene expression was selectively downregulated and EphB2 was upregulated in our experiments in both human and mouse glioma cell lines post ICG-001 treatment, as shown by qPCR, which was further confirmed using a Survivin-luciferase reporter assay for PBT017 and PBT030 cell lines in vitro (Figure 2B). ICG-001’s selective effects on the expression of BIRC5/Survivin and EphB2 serve as an indicator of on target activity in vitro in the human and mouse G261, GL261.IL13Ra2, and K-luc cell lines (Figures 2A, C).




Figure 2 | Expression of the target genes BIRC5/Survivin and EphB2 post-ICG-001 treatment (0, 5, 10 mM) as detected by RT-PCR and Luciferase Reporter Assay. (A) Survivin and EphB2 mRNA levels in PBT017 and PBT030 human glioma lines and mouse GL-261 and K-Luc lines treated with ICG-001 for 3 days (0, 5, 10 μM). (B) Luciferase reporter assay indicating downregulation of luciferase reported gene in PBT017 and PBT030 cell lines upon treatment with ICG-001 at 0, 5, and 10 μM in triplicates. (C) Survivin/BIRC5 relative expression upon treatment with ICG001. P values denoted by *<0.05, **<0.01, ***<0.001, ****<0.0001, *****<0.00001.






3.3 ICG-001 specifically targets glioma cell metabolism via Wnt/CBP/β-catenin modulation

The N-termini of the two human Kat3 coactivators, CBP and p300, provide a highly evolutionarily conserved hub to integrate multiple signaling cascades that coordinate cellular metabolism with the regulation of symmetric versus asymmetric division of somatic stem cells and cancer stem cells, cellular proliferation, and differentiation status and function (40). More specifically, small molecule inhibition of the N-terminal region of CBP enhances p300/β-catenin mediated transcription, which is a prerequisite for increased mitochondrial oxidative metabolism during the initiation of cellular differentiation (40, 41). To explore ICG-001’s impact on metabolic changes associated with glioma differentiation after disrupting the CBP/β-Catenin interaction, we treated patient-derived GBM cell lines PBT147 and PBT030 with ICG-001 (0, 5, or 10 µM) for 24 and 72 h (Figure 3). RNA isolated from the treated PBT cells was analyzed using the NanoString nCounter metabolic panel (NanoString Technologies) (42). We used Rosalind software v.3.38.0.1 to analyze differential gene expression between PBT030 and PBT147 cell lines (Figures 3A–D). Furthermore, we analyzed gene and pathway expression in ICG-001 treated PBT samples as compared with untreated controls (Figures 3E, F). Statistically significant genes and pathways were analyzed using log2 Fold Change ≥ 1.5, < -1.5 and -Log10 p-Adj <0.05 filter. First, we demonstrated differences between PBT030 and PBT147 patient-derived lines (X-axis shift on MDS plot) and that ICG-001 treatment caused a similar shift in gene expression on the Y-axis among untreated and ICG-001-treated cell lines (Figure 3A). We detected genes upregulated in PBT030 cells, such as SOX2, MYCN, NOS2, RUNX2, and VEGFA, while PBT147 cells upregulated level of PTEN, STAT6, CA9 and TLR2, demonstrating differences among PBT cell lines, which can be explained by various driving mutations and heterogeneity in glioma lines (Figures 3A–D and Supplementary Figures 2A, B).




Figure 3 | NanoString analysis of human metabolic pathways after treatment with ICG-001. (A) Multidimensional scaling (MDS) plot of visual representation of the patterns of proximities among PBT030 and PBT147 human cell lines treated with ICG-001 at 2 time points (24 hrs & 72 hrs) and 3 doses (0µM, 5µM, 10 µM) [n=2] separately on the Y-axis. X-axis indicated clustering of PBT030 and PBT147 cell lines each separately. (B) Volcano plot showing difference in expression for PBT030 between ICG-001 treated vs untreated, with the x-axis showing log2 fold change and the y-axis showing the negative log10 of p-adj value and heatmap; mRNA represented by red circles for significantly upregulated genes and blue circles for significantly down-regulated human genes. Full list of differentially expressed genes is shown in Supplementary Table 2 (C) Volcano plot showing difference in expression for PBT147 between ICG-001 treated vs untreated, with the x-axis showing log2 fold change and the y-axis showing the negative log10 of p-adj value and heatmap; mRNA represented by red circles for significantly upregulated genes and blue circles for significantly down-regulated genes. Full list of differentially expressed genes are shown in Supplementary Table 2. (D) Heat map of differentially expressed genes when comparing PBT030 and PBT147 cell lines (selected glioma gene list). (E, F) Bar chart of functional analysis showing the top 10 significance score predicted using ROSALIND Gene Set Analysis with NanoString annotations for PBT030 and PBT147 human cell lines treated with ICG-001.



Next, we tested if ICG-001 drives a similar metabolic shift in both lines. Fully consistent with our previous studies (40), we found similar changes in several genes and metabolic pathways after treatment of PBT030 and PBT147 with ICG-001–an increase in amino acid transporters, hypoxia, glutamine metabolism, MAPK, autophagy, mitochondrial respiration, cytokine and chemokine signaling, and arginine metabolism in both lines (Supplementary Figure 7). The PBT030 line demonstrated a decrease of tryptophan/kynurenine, fatty acid synthesis and oxidation, glycolysis, and the pentose phosphate pathway (Supplementary Figure 7). Similarly, in PBT147 lines treated with ICG-001, an increase in glutamine metabolism, autophagy, amino acid transport and synthesis, and MAPK, and strong down regulation in cell cycle, pentose phosphate, fatty acid synthesis, and oxidation was observed. (Supplementary Figure 7). This change in tumor cell metabolism may provide CD8 effector cells with the ability to effectively compete metabolically within the TME (43), which increases the likelihood of immune cell infiltration into the otherwise hostile TME (44). Consistent with our in vitro data (Figures 1 and 2), we also observed downregulation of cell cycle-related genes post ICG-001 treatment in PBT030 (PRIM2, NPM1) and PBT147 cell lines (including KIAA0101-PCNA, MKI67, RRM2, TYMS, CLSPN, CDCA8, UBE2C, EXO1, BRCA1, BRCA2, BRIP1, and PRIM1), which is associated with cytostasis and metabolic changes required for the switch from proliferation to differentiation (Figures 3B, C) (40). Fatty acid oxidation–the metabolic pathway preferred by quiescent stem-like cells (45)—was decreased in all treated cell lines at all timepoints and all doses. Furthermore, ALDH2 (PBT147), ACAT2, and HADH were downregulated in PBT030 cells, indicating that CBP/β-Catenin inhibition directs GSC activation and differentiation via metabolic reprogramming. These metabolic changes have been shown to be critical for the transition of quiescent to activated CSC (46) and their subsequent differentiation to bulk tumor cells (36). Upregulation of the p53 tumor suppressive pathway and mitochondrial respiration (up-PBT030-PPARGC1A, MCP1, PDP1, ME2, IDH3A, UQCR11, FAHD1, SOD2, and ATP6V1F), and glutamine metabolism (up-PBT030-PSAT1, GOT1, SERINC1; PBT147-ASNS, PYCR1, and PHGDH)—hallmarks of cell differentiation–were also observed at both time points, at both the 5- and 10-µM doses and in both cell lines (Supplementary Figure 2). A full list of up and downregulated genes with log2 Fold Change ≥ 1.5, < -1.5 and -Log10 p-Adj 0.05 filter is shown in Supplementary Figure 2. Selected data is shown for PBT147 and PBT030 in Figures 4B, C, E, F, and Supplementary Figure 7.




3.4 Proteomic analysis of glioma cell lines PBT147 and PBT030 upon treatment with ICG-001

To see the effect of ICG-001 treatment on the protein level in glioma cell lines, PBT147 and PBT030 cells were treated with ICG-001 at 0, 5, and 10 µM for 72 h (Figure 4). We collected cells and conducted global proteomic analyses after treatment (Figure 4). Using 2-DICAL, we detected 1,553 common proteins expressed in both PBT030 and PBT147 lines (47). The resulting data was quantile normalized and differential protein expression was further analyzed by ANOVA. Differentially expressed proteins were subjected to pathway enrichment analysis utilizing the KEGG database. Pathways with statistically significant enrichment (p-value <0.0001) following 5 µM or 10 µM ICG-001 treatments are represented in Figure 4. Both PBT147 and PBT030 cell lines demonstrated upregulation of pathways involved in neurogenesis, autophagy, regulation of the actin skeleton, and protein synthesis in the ER (Figures 4A, B). Consistent with the activation of quiescent stem-like cells, ICG-001 treatment of PBT147 and PBT030 induced metabolic reprogramming with increased ATP production, and an increase in protein translation and differentiation (48) (Supplementary Figure 3). Specifically, we found increased protein expression of APOD (lipid metabolism and neuroprotection), AAAS (metabolic protein transport), MFGM (promotes phagocytosis of apoptotic cells, wound healing), PDPR (metabolism), PGM1 (metabolism-glycosylation), RRAGA (metabolism), RRAGB (regulator of TOR signaling), RTC1(metabolism), SERC, and SYMC, and downregulation of MCM6 (cell cycle, DNA replication), GSTM5 (oxidative stress, metabolism), SORCN (Proto-oncogene), FADS2 (fatty acid metabolism), and PSD7 (cytoskeletal remodeling) upon treatment of PBT147 and PBT030 with ICG-001. We postulate that these metabolic changes in tumor cells post ICG-001 treatment, leading towards a more differentiated glioma phenotype, modulate the TME and influence CAR T cell efficacy.




Figure 4 | Proteomics analysis of PBT147 and PBT030 cell lines treated with ICG-001 (0-10 µM) for 72h. (A) Up-regulated protein density was calculated by the difference in log normalized levels for each protein between the four treated samples (ICG001 5, 10 mM at 24 and 72h) and the appropriate untreated sample control. (B) Calculating the difference in log levels corresponds to the log of the fold changes in each pathway. For both cell lines, the log fold-change is plotted for each protein at 5 µM against the log fold-change at 10 µM. These plots are shown in (A), with the points color-coded by ICG001 concentrations. This highlights a positive linear relationship between the log fold changes at 5µM and 10µM in both cell lines. The dose effect is significantly greater in PBT030 than PBT147, with the same increase in dose, usually resulting in a greater fold-change.






3.5 ICG-001 specifically enhances tumor T cell recruitment

We anticipated that modulation of the cold TME by ICG-001 should enhance the recruitment of T cells into the TME, because upregulation of the Wnt pathway has been shown to be involved in immune evasion (Figure 5) (49). To test this hypothesis, we used a subcutaneous model of syngeneic K-Luc glioma cells implanted into C57BL/6 mice. Mice received 1×106 tumor cells and were either untreated or treated with ICG-001 on day 7 after tumor implantation (delivered by subcutaneous Alzet minipumps, 50 mg/kg/day) (Figures 5A–C). The tumors were harvested and evaluated for CD3, CD8, and CD31 by immunohistochemistry (IHC) on days 7, 14, and 21 post-Alzet minipump implantation (ICG-001 release by Alzet pump continues for 28 days post implantation) and compared to the tumors from untreated controls that were harvested on the same days (Figures 5E–G, I–K). We observed an increase in host immune cells, including CD3+ and CD8+ T cells, infiltrating tumors by day 14 post-ICG-001 treatment (Figures 5D, H). A time-dependent increase in CD31 expression was also observed, when compared with controls (Figure 5L).




Figure 5 | IHC analysis of immune cells in syngeneic models of subcutaneous glioma (K-Luc). (A–C, E–G, I–K) Mice bearing subcutaneous K-luc glioma tumors were treated with ICG-001 (50 mg/kg/day) for 7, 14, or 21 days using Alzet minipumps. At the end of treatment, tumor tissue was excised and IHC stained for CD3 cells to evaluate recruitment and patterns of CD3, CD8, and CD31 distribution. (D, H, L) Quantification of tumor coverage was performed using QuPath for mouse CD3, CD8, and CD31 positive cells on days 7, 14, 21 post minipump implantation. Pairwise comparison was performed to access the CD31 expression on days 7, 14 and 21 (P-value 0.314, 0.624, 0.0016 respectively). Control animals were treated with no pumps. Scale bars are SD of duplicate sections (n=4). (M) NanoString analysis of mouse immune panel genes in subcutaneous K-Luc tumors at days 7 and 21, as compared with untreated controls (untreated tumors were also collected on days 7 and 21).



NanoString gene expression analysis of subcutaneous tumors from ICG-001-treated mice (daily release of ICG-001 by Alzet pump is 50 mg/kg/day) versus untreated (harvested on the same days 7, 14, 21) tumors identified genes that were significantly upregulated (p ≤ 0.05), such as C9, CD83, Gpr44, Cxcr4, and others (Figure 5M and Supplementary Table 1) with a demonstrated fold-change increase (>=4) such as Dmbt1, Nsr1, Irf4, Klrg1, Gzmb, and others (Figure 5M). On day 7 and 14 post Azlet pump implantation, we observed upregulation of tumor suppressor gene DMBT1 and the chemotactic factor CCL24, which displays chemotactic activity on resting T lymphocytes, and both GZMA and GMZB, which are associated with cytotoxic T cell activation on day 7 and 14 post Alzet pump implantation (Supplementary Table 1) was observed. These results further support our hypothesis that specific downregulation of Wnt/CBP/β-catenin signaling along with reprogramming of the TME may enhance the efficacy of tumor immunotherapy, increase recruitment of host T-cells, and improve immunotherapy to solid tumors (50).




3.6 ICG-001 treatment regimen added before or after CAR T cell therapy in intracranial, syngeneic K-luc glioma

To understand the effect of ICG-001 on tumor metabolism alone and in combination with IL13Rα2–CAR T cells, we established orthotopic immunocompetent mouse models of syngeneic glioma using K-Luc glioma cells and engineered murine IL13Rα2-targeted CAR T cells (51). The murine IL13Rα2- targeted CAR T cells (mIL13BBζ CAR T cells) were characterized by FACS and contained comparable numbers of CD4+ and CD8+ T-cell subsets, with a mixture of early memory (CD62L+) and effector (CD62L−) T-cell populations, as described previously (51). We developed intracranial tumors by administration of K-luc glioma cells (0.1×106) into the right frontal lobe of C57BL/6 mice. The K-luc tumor line derived from a spontaneous glioma arising from Nf1, Trp53 mutant mice (KR158) is poorly immunogenic, as indicated by its unresponsiveness to anti–PD-1 checkpoint therapy (52). This line has been further engineered to express the murine IL13Rα2 and used to recapitulate invasive glioma in syngeneic mouse models. On day 14 post-tumor implantation, mice received intratumoral administration of CAR T cells at a sub-therapeutic dose (1×106) (cF11240 Mouse T cell mIL13-mCD8h-mCD8tm3-m41BB-mZeta-T2A-mCD19t(CO)_MSCV) (n=14). Treatment groups were as follows: 1) Tumor only [GR1]; 2) Tumor + ICG-001 (D16-[MI-GR2]); 3) Tumor + CAR Ts (D14–[MC-GR3]); 4) Tumor + CAR Ts (D14) and ICG-001 (D16—[MCI-GR4]) (n=14); 5) Tumor + ICG-001 (D7)+ CAR Ts (D14–[MIC-GR5]). Tumor-bearing mice in GR5 were pretreated with ICG-001 (starting on Day 7 post tumor implantation for 28 days) 1 week prior to CAR T administration [MIC-GR5]. ICG-001 was given via Alzet subcutaneous minipump delivering a dose of 50 mg/kg/day over 28 days. Otherwise, pumps were implanted on day 16, 2 days post CAR T administration (D14) in the treatment group GR4. Mice were monitored until they developed tumors larger than 0.5 cm2. Normalized RNA concentration per tumor tissue (1 mg) was used for NanoString analysis. NanoString pathway analysis revealed the top genes that were up- or downregulated in CAR T vs CAR T + ICG-001 groups using a mouse immune panel to detect metabolic changes in mouse K-luc tumors and to visualize endogenous immune cells infiltration upon inhibition of Wnt with ICG-001 (nCounter_Mouse_PanCancer_Immune_Profiling_Panel). Once tumors reached the predetermined criteria for euthanasia, they were harvested, isolated, and subjected to IHC and NanoString analysis to detect differentially expressed genes in ICG + CAR T[MIC-GR5] versus CAR T + ICG-001[MCI-GR4] (Figure 6). Rosalind analysis (https://www.rosalind.bio) revealed that gene expression of all CAR T, ICG001, and CAR T+ ICG-001 treated tumors were clustered together on the MDS plot, whereas ICG-001 pretreated and CAR T treated tumors demonstrated very different gene expression profiles on the MDS plot (Figure 6A). The volcano plot shows difference in expression of selected genes between ICG-001 + CART versus CART+ ICG-001 with the x-axis of log2 fold change and y-axis of the negative log10 of p-value. We observed downregulation of Kit, CD27A, and CCl23A, and upregulation of CCL2, VEGFC, Erbb2, Cd274, CCL22, and CSF1, contributing to improved T cell trafficking (Figure 6B). The full list of differentially regulated genes is presented in Supplementary Table 1. The top up and downregulated genes are displayed in Figures 6E, F and the top biological processes affected are displayed in Figure 6D. These changes demonstrate the reprogramming of tumors pre-treated with ICG-001 and then CAR T and changes in metabolic pathways and genes, shifting to a more differentiated, immune responsive tumor.




Figure 6 | NanoString analysis of nCounter mouse Pan Cancer immune profile  gene expression within ICG-001, CAR T, CAR T + ICG-001 and ICG-001 + CAR T treatment groups. (A) Multidimensional scaling (MDS) plot for the samples treatments with ICG001[MI] (ICG001 only), 3 treatments with CAR Ts [MC] (CART only), 2 treatments with ICG001 and then CAR Ts [MIC] (ICG001 first then CART), and 2 treatments with CAR Ts and ICG001 [MCI] (CART first then ICG001). (B) Volcano plot showing difference in expression of |Fold Change|>1.5 & p-value<0.05 between ICG001-CAR T and CAR T-ICG001 treated mice, with the x-axis showing log2 fold change using cutoff and the y-axis showing the negative log10 of p-value for the 11 selected mouse brain tumor genes of interest. (C) Heatmap of differential expression gene comparison between ICG001 + CAR T and CAR T + ICG001 using filtering |FC |≥ 1.5 & p-value ≤ 0.05 label highlighted. (D) The top statistic significant ROSALIND oncology collection biologic process based on the differential expression gene expression comparison between ICG001 + CAR T and CAR T + ICG001. (E) The heatmap of differential expression gene comparison between ICGCART & CARTICG for the 11 selected brain tumor genes of interest which are also labelled on Volcano plot. (F) The description and log2(fold change) & p-value for the 11 selected brain tumor genes of interest.






3.7 ICG-001 treatment regimen affects immune cell infiltration when added before or after CAR T cell therapy: cell line profiling using NanoString analysis

Next, we compared CD45, Macrophages, and NK cell infiltration within tumors treated with 2 different schedules of administration of ICG-001 [CAR T + ICG001[GR4] versus ICG-001 + CAR Ts[GR5]]. We compared groups treated with ICG-001 only, CAR T only, and CAR T [D14] + ICG-001[D16] in comparison with ICG-001[D7] only or CAR T only treated groups[D14]. We found increased infiltration of CD45+ macrophages and NK-CD56dim (natural killer cells responsible for cytolytic activity and target cell killing) cells in the ICG-001+CAR T group [GR5] (Figures 7A–D). Cell type profiler analysis identified clearly different immune cell infiltration in the GR5 [ICG-001 + CAR T] treated group when compared with controls (GR1[ICG001], GR2 [CAR T], and GR4 [CAR T + ICG001] treated groups). We also observed an increase in the expression of the gene PTPRC encoding CD45RA that plays role in lymphocyte function, and an increase in KLRG1- cells contributing to an increase in all memory T cell lineages, including peripheral memory and tissue-resident memory cells, which should enhance long-term protective immunity (53) (Supplementary Figure 4A). Upregulation of the SELL (aka E-selectin CD62L) gene Tscm CD45RA+, IL7R+, CCR7+, CD62L+, KLRG- was found within a group treated with ICG-001 first and then CAR T [ICG001 + CAR T], which is a marker associated with the T cell memory phenotype (Supplementary Figure 4B). We also found upregulation of IL7R- Interleukin-7 receptor (IL7R), which provides the potential for long-term survival of both CD62Lhigh central memory T cells and Th1 effector cells (Supplementary Figure 4C) (54). CCR7 is important in the migration of memory CD8+ T cells and survival in their niches (Supplementary Figures 4D, E).




Figure 7 | NanoString nCounter mouse cell line PanCancer immune profiling: Genes previously shown to be characteristic of various cell populations by measuring cells population abundance based on the NanoString Cell Type Profiling Module. (A–C) Bar graph charts showing abundance scores of CD45, NK-CD56, and Macrophage cell type populations across all samples for genes that are characteristic and grouped by cell population abundance. (D) Heat map of gene clustering and cell profile in groups treated with ICG001 (MI), CAR T + ICG001 (MCI1, MCI2), ICG001+ CAR Ts (MIC1, MIC2), and CAR Ts only (MC1, MC2, MC3). Genes previously shown to be characteristic of CD45, NK-CD56, and Macrophage cell population abundance across all samples for ICG001+ CAR Ts (MIC1, MIC2) shows positive Z-score differently comparing from samples of ICG001 (MI), CAR T + ICG001 (MCI1, MCI2), and CAR Ts only (MC1, MC2, MC3) with negative Z-score.






3.8 Combination of ICG-001 with CAR T cells enhances cytotoxicity to glioma in vitro

We next tested the efficacy of a titrated dose of CAR T cells ± ICG-001 to induce tumor cell killing in vitro (Supplementary Figure 5). We evaluated the combination of HER2-engineered CAR T (HER2-CAR T) cells and PBT106 tumor cells (high expressing HER2) in combination with IGC-001 using an in vitro co-culture assay. ICG-001, in combination with HER2-CAR T cells, demonstrated synergistic cytotoxicity in several patient-derived glioma lines that expressed high levels of the tumor antigen HER2 (Supplementary Figure 5). ICG-001 combined with HER2-CAR T cells demonstrated synergistic killing in a CAR T cell concentration-dependent fashion (Supplementary Figure 5A). Enhanced killing was observed with the combination of HER2-CAR T cells and ICG-001 at effector/target cell ratios of both 1:2 and 1:4 (Supplementary Figures 5B, C). Furthermore, CBP/β-catenin antagonism with ICG-001 was not toxic to T cells in vitro or in vivo, providing important insights for the advancement of CAR T cell therapy combined with CBP/β-catenin antagonism for the treatment for brain tumors (Supplementary Figure 6).





4 Discussion

Tumors evolve a variety of mechanisms to escape immune surveillance, including evading immune recognition, promoting regulatory cell expansion, coopting inhibitory signals, and secreting suppressive factors. Impressive results in a subset of cancers have been obtained using immunotherapies such as checkpoint inhibitors (i.e. anti-CTLA4, anti-PD-1, and anti-PD-L1) and CAR T therapies. Still, only a subset of patients respond to these immunotherapies, and the response rate in certain tumor types, including glioma, is very low, and relapse remains a significant concern (55). The Wnt/β-catenin signaling pathway, which is a critical regulator of both somatic stem cells and cancer stem/tumor initiating cells, has been correlated with resistance to radiation and cytotoxic and targeted chemotherapy. Wnt/β-catenin pathway signaling is also correlated with immunotherapy resistance in melanoma (15, 56, 57) and across other tumor types (12). Tumor-intrinsic Wnt/β-catenin signaling mediates cancer immune evasion by preventing T-cell and/or dendritic cell infiltration, migration, and function, and thereby resistance to immunotherapies (12, 13, 16, 58).

Wnt/β-catenin signaling also plays an essential role in the development and maintenance of multiple organ systems, including the brain. A dichotomous role for Wnt signaling in stem cells, organ development, maintenance, and repair is a commonly observed phenomenon, with Wnt signaling playing critical roles in the processes of both cell proliferation and differentiation. We have previously demonstrated that aberrant Kat3 coactivator usage (i.e., enhanced CBP usage at the expense of p300 by β-catenin) is responsible for the improper termination of the wound healing process by maintaining epithelial cell proliferation and inhibiting differentiation (59). Small molecule CBP/β-catenin antagonists, which target a fundamental control switch in stem cell biology, can overcome cytotoxic or targeted chemotherapy and immunotherapy resistance (28, 60) through forced symmetric differentiation, thereby eliminating CSCs while having beneficial effects on the normal somatic stem cell population, which preferentially divides asymmetrically (25, 59). By binding with high affinity (Kd~1nM) and specificity to the N-terminus of CBP, the small molecule CBP/β-catenin antagonist ICG-001 can safely correct aberrant Wnt signaling to initiate differentiation via p300/β-catenin transcription (25).

The concept of combining a specific small molecule CBP/β-catenin antagonist with immunotherapy to reverse Wnt/β-catenin-mediated cancer immune evasion has been previously explored preclinically in NAFLD-associated liver cancer (60) and colorectal cancer to liver metastasis (28). However, using a CBP/β-catenin antagonist to induce the differentiation of GSC without damaging effects on somatic stem cells (41) is novel. Although ICG-001 has high biochemical specificity for the N-terminus of CBP, its mechanism of action is highly pleiotropic via the modulation of enhancers and super-enhancers in multiple cell types beyond tumor cells themselves, including mesenchymal, endothelial, and immune cell populations (40, 59, 61).

In using human glioma xenograft models with patient-derived tumors in [NSG NOD-scid IL2Rgammanull] mice, we previously found that IL13BBζ-CAR T cells improved anti-tumor activity and T cell persistence as compared to first-generation IL13ζ-CAR CD8(+) T cells that had shown evidence for bioactivity in patients (21). However, our studies were not limited by the tumor target-specific CARs, and can be expanded to various CAR therapies as well (62). To overcome known limitations of the use of CAR T cell therapy for glioma, such as antigen escape and the need for increased T cell persistence and potency, in the current manuscript, we tested a novel combination therapeutic approach with the Wnt/CBP/β-catenin antagonist ICG-001 to enhance the expression of genes involved in antigen presentation and the adaptive immune response.

Establishing the proof-of-concept that ICG-001 can safely target aberrant Wnt/β-catenin signaling in glioma in combination with CAR T cell therapy could provide a novel means of broadening the tumor response to CAR T cell therapy while decreasing the resistance and relapse arising post-CAR T cell therapy in solid tumors. However to date, targeting aberrant Wnt signaling clinically with anything other than a specific CBP/β-catenin antagonist has demonstrated significant on-target associated toxicities (59). We also separately analyzed the immune subsets and Wnt/β-catenin pathway activation in the TME of brain tumors [BTs] in preclinical models using novel techniques such as gene expression profiles and proteomics to elucidate downstream target genes.

Key genes involved in glioma cell differentiation, including ASCL1 and PTPRZ1-MET, have been shown to contribute to the development of a glioma stem cell phenotype, which is thought to be the source of resistance and relapse after initial treatment with checkpoint inhibitors (63, 64). Furthermore, reprogramming the immune landscape with a single gene in non-cancer cells identified S100A8 as a regulator of an immune suppressive T and myeloid cell subtype (65). We have also demonstrated infiltration of CD45, Macrophages, and NK cells into the tumor stroma, and upregulation of KLRG1, Sell, Ccr7, and IL7r upon the treatment with ICG-001 and then CAR Ts (66).




5 Conclusion

These studies have demonstrated that CBP/β-catenin antagonists induce significant differences in the expression of genes and proteins involved in proliferation and differentiation of tumor cells and of critical metabolic pathways. These promising studies provide the basis for future development of this multi-targeted approach, with the goal of developing a breakthrough treatment for patients with brain tumors.
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P12109 COL6A1 Collagen alpha-1(Vl) chain 0 X X 49/50 (24)
P12110 COL6A2 Collagen alpha-2(Vl) chain 0 X X 39/50 (24)
P12111 COL6A3 Collagen alpha-3(VI) chain 0 X X 50/50 (24)
Q08380 LGALS3BP Galectin-3-binding protein 0 X X 45/50 (24)
P10809 HSPD1 60 kDa heat shock protein, mitochondrial 0 X X 50/50 (24)
P30479 HLA-B HLA class | histocompatibility antigen, B-41 alpha chain 0 0 X 717 (50)
Mutated for T162K
P05534 HLA-A HLA class | histocompatibility antigen, A-24 alpha chain 0 0 X 4/17 (50)

Mutated for 1166T
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Title/ Trial NCT Phase Disease T cell product Interventions n os Status Reference
Cellular Adoptive Il Brain and CNS  PBMC derived Biologic: 86 Median Completed (11)
Immunotherapy in Treating tumors, newly  lymphocytes grown with 1. Aldesleukin survival of (12)
Patients with Glioblastoma diagnosed or  IL-2 (lymphokine 20.56 months
Multiforme recurrent activated killer cells) with a 1-year
(NCT00331526) glioma survival rate
of 75%)
Autologous CMV-Specific i Newly Ex vivo expanded Drug: 65 N/A Active, not (13)
Cytotoxic T Cells and diagnosed polyclonal CD8+ and 1. Dose-intensified (34 were recruiting
Temozolomide in Treating CMV positive ~ CD4+ CMV T cells from  Temozolomide screened)
Patients with Glioblastoma GBM peripheral blood of GBM
(NCT02661282) patients
Evaluation of Recovery from | GBM CMV-autologous Biologic: 22 N/A Completed (14)
Drug-Induced Lymphopenia lymphocyte transfer 1. CMV-DC vaccine
Using Cytomegalovirus-specific
T-cell Adoptive Transfer
(ERaDICATe)
(NCT00693095)
Adoptive Cellular Therapy in GBM Total tumor RNA primed  Biologic: 18 N/A Recruiting NCT03334305
Pediatric Patients with High- autologous T cells 1. TTRNA-DC
grade Gliomas (ACTION) vaccines with GM-
(NCT03334305) CSF
2.Autologous
Hematopoietic
Stem cells (HSCs)
Drug:
1. Dose-intensified
Temozolomide
2.Td vaccine
Brain Stem Gliomas Treated With | Diffuse intrinsic  Total tumor RNA primed ~ Biologic: 21 N/A Recruiting NCT03396575
Adoptive Cellular Therapy During pontine glioma  autologous T cells 1. TTRNA-DC
Focal Radiotherapy Recovery (DIPG) vaccines with GM-
Alone or With Dose-intensified CsF
Temozolomide (BRAVO) 2.Autologous
(NCT03396575) hematopoietic stem
cells (HSCs)
Drug:
1.
Cyclophosphamide
+ Fludarabine
2.Td vaccine
CAR T Cell Receptor 7] Recurrent A single infusion of Drug: 10 8 Completed (20)
Immunotherapy Targeting GBM EGFRVIIl CAR T cells 1. Aldesleukin
EGFRuvIIl for Patients with 2. Fludarabine
Malignant Gliomas Expressing 3.
EGFRuvll Cyclophosphamide
(NCT01454596)
Genetically Modified T-cells in Recurrent or Intratumoral Infusion of N/A 92 N/A Recruiting (21)
Treating Patients with Recurrent Refractory IL13R alpha 2-specific
or Refractory Malignant Glioma GBM CART cells followed by
(NCT02208362) infusions into the
ventricular system
IL13Ralpha2-Targeted Chimeric | Recurrent or Intratumoral Infusion of Drug: 60 N/A Recruiting NCT
Antigen Receptor (CAR) T Cells Refractory IL13R alpha 2-specific 1. Ipilimumab 04003649
with or Without Nivolumab and GBM CART cells followed by 2. Nivolumab
Ipilimumab in Treating Patients infusions into the
with Recurrent or Refractory ventricular system
Glioblastoma
(NCT 04003649)
CMV-specific Cytotoxic T Recurrent Infusion of autologous N/A 17 24.5 Completed 22
Lymphocytes Expressing CAR GBM CMV-specific cytotoxic
Targeting HER2 in Patients With T-lymphocytes
genetically modified to
GBM express CAR19 targeting
(NCT01109095) the HER2 molecule
3rd Generation GD-2 Chimeric | Relapsed or Infusion of third Drug: A1 16.8 Active, not (41)
Antigen Receptor and iCaspase refractory generation GD2-CAR T recruiting
Suicide Safety Switch (GRAIN) Neuroblastoma (GD2-CAR3) generated Cyclophosphamide
(NCT01822652) from patients’ PBMC 2. Fludarabine
3. Pembrolizumab
Pembrolizumab in Patients /] CD19 Diffuse  Infusion of PBMC derived Drug: 12 N/A Active, not (42
Failing to Respond to or Large B-cell CART cells specific for Pembrolizumab recruiting
Relapsing After CAR T Cell Lymphomas, CD19
Therapy for Relapsed or Follicular
Refractory Lymphomas Lymphomas,
(NCT02650999) Mantle Cell
Lymphomas
Study of DC Vaccination Against I GBM Infusion of DC vaccine Biologic: 43 13.7 Recruiting
Glioblastoma loaded with glioblastoma 1. DC vaccination
(NCTO1567202) stem cell-like (GSC) Drug:
antigens 1. Temozolomide
Radiation:
1. Radiotherapy
Chemotherapy, Radiation | GBM N/A Biologic: 16 Completed NCT00626015
Therapy, and Vaccine Therapy 1.PEP-3-KLH
With Basiliximab in Treating conjugate vaccine
Patients With Glioblastoma Drug:
Multiforme That Has Been 1. Daclizumab
Removed by Surgery 2. Temozolomide
(NCT00626015)
EGFRvIll CAR T Cells for Newly- | GBM EGFRVIII CAR T cells Drug: 3 N/A Terminated NCT02664363
Diagnosed WHO Grade IV 1. Dose-intensified
Malignant Glioma temozolomide

(NCT02664363)

CMV, cytomegalovirus; DC, dendritic cells; TTRNA, Total tumor RNA; GM-CSF, Granulocyte-macrophage colony-stimulating factor: TD vaccine, tetanus; diphtheria vaccine.
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Human

Human

Human

Human

Human

Human

Human

Human

Mouse

pecies

Marker/Si
SPP1, HLA-DR, TREM2,
APOE, CDI63, GPR56
cp73*

S100A4*

MACRO"

1: CX3CRI, NLRPI, IL1B,
APOE, PDGFRA, SOX2.
1 P2RY12, TMEM119.

HMOX1"

CD14'ERO1A*

MPO*

CD169"

1 Upregulation; | Downregulation.

Functi

nriched pathway

1: Microglia core signature.
1: Inflammatory, metabolic and hypoxia-associated molecules.

Immunosuppression.
Modulate macrophage polarization and T cell infiltration.

Impede immune response, including phagocytic activity of macrophages,
production of IFN-y and activation of T cells, thus favoring glioma growth

Anti-inflammatory.
Loss of pro-inflammatory pathways (interferon response, allograft rejection,
TNFo. signaling via NFKB) and antigen presentation.

Pro-inflammatory and proliferative. Promoting tumor progression through IL-
1B secretion.

Mediate T cell dysfunction via IL-10 release.

Hyposxia-response signatures.
Associated with tumor angiogenesis, invasion, and poor prognosis

Less interactions with endothelial cells, enhanced cytotoxic functions.

Pro-inflammatory and anti-tumor.
Induce T cells and NK cells infiltration.

Technique

scRNA-seq and
CyTOF

ScRNA-seq and
CyTOF

scRNA-seq

scRNA-seq

ScCRNA-seq

scRNA-seq and
spatial
transcriptomics

scRNA-seq

Imaging mass
cytometry

ScRNA-seq

Dataset

GSE135437 (75)

PRJNA588461
(104)

GSE182109 (105)

GSE141383 (106)

PRINA669369
(107)

https://osf.io/
4q32¢/ (108)

GSE135045 (109)

Available upon
request (73)

GSE201559 and
GSE200533 (74)
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Species

Therapy

Alterations of TAMs

Technique

Transcriptome
datasets

High-grade vs. low-grade glioma

Mouse N/A TAM clusters displayed an immune-activated feature in low-grade glioma scRNA-seq GSE221440 (11)
(validated in but adopted an immunosuppressive property in high-grade glioma,
human via IF accompanied by restriction of T cell trafficking and activation.
and RNA-seq
analysis)
During tumor growth of GBM
Mouse N/A The predominance of TAMs switched from M1-like proinflammatory scRNA-seq GSE195848 (101)
(validated in microglia towards M2-like protumorigenic macrophage during GBM
human via flow progression.
cytometry)
Recurrent vs. primary GBM
Human Radiotherapy and ~ TAM infiltration increased in MES-like rGBM and was inversely correlated snRNA-seq and EGAD00001009871;
chemotherapy with tumor purity RNA-seq EGAD00001009964
(110)
Human and Surgical resection, = Microglia were predominant in ND tumors, but were outnumbered by scRNA-seq and EGAS00001004871
mouse adjuvant MDMs following recurrence, especially in hypoxic niche. Notable genes that CITE-seq (human); GSE163120
radiotherapy and  were enriched in recurrent versus ND TAMs were related to monocyte (mouse) (62)
chemotherapy chemotaxis, IFN signaling and phagocytosis.
Human TMZ, IR and Bone marrow-derived monocytic lineage cells increased and microglia snRNA, scATAC- EGAS00001004909
surgical resection reduced in all tumor-associated innate immune cells at recurrence. Although seq, spatial (111)
both subsets had more activated M1 and M2 cells at recurrence, most of transcriptomic/
them were remained MO state. proteomic assays,
exome-seq
Mouse Radiotherapy The abundance of MDMs increased relative to microglia in rGBM. MDMs RNA-seq of isolated GSE99537 (95)
(validated in and microglia converged upon a common phenotype at recurrence, which is MG and MDMs
human via potentially regulated by SMAD and RBPJ.
RNA-seq and IF
staining)
Human Surgical resection | Microglial population prominently decreased in rGBM. ScRNA-seq HRA003075 (112)
followed by
radiotherapy and
chemotherapy
Human Mainly MDMs were enriched in rGBM, while microglia were enriched in primary snRNA and spatial GSE228500 (113)
chemotherapy GBM. transcriptomics
and radiotherapy
Human Neoadjuvant PD-  Myeloid populations sustainedly expressed T-cell-suppressive checkpoints, scRNA-seq and GSE154795 (97)
1 blockade including TIGIT and CTLA-4, and displayed reinforced interactions between | CyTOF
therapy T cells upon PD-1 blockade therapy
Human Anti-PD-1 MACRO expression decreased in post-treatment tumors compared with pre- scRNA-seq GSE141383 (106)
treatment treatment tumors in responders rather than non-responders in anti-PD-1-

N/A, Not applicable.

treated rGBM patients.
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